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Preface 

In the face of extraordinary advances in the prevention, diagnosis, and treatment of 
human diseases, devastating illnesses such as heart disease, and cancer continue to 
deprive people of health. Recently, techniques have been developed for gene therapy,
providing unprecedented opportunities for further studying and understanding hu-
man diseases. Although it is impossible to cure all human diseases, scientists and the 
public will gain immense new knowledge in the development of gene therapy that 
will likely hold remarkable potential for therapies.

This book aims to cover key aspects of the potential and existing problems in the 
emerging field of gene therapy application. With the contribution of leading pioneers 
in various disciplines of gene therapy, the book brings together major approaches of
gene therapy application in one text. Given that a great deal of data has been gathered
and insights have been provided by researchers around the world, we believe that it 
will provide detailed clinical experiences and facilitate research in gene therapy.

Dr. Chunsheng Kang 
Professor at Lab of Neuro-oncology 

Tianjin Neurological Institute
China  



Preface 

In the face of extraordinary advances in the prevention, diagnosis, and treatment of 
human diseases, devastating illnesses such as heart disease, and cancer continue to 
deprive people of health. Recently, techniques have been developed for gene therapy, 
providing unprecedented opportunities for further studying and understanding hu-
man diseases. Although it is impossible to cure all human diseases, scientists and the 
public will gain immense new knowledge in the development of gene therapy that 
will likely hold remarkable potential for therapies.  

This book aims to cover key aspects of the potential and existing problems in the 
emerging field of gene therapy application. With the contribution of leading pioneers 
in various disciplines of gene therapy, the book brings together major approaches of 
gene therapy application in one text. Given that a great deal of data has been gathered 
and insights have been provided by researchers around the world, we believe that it 
will provide detailed clinical experiences and facilitate research in gene therapy. 

Dr. Chunsheng Kang 
Professor at Lab of Neuro-oncology 

Tianjin Neurological Institute 
China  



Part 1 

Gene Therapy in Blood and Vascular System 



Part 1 

Gene Therapy in Blood and Vascular System 



 1 

Gene Therapy with Non-Viral  
Vectors For Critical Limb Ischemia:  

From Bench to Bedside 
Erich Vinicius De Paula 

Hematology and Hemotherapy Center, University of Campinas, Campinas,  
SP Brazil 

1. Introduction  
As knowledge about the cellular and molecular mechanisms that control vessel growth 
grew during the last two decades, therapeutic manipulation of angiogenesis was 
increasingly regarded as one of the most promising areas of translational research. Based on 
its potential to target key steps in the pathogenesis of disease groups with great impact on 
public health, therapeutic blockage and stimulation of angiogenesis emerged years ago, as 
the holy grail of research on new strategies to treat cancer and arterial occlusive diseases 
respectively. However, the result of these two related development processes were quite 
different. Anti-angiogenic therapy is today a reality in the treatment of cancer and diseases 
associated with pathological vessel growth such in the retina. In contrast, no strategy based 
on the concept of stimulating angiogenesis (usually referred as “therapeutic angiogenesis”) 
has so far reached widespread clinical use. 

1.1 The clinical problem: critical limb ischemia 
Arterial occlusive disease (AOD) is the leading cause of morbidity and mortality in 
industrialized countries, and represents a problem of growing dimensions for developing 
countries (Beaglehole et al., 2003). Clinically, AOD includes acute myocardial infarction, 
stroke and peripheral arterial disease (PAD). PAD is defined as the obstruction of arterial 
blood flow, in areas other than  the brain and heart (Garcia, 2006). When it affects the lower 
limbs, the clinical picture is silent in its early stages, progressing to intermittent claudication 
when the obstruction of blood flow reaches 50% of normal. Out of patients with intermitent 
claudication, between 15 and 20% are estimated to progress to critical limb ischemia (CLI) 
(Dormandy et al., 1989; Second European Consensus Document, 1991). The term critical 
limb ischemia (CLI) refers to the final stages of PAD, when chronic lack of blood supply sets 
off a cascade of pathophysiologic events that lead to rest pain, trophic lesions of the leg or 
both (Varu et al., 2010). The international consensus definition of CLI is the following: any 
patient with chronic ischemic rest pain, ulcers, or gangrene attributable to objectively 
proven arterial occlusive disease (Norgren et al., 2007). CLI patients represent 
approximately 1% of patients with PAD. The prognosis of these patients can be compared to 
some other malignancies, showing overall survival rates below 50% in 5 years 
(DormandyThomas, 1988).  
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The diagnosis of established CLI is straightforward, and based on the physical examination, 
the ankle:brachial index (ABI), and on several imaging methods. Despite progresses in 
medical care, the grim significance of CLI diagnosis does not seem to have changed 
significantly during the last decade, remaining a predictor of poor survival and poor 
outcomes (Varu et al., 2010). Observational studies of patients with CLI roughly agree on a 
50% amputation-free rate after 1 year (with part of these patients still presenting symptoms), 
25% of patients undergoing a major amputation and 25% will have died. In areas with 
poorer medical care, these numbers maybe even worse.   
Current treatment of CLI is complex, involving both surgical and non-surgical approaches. 
The goal of treatment is to restore adequate blood supply. Ultimately, success should 
include relief of ischemic pain, healing of ischemic ulcers, prevention of limb loss, 
improvement of patient function and quality of life, while also prolonging survival.  
Revascularization, either surgical or endovascular, is the most straightforward and intuitive 
strategy to reach these goal. Unfortunately, revascularization is not always feasible for 
several reasons. First, CLI is not only a disease of large vessels, and widespread 
microvascular and/or surrounding tissues involvement at the time of diagnosis (resulting in 
poor outflow vessels in the limb) may hamper its success. Second, medical comorbidities, 
invariably present in CLI patients, may also limit surgery as a viable option. Last, even in 
patients referred to surgical revascularization, an extremely high immediate post-operative 
mortality rate that reaches 11.6% according to a recent meta-analysis (Albers et al., 2006) 
demonstrates the need for a thorough assessment of risks and benefits, underscoring the 
challenge of treating CLI. For patients for whom revascularization is not feasible for one of 
these reasons, limb loss rates after 6 months are near 50% (Brass et al., 2006), and 
amputation remains as the only option to treat CLI.  
In conclusion, CLI  represents a condition characterized by considerable morbidity and 
mortality, a high impact on quality of life, and suboptimal treatment options. These 
characteristics highlight the importance of devising new strategies to treat CLI.  

1.2 Understanding the problem: pathophysiology of CLI 
From a pathophysiological stand-point, CLI affects both macrovascular and microvascular 
systems, and is characterized by chronic deprivation of blood supply to limb tissues. With 
time, several changes in the structure and function of the vascular tree occur, including 
diminished sensitivity to vasodilatory stimuli, decreased wall to lumen ratio, lower nitric 
oxide production, and capillary microthrombi formation due to impaired anticoagulant 
function of the endothelium (Varu et al., 2010).  
The natural response to tissue ischemia is the activation of several molecular and cellular 
pathways that result in the formation of new blood vessels, involving processes such as 
angiogenesis and arteriogenesis. However, in CLI patients, as in other forms of AOD, this 
response is not sufficient to provide the adequate amount of blood to ischemic tissues.  

2. Therapeutic angiogenesis 
Thirty years ago, Folkman observed that the development and maintenance of an adequate 
microvascular supply is as an essential condition for growth of neoplastic tissue (Folkman, 
1971), laying the ground for the development of anti-angiogenic therapies and also for 
therapeutic angiogenesis. Later, the idea of boosting the formation of collateral vessels as a 
way to treat CLI, a strategy known as "therapeutic angiogenesis", was stimulated by 
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angiographic and clinical observation that spontaneous development of collateral vessels 
was sufficient to preserve ventricular function in patients with ischemic heart disease 
(Habib et al., 1991). Therefore, it was not very long after the identification of the first 
angiogenic growth factors that the first experiments using Vascular endothelial growth 
factor (VEGF-A) were initiated, aiming to improve blood flow to ischemic tissues (Takeshita 
et al., 1994).  

2.1 The rationale for therapeutic angiogenesis 
For therapeutic angiogenesis to be justified from a theoretical standpoint, at least one of the 
following two conditions must be true: (1) the presence of decreased levels of angiogenic 
growth factors in ischemic tissues, or (2) the possibility of optimizing the endogenous 
response to ischemia through the use of supra-physiological doses of these factors. 
Regarding the first hypothesis, Schultz and colleagues demonstrated a positive correlation 
between the expression of VEGF-A stimulated by hypoxia in monocytes and the number of 
collaterals in the myocardium of patients with chronic coronary ischemia (Schultz et al., 
1999). Furthermore, senile rabbits and mice exhibit subnormal angiogenic response, 
attributed to decreased levels of VEGF-A in ischemic tissues, and supplementation with 
exogenous VEGF-A reversed this  subnormal angiogenic response (Rivard et al., 1999). A 
single study that evaluated the concentrations of these factors in muscle and skin of patients 
with PAD found normal levels of VEGF-A, and high levels of other angiogenic growth 
factor FGF-2, suggesting a relative deficiency of VEGF-A in these tissues (Palmer-Kazen et 
al., 2004). Regarding the second hypothesis, several studies have shown that 
supraphysiological doses of VEGF optimize the angiogenic response (Post et al., 2001), and 
this was indeed the rationale for most of the initial protocols for therapeutic angiogenesis. It 
should be noted however, that supraphysiological doses of VEGF-A and FGF-2 have also 
been shown to induce the formation of aberrant vessels (Sola et al., 1997; Ozawa et al., 2004), 
suggesting that the therapeutic window for this strategy may be narrow. For this reason, a 
detailed comprehension of the molecular and cellular events that govern the formation of 
new blood vessels is of paramount importance for the development of a successful 
therapeutic angiogenesis strategy. 

2.2 The “how-to” of new blood vessels formation 
In the human embryo, development of the vascular system begins with the formation of the 
blood islands, where hematopoietic and endothelial cell (EC) precursors (angioblasts) 
coexist (Choi et al., 1998). The differentiation of angioblasts in EC is called vasculogenesis, 
and is the process by which  primitive tubes of EC are formed. Several additional steps are 
needed until a functional and mature vascular system is formed. During these processes, 
vascular sprouts emerge from pre-existing tubes, a process known as angiogenesis, and 
mural cells (pericytes and smooth muscle cells - SMC) are incorporated, a process termed 
arteriogenesis (Conway et al., 2001). The regulation of these steps is made through a 
complex network of vascular growth factors. To mention some, VEGF plays a critical role 
from early to later stages, which was demonstrated in knockout mice for the VEGF gene, 
which do not develop a vascular system (Carmeliet et al., 1997). Moreover, in an unusual 
observation, heterozygosity for the VEGF gene (+/-) determined the mortality of all 
animals, indicating the need for optimal concentrations of VEGF for vascular formation. The 
expression of VEGF occurs, among other stimuli, in response to hypoxia (Shweiki et al., 
1992). It is now recognized that hypoxia induces expression of HIF-1, which binds to a 
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angiogenesis and arteriogenesis. However, in CLI patients, as in other forms of AOD, this 
response is not sufficient to provide the adequate amount of blood to ischemic tissues.  

2. Therapeutic angiogenesis 
Thirty years ago, Folkman observed that the development and maintenance of an adequate 
microvascular supply is as an essential condition for growth of neoplastic tissue (Folkman, 
1971), laying the ground for the development of anti-angiogenic therapies and also for 
therapeutic angiogenesis. Later, the idea of boosting the formation of collateral vessels as a 
way to treat CLI, a strategy known as "therapeutic angiogenesis", was stimulated by 
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angiographic and clinical observation that spontaneous development of collateral vessels 
was sufficient to preserve ventricular function in patients with ischemic heart disease 
(Habib et al., 1991). Therefore, it was not very long after the identification of the first 
angiogenic growth factors that the first experiments using Vascular endothelial growth 
factor (VEGF-A) were initiated, aiming to improve blood flow to ischemic tissues (Takeshita 
et al., 1994).  

2.1 The rationale for therapeutic angiogenesis 
For therapeutic angiogenesis to be justified from a theoretical standpoint, at least one of the 
following two conditions must be true: (1) the presence of decreased levels of angiogenic 
growth factors in ischemic tissues, or (2) the possibility of optimizing the endogenous 
response to ischemia through the use of supra-physiological doses of these factors. 
Regarding the first hypothesis, Schultz and colleagues demonstrated a positive correlation 
between the expression of VEGF-A stimulated by hypoxia in monocytes and the number of 
collaterals in the myocardium of patients with chronic coronary ischemia (Schultz et al., 
1999). Furthermore, senile rabbits and mice exhibit subnormal angiogenic response, 
attributed to decreased levels of VEGF-A in ischemic tissues, and supplementation with 
exogenous VEGF-A reversed this  subnormal angiogenic response (Rivard et al., 1999). A 
single study that evaluated the concentrations of these factors in muscle and skin of patients 
with PAD found normal levels of VEGF-A, and high levels of other angiogenic growth 
factor FGF-2, suggesting a relative deficiency of VEGF-A in these tissues (Palmer-Kazen et 
al., 2004). Regarding the second hypothesis, several studies have shown that 
supraphysiological doses of VEGF optimize the angiogenic response (Post et al., 2001), and 
this was indeed the rationale for most of the initial protocols for therapeutic angiogenesis. It 
should be noted however, that supraphysiological doses of VEGF-A and FGF-2 have also 
been shown to induce the formation of aberrant vessels (Sola et al., 1997; Ozawa et al., 2004), 
suggesting that the therapeutic window for this strategy may be narrow. For this reason, a 
detailed comprehension of the molecular and cellular events that govern the formation of 
new blood vessels is of paramount importance for the development of a successful 
therapeutic angiogenesis strategy. 

2.2 The “how-to” of new blood vessels formation 
In the human embryo, development of the vascular system begins with the formation of the 
blood islands, where hematopoietic and endothelial cell (EC) precursors (angioblasts) 
coexist (Choi et al., 1998). The differentiation of angioblasts in EC is called vasculogenesis, 
and is the process by which  primitive tubes of EC are formed. Several additional steps are 
needed until a functional and mature vascular system is formed. During these processes, 
vascular sprouts emerge from pre-existing tubes, a process known as angiogenesis, and 
mural cells (pericytes and smooth muscle cells - SMC) are incorporated, a process termed 
arteriogenesis (Conway et al., 2001). The regulation of these steps is made through a 
complex network of vascular growth factors. To mention some, VEGF plays a critical role 
from early to later stages, which was demonstrated in knockout mice for the VEGF gene, 
which do not develop a vascular system (Carmeliet et al., 1997). Moreover, in an unusual 
observation, heterozygosity for the VEGF gene (+/-) determined the mortality of all 
animals, indicating the need for optimal concentrations of VEGF for vascular formation. The 
expression of VEGF occurs, among other stimuli, in response to hypoxia (Shweiki et al., 
1992). It is now recognized that hypoxia induces expression of HIF-1, which binds to a 
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promoter region of VEGF gene, driving its expression in ischemic areas (Kimura et al., 2000). 
FGF is another growth factor that promotes the proliferation and migration of EC. PDGF is 
essential for the recruitment of components of the vascular wall such as SMC, that stabilize 
EC by preventing their unregulated proliferation (Benjamin et al., 1998). Angiopoietin 1 is 
involved in the maintenance of vascular integrity (Thurston et al., 1999) and recruitment of 
smooth muscle cells (Suri et al., 1996). In conclusion, the formation of a mature arterial 
system starts with the proliferation of EC (vasculogenesis), followed by the sprouting of 
new capillaries (angiogenesis), and the maturation of the newly formed vessel by pericytes, 
smooth muscle cells and extracelular matrix (arteriogenesis).  
Angiogenesis also occurs in post-embryonic life, in physiological situations such as the 
ovulatory cycle, wound healing, and in response to tissue ischemia, as in CLI. In addition, 
several pathological conditions are associated with increased angiogenesis, such as 
inflammation, proliferative retinopathy and growth and spread of tumors (Carmeliet, 2003). 
In general terms, it is acknowledged that post-natal angiogenesis recapitulates the 
mechanisms described in the embryo. 

2.3 Gene therapy as the preferred platform for therapeutic angiogenesis 
One of the most attractive aspects of therapeutic angiogenesis is that by increasing the 
formation of collateral vessels, one would be only intensifying what happens spontaneously 
in ischemic tissue. The simplicity of this idea, associated with the huge unmet needs of 
patients with CLI, resulted in a relatively rapid transition from preclinical to phase I and II 
trials, which were initiated with a level of expectation that was probably too unrealistic 
considering the amount of basic and translational research on post-natal angiogenesis 
available at that time.  
Gene transfer was rapidly considered the preferred method for therapeutic angiogenesis. 
Using gene therapy (GT), genes of vascular growth factors could be directly injected into 
ischemic muscle, which would function both as the major therapeutic target, as well as a 
production site for these proteins. Several reasons make CLI an attractive target for GT. 
These include not only the limitations of available treatments for CLI, but also a series of 
very specific characteristics of CLI treatment that will be discussed next.  

2.3.1 Requirement of lower levels of expression 
A major obstacle to the success of GT in some hereditary diseases is the need to obtain high 
and sustained expression of the therapeutic gene. Initial observations suggested that 
therapeutic angiogenesis required minimal and only transient expression of angiogenic 
growth factors (Dor et al., 2002). This was interpreted as a possibility to obtain therapeutic 
effects with less and more simple vectors, resulting in higher safety, and lower costs.  

2.3.2 Availability of animal models 
The existence of animal models that reproduce the clinical outcome of CLI allowed the 
completion of preclinical studies and accelerated the development of clinical trials. In this 
model, hindlimb ischemia is generated by excision of the femoral artery of the animal 
(usually rabbit or rat) leg (Pu et al., 1993).  

2.3.3 Expression of naked DNA by skeletal muscle 
Perhaps the most important factor to boosted studies in GT-based therapeutic angiogenesis 
from the 90’s on was an  intriguing observation in 1990 by Wolff and colleagues, that pure 
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DNA or RNA could be absorbed and expressed by skeletal muscle cells of mice without the 
participation of any particular system of gene transfer (Wolff et al., 1990). Although the 
mechanism of DNA capture by the target cell remains unknown (Wolff et al., 2005), the 
confirmation of this observation opened the way for the use of non-viral vector (usually in 
the form of pure plasmid DNA) in CLI studies.  

2.3.4 Lower complexity of strategies based on non-viral vectors  
The major advantage of non-viral vectors is their safety profile. These vectors do not 
integrate into the host genome (no risk of insertional mutagenesis), do not trigger severe 
inflammatory reactions (absence of innate immune response to the vector), which would be 
a huge limitation in an already inflamed tissue, and their effectiveness is not limited by 
previous immunity of the host. In addition, non-viral vectors are simple to produce, at lower 
costs when compared to viral vectors.  

3. Preclinical data 
Using variations of the model of hind limb ischemia (Pu et al., 1993), the effectiveness of 
therapeutic angiogenesis in small animal models was demonstrated by intra-arterial, 
intravenous and intramuscular administration of recombinant proteins or by gene transfer 
of several vascular growth factors (Takeshita et al., 1994; Takeshita et al., 1994; Bauters et al., 
1995; Tsurumi et al., 1996; Garcia-Martinez et al., 1999; Shimpo et al., 2002). However, as 
discussed in the next section, these studies should be regarded more a proof of concept tool 
than as an indicator of efficacy in clinical studies.  
In order to have a more critical view of these studies, it is important to briefly review 
general characteristics of the hindlimb ischemia model and of tools to evaluate efficacy in 
these studies. 

3.1 The hindlimb ischemia model 
In the classic hindlimb ischemia model, ligation and excision of the iliac or femoral artery 
reduces blood flow to levels between 30%, inducing a series of events that trigger 
angiogenesis and arteriogenesis over 3-4 weeks, after which resting blood flow is restored to 
about 60-70% of baseline (Scholz et al., 2002). In order to more accurately reproduce the 
progressive clinical course of CLI, a minority of studies used stepwise ligation of vessels, as 
well as constricting devices (Tang et al., 2005). Angiographic study of these animals show 
that collaterals emerging from the side branches of internal iliac artery and reaching the 
distal portions of the foot, as well as an extensive network of capillaries throughout the 
ischemic muscle are responsible for the partial restoration of blood flow (Takeshita et al., 
1997). Because revascularization in this model has been shown to involve the basic 
mechanisms of angiogenesis and arteriogenesis (Asahara et al., 1997; Scholz et al., 2002), the 
model has been widely used in preclinical studies of GT-based therapeutic angiogenesis. 
However, one should acknowledge that the model does not exactly mimic the slow 
progression of atherosclerosis observed in patients with PAD. In addition, revascularization 
that occurs in this model is associated with intense capillary proliferation, whose real 
significance for perfusion has been challenged.  
As in other areas of medical research, the translation of results from small animal models to 
humans is problematic. This is even more relevant for studies using gene transfer by direct 
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promoter region of VEGF gene, driving its expression in ischemic areas (Kimura et al., 2000). 
FGF is another growth factor that promotes the proliferation and migration of EC. PDGF is 
essential for the recruitment of components of the vascular wall such as SMC, that stabilize 
EC by preventing their unregulated proliferation (Benjamin et al., 1998). Angiopoietin 1 is 
involved in the maintenance of vascular integrity (Thurston et al., 1999) and recruitment of 
smooth muscle cells (Suri et al., 1996). In conclusion, the formation of a mature arterial 
system starts with the proliferation of EC (vasculogenesis), followed by the sprouting of 
new capillaries (angiogenesis), and the maturation of the newly formed vessel by pericytes, 
smooth muscle cells and extracelular matrix (arteriogenesis).  
Angiogenesis also occurs in post-embryonic life, in physiological situations such as the 
ovulatory cycle, wound healing, and in response to tissue ischemia, as in CLI. In addition, 
several pathological conditions are associated with increased angiogenesis, such as 
inflammation, proliferative retinopathy and growth and spread of tumors (Carmeliet, 2003). 
In general terms, it is acknowledged that post-natal angiogenesis recapitulates the 
mechanisms described in the embryo. 

2.3 Gene therapy as the preferred platform for therapeutic angiogenesis 
One of the most attractive aspects of therapeutic angiogenesis is that by increasing the 
formation of collateral vessels, one would be only intensifying what happens spontaneously 
in ischemic tissue. The simplicity of this idea, associated with the huge unmet needs of 
patients with CLI, resulted in a relatively rapid transition from preclinical to phase I and II 
trials, which were initiated with a level of expectation that was probably too unrealistic 
considering the amount of basic and translational research on post-natal angiogenesis 
available at that time.  
Gene transfer was rapidly considered the preferred method for therapeutic angiogenesis. 
Using gene therapy (GT), genes of vascular growth factors could be directly injected into 
ischemic muscle, which would function both as the major therapeutic target, as well as a 
production site for these proteins. Several reasons make CLI an attractive target for GT. 
These include not only the limitations of available treatments for CLI, but also a series of 
very specific characteristics of CLI treatment that will be discussed next.  

2.3.1 Requirement of lower levels of expression 
A major obstacle to the success of GT in some hereditary diseases is the need to obtain high 
and sustained expression of the therapeutic gene. Initial observations suggested that 
therapeutic angiogenesis required minimal and only transient expression of angiogenic 
growth factors (Dor et al., 2002). This was interpreted as a possibility to obtain therapeutic 
effects with less and more simple vectors, resulting in higher safety, and lower costs.  

2.3.2 Availability of animal models 
The existence of animal models that reproduce the clinical outcome of CLI allowed the 
completion of preclinical studies and accelerated the development of clinical trials. In this 
model, hindlimb ischemia is generated by excision of the femoral artery of the animal 
(usually rabbit or rat) leg (Pu et al., 1993).  

2.3.3 Expression of naked DNA by skeletal muscle 
Perhaps the most important factor to boosted studies in GT-based therapeutic angiogenesis 
from the 90’s on was an  intriguing observation in 1990 by Wolff and colleagues, that pure 
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DNA or RNA could be absorbed and expressed by skeletal muscle cells of mice without the 
participation of any particular system of gene transfer (Wolff et al., 1990). Although the 
mechanism of DNA capture by the target cell remains unknown (Wolff et al., 2005), the 
confirmation of this observation opened the way for the use of non-viral vector (usually in 
the form of pure plasmid DNA) in CLI studies.  

2.3.4 Lower complexity of strategies based on non-viral vectors  
The major advantage of non-viral vectors is their safety profile. These vectors do not 
integrate into the host genome (no risk of insertional mutagenesis), do not trigger severe 
inflammatory reactions (absence of innate immune response to the vector), which would be 
a huge limitation in an already inflamed tissue, and their effectiveness is not limited by 
previous immunity of the host. In addition, non-viral vectors are simple to produce, at lower 
costs when compared to viral vectors.  

3. Preclinical data 
Using variations of the model of hind limb ischemia (Pu et al., 1993), the effectiveness of 
therapeutic angiogenesis in small animal models was demonstrated by intra-arterial, 
intravenous and intramuscular administration of recombinant proteins or by gene transfer 
of several vascular growth factors (Takeshita et al., 1994; Takeshita et al., 1994; Bauters et al., 
1995; Tsurumi et al., 1996; Garcia-Martinez et al., 1999; Shimpo et al., 2002). However, as 
discussed in the next section, these studies should be regarded more a proof of concept tool 
than as an indicator of efficacy in clinical studies.  
In order to have a more critical view of these studies, it is important to briefly review 
general characteristics of the hindlimb ischemia model and of tools to evaluate efficacy in 
these studies. 

3.1 The hindlimb ischemia model 
In the classic hindlimb ischemia model, ligation and excision of the iliac or femoral artery 
reduces blood flow to levels between 30%, inducing a series of events that trigger 
angiogenesis and arteriogenesis over 3-4 weeks, after which resting blood flow is restored to 
about 60-70% of baseline (Scholz et al., 2002). In order to more accurately reproduce the 
progressive clinical course of CLI, a minority of studies used stepwise ligation of vessels, as 
well as constricting devices (Tang et al., 2005). Angiographic study of these animals show 
that collaterals emerging from the side branches of internal iliac artery and reaching the 
distal portions of the foot, as well as an extensive network of capillaries throughout the 
ischemic muscle are responsible for the partial restoration of blood flow (Takeshita et al., 
1997). Because revascularization in this model has been shown to involve the basic 
mechanisms of angiogenesis and arteriogenesis (Asahara et al., 1997; Scholz et al., 2002), the 
model has been widely used in preclinical studies of GT-based therapeutic angiogenesis. 
However, one should acknowledge that the model does not exactly mimic the slow 
progression of atherosclerosis observed in patients with PAD. In addition, revascularization 
that occurs in this model is associated with intense capillary proliferation, whose real 
significance for perfusion has been challenged.  
As in other areas of medical research, the translation of results from small animal models to 
humans is problematic. This is even more relevant for studies using gene transfer by direct 
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injection of non-viral vectors. Uptake and expression of non-viral vectors by skeletal muscle 
occurs mostly in the vicinity of the needle (Wolff et al., 1990). Therefore, the exposure of 
muscle fibers to vector is much higher in rats and rabbits, than in humans, even if multiple 
injections are used in humans. In addition, animals used in these studies are usually healthy 
and young, as opposed to patients with CLI. This is even more relevant because it has been 
shown that age impairs the angiogenic response (Zhuo et al., 2010).  

3.2 Methods used to evaluate efficacy 
Although the preclinical studies have unequivocally demonstrated that GT-based 
therapeutic angiogenesis increase capillary proliferation in ischemic tissues, the real 
significance of this increase to the effective perfusion remains uncertain. Thus, the use of 
functional methods to assess the clinical relevance of newly formed vessels is of utmost 
importance in preclinical studies. Usually, efficacy is measured by a combination of 
anatomic (usually counting of newly formed vessels in histological sections or angiographic 
studies) and functional methods. Perfusion studies with microspheres that are trapped in 
capillaries are considered the gold-standard, bur are time-consuming. Therefore, doppler 
tissue imaging, which measures the skin blood flow in the ischemic limb, is one of the most 
frequently used functional method. The method is based on the assumption that skin 
perfusion reflects whole limb perfusion. Alternative methods such as measurements of 
oxygen tension, sestamibi scintigrapy and heat detecting cameras have also been used, 
along with clinical scores that evaluate the presence of ulcer healing, necrosis, etc. 
Whichever the method used, one should bear in mind potential pros and cons to avoid over-
interpretation of preclinical data.  

4. Data from clinical trials 
In humans, GT-based therapeutic angiogenesis was first used in 1994 in a patient with CLI, 
who received an intra-arterial (distal to the obstruction) injection of plasmid DNA 
containing the cDNA of VEGF-A (Isner et al., 1996). The authors reported angiographic 
improvement after 12 weeks, associated with the development of angiomas and unilateral 
edema, two characteristics that enforced the biological effect of the treatment. The first 
phase I study also used plasmid DNA of the VEGF-A cDNA, delivered by multiple 
intramuscular injections in 9 CLI patients for whom revascularization was not feasible. 
Treatment was considered safe, and transient edema was the only adverse event. In 
addition, the authors reported increased levels of VEGF-A in serum, and improvements in 
ABI and in skin lesions, which could avoid amputation in 3 patients (Baumgartner et al., 
1998). Two years later similar results were reported by the same group in 50 patients 
(Baumgartner et al., 2000). Subsequently, additional phase I studies confirmed the safety of 
these strategies (Comerota et al., 2002), paving the way for phase II studies.  

4.1 Phase II studies 
The first randomized double-blind study involved 54 patients with PAD amenable to 
angioplasty. In this study, VEGF-A gene transfer (n=35) or placebo (n = 19) were delivered 
intra-arterially by catheter after angioplasty. Gene transfer was performed using adenovirus 
(n=18) or non-viral vectors (liposome/plasmid-DNA) (n=17). Treatment proved to be safe. 
However, despite s significant increase in the number of collaterals in the two treated 
groups compared to placebo, other efficacy parameters were not modified (Makinen et al., 
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2002). In the second randomized doubleblind study, 54 patients with CLI and diabetes were 
randomized to intramuscular injections of placebo or plasmid DNA with the VEGF-A 
cDNA. The primary efficacy endpoint (amputation at 100th day) was not significantly 
modified by treatment, but authors reported significant improvements in ABI, and in ulcer 
healing in treated patients compared to placebo (Kusumanto et al., 2006). Though not using 
non-viral vectors, the RAVE (Regional Angiogenesis with Vascular Endothelial Growth 
Factor) trial deserves to be discussed. In this trial, 105 patients with unilateral, exercise-
limiting claudication were randomized to directi intramuscular injections of low or high 
doses of adenoviral VEGF121 (Kusumanto et al., 2006). Despite the observation of dose-
dependnent peripheral edema, which suggests that bioactive VEGF was indeed produced, 
the authors observed no significant change in primary or secondary endpoints. These results 
raised several important questions: First, it could be possible that the use of an isoform of 
VEGF that could have a shorter tissue half-life (as is the case of VEGF121 compared to 
VEGF165) could have limited treatment efficacy. Alternatively, the lack of validated 
endpoints, privileging physician-oriented as opposed to patient-oriented outcomes could 
also explain the negative results. Finally, failure could simply mean that use a VEGF isolated 
is not an effective strategy to obtain clinicaly-relevant therapeutic angiogenesis in CLI 
(Gupta et al., 2009).   
After the first phase I trial with gene transfer of FGF-1 reported improvements in wound 
healing, pain and transcutaneous oxygen pressure after intramuscular injection of naked 
plasmid FGF-1 (Comerota et al., 2002), results from a phase II trial were reported. In this 
trial (TALISMAN 201 phase II trial in patients with CLI), patients were randomized to 
intramuscular injections of NV1FGF (n=59) or placebo (n=66) (Nikol et al., 2008). After 25 
weeks, the proportion of patients that reached the primary endpoint (ulcer healing) did not 
differ significantly between treatment and control groups. However, amputation rate was 
significantly lower in NV1FGF-treated patients compared to placebo (37.3 vs 55.4%) and the 
strategy moved on to a phase III trial.     
Because of its properties to regulate the expression of multiple downstream mediators of the 
angiogenesis cascade, including VEGF, thus acting as a “master-switch” agent, the 
transcription factor hypoxia-inducible factor (HIF) 1- has been intesively studied as a 
candidate therapeutic gene for therapeutic angiogenesis (Gupta et al., 2009).  
The most extensively studied growth factor that is currently under clinical development for 
GT-based therapeutic angiogenesis is hepatocyte growth factor, a potent mitogen for several 
cell types (Bussolino et al., 1992). It has been shown that serum levels of HGF are elevated in 
patients with coronary artery disease, and that higher levels correlate with better prognosis 
(Lenihan et al., 2003). In the STAT phase II trial, 104 patients with CLI were randomized to 
treatment with placebo or HGF (Powell et al., 2008). No safety concerns were raised related 
to the therapeutic agent. On an intention-to-treat analysis, no significant differences in 
transcutaneous oxygen tension (TcPO2) were observed among patients treated with HGF (in 
increasing dose levels) or placebo. However, when patients that presented increases in 
TcPO2 before treatment were excluded, patients that received the highest dose level of HGF 
presented significant improvements in TcPO2 compared to the remaining groups. Again, 
these observations demonstrate the impact of endpoint selection in trial results and 
highlight the importance of identifying the most relevant endpoint to be used in therapeutic 
angiogenesis trials.  
Following this study, the same group recently reported the results of the HGF-0205 trial. 
Patients received three sets of eight intramuscular injections of HGF plasmid every 2 weeks 
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injection of non-viral vectors. Uptake and expression of non-viral vectors by skeletal muscle 
occurs mostly in the vicinity of the needle (Wolff et al., 1990). Therefore, the exposure of 
muscle fibers to vector is much higher in rats and rabbits, than in humans, even if multiple 
injections are used in humans. In addition, animals used in these studies are usually healthy 
and young, as opposed to patients with CLI. This is even more relevant because it has been 
shown that age impairs the angiogenic response (Zhuo et al., 2010).  

3.2 Methods used to evaluate efficacy 
Although the preclinical studies have unequivocally demonstrated that GT-based 
therapeutic angiogenesis increase capillary proliferation in ischemic tissues, the real 
significance of this increase to the effective perfusion remains uncertain. Thus, the use of 
functional methods to assess the clinical relevance of newly formed vessels is of utmost 
importance in preclinical studies. Usually, efficacy is measured by a combination of 
anatomic (usually counting of newly formed vessels in histological sections or angiographic 
studies) and functional methods. Perfusion studies with microspheres that are trapped in 
capillaries are considered the gold-standard, bur are time-consuming. Therefore, doppler 
tissue imaging, which measures the skin blood flow in the ischemic limb, is one of the most 
frequently used functional method. The method is based on the assumption that skin 
perfusion reflects whole limb perfusion. Alternative methods such as measurements of 
oxygen tension, sestamibi scintigrapy and heat detecting cameras have also been used, 
along with clinical scores that evaluate the presence of ulcer healing, necrosis, etc. 
Whichever the method used, one should bear in mind potential pros and cons to avoid over-
interpretation of preclinical data.  

4. Data from clinical trials 
In humans, GT-based therapeutic angiogenesis was first used in 1994 in a patient with CLI, 
who received an intra-arterial (distal to the obstruction) injection of plasmid DNA 
containing the cDNA of VEGF-A (Isner et al., 1996). The authors reported angiographic 
improvement after 12 weeks, associated with the development of angiomas and unilateral 
edema, two characteristics that enforced the biological effect of the treatment. The first 
phase I study also used plasmid DNA of the VEGF-A cDNA, delivered by multiple 
intramuscular injections in 9 CLI patients for whom revascularization was not feasible. 
Treatment was considered safe, and transient edema was the only adverse event. In 
addition, the authors reported increased levels of VEGF-A in serum, and improvements in 
ABI and in skin lesions, which could avoid amputation in 3 patients (Baumgartner et al., 
1998). Two years later similar results were reported by the same group in 50 patients 
(Baumgartner et al., 2000). Subsequently, additional phase I studies confirmed the safety of 
these strategies (Comerota et al., 2002), paving the way for phase II studies.  

4.1 Phase II studies 
The first randomized double-blind study involved 54 patients with PAD amenable to 
angioplasty. In this study, VEGF-A gene transfer (n=35) or placebo (n = 19) were delivered 
intra-arterially by catheter after angioplasty. Gene transfer was performed using adenovirus 
(n=18) or non-viral vectors (liposome/plasmid-DNA) (n=17). Treatment proved to be safe. 
However, despite s significant increase in the number of collaterals in the two treated 
groups compared to placebo, other efficacy parameters were not modified (Makinen et al., 
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2002). In the second randomized doubleblind study, 54 patients with CLI and diabetes were 
randomized to intramuscular injections of placebo or plasmid DNA with the VEGF-A 
cDNA. The primary efficacy endpoint (amputation at 100th day) was not significantly 
modified by treatment, but authors reported significant improvements in ABI, and in ulcer 
healing in treated patients compared to placebo (Kusumanto et al., 2006). Though not using 
non-viral vectors, the RAVE (Regional Angiogenesis with Vascular Endothelial Growth 
Factor) trial deserves to be discussed. In this trial, 105 patients with unilateral, exercise-
limiting claudication were randomized to directi intramuscular injections of low or high 
doses of adenoviral VEGF121 (Kusumanto et al., 2006). Despite the observation of dose-
dependnent peripheral edema, which suggests that bioactive VEGF was indeed produced, 
the authors observed no significant change in primary or secondary endpoints. These results 
raised several important questions: First, it could be possible that the use of an isoform of 
VEGF that could have a shorter tissue half-life (as is the case of VEGF121 compared to 
VEGF165) could have limited treatment efficacy. Alternatively, the lack of validated 
endpoints, privileging physician-oriented as opposed to patient-oriented outcomes could 
also explain the negative results. Finally, failure could simply mean that use a VEGF isolated 
is not an effective strategy to obtain clinicaly-relevant therapeutic angiogenesis in CLI 
(Gupta et al., 2009).   
After the first phase I trial with gene transfer of FGF-1 reported improvements in wound 
healing, pain and transcutaneous oxygen pressure after intramuscular injection of naked 
plasmid FGF-1 (Comerota et al., 2002), results from a phase II trial were reported. In this 
trial (TALISMAN 201 phase II trial in patients with CLI), patients were randomized to 
intramuscular injections of NV1FGF (n=59) or placebo (n=66) (Nikol et al., 2008). After 25 
weeks, the proportion of patients that reached the primary endpoint (ulcer healing) did not 
differ significantly between treatment and control groups. However, amputation rate was 
significantly lower in NV1FGF-treated patients compared to placebo (37.3 vs 55.4%) and the 
strategy moved on to a phase III trial.     
Because of its properties to regulate the expression of multiple downstream mediators of the 
angiogenesis cascade, including VEGF, thus acting as a “master-switch” agent, the 
transcription factor hypoxia-inducible factor (HIF) 1- has been intesively studied as a 
candidate therapeutic gene for therapeutic angiogenesis (Gupta et al., 2009).  
The most extensively studied growth factor that is currently under clinical development for 
GT-based therapeutic angiogenesis is hepatocyte growth factor, a potent mitogen for several 
cell types (Bussolino et al., 1992). It has been shown that serum levels of HGF are elevated in 
patients with coronary artery disease, and that higher levels correlate with better prognosis 
(Lenihan et al., 2003). In the STAT phase II trial, 104 patients with CLI were randomized to 
treatment with placebo or HGF (Powell et al., 2008). No safety concerns were raised related 
to the therapeutic agent. On an intention-to-treat analysis, no significant differences in 
transcutaneous oxygen tension (TcPO2) were observed among patients treated with HGF (in 
increasing dose levels) or placebo. However, when patients that presented increases in 
TcPO2 before treatment were excluded, patients that received the highest dose level of HGF 
presented significant improvements in TcPO2 compared to the remaining groups. Again, 
these observations demonstrate the impact of endpoint selection in trial results and 
highlight the importance of identifying the most relevant endpoint to be used in therapeutic 
angiogenesis trials.  
Following this study, the same group recently reported the results of the HGF-0205 trial. 
Patients received three sets of eight intramuscular injections of HGF plasmid every 2 weeks 
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(Powell et al., 2010). Injection sites were selected on an individual basis based on 
arteriographically defined vascular anatomy. In total, 21 patients were randomized to HGF 
treatment and 6 to placebo. No safety concerns were raised. HGF-treated patients presented 
significant improvements in toe-brachial index and rest pain compared to patients that 
received placebo. Complete ulcer healing at 12 months occurred in 31% of patients 
compared to 0% of placebo, though this difference was not statistically significant. 
Amputation rates (HGF 29 % vs. placebo 33%) and mortality were similar between groups. 
These results suggest that tailoring treatment to patient indivual characteristics might 
improve treatment outcomes. If confirmed, it is possible that the classical strategy to inject 
naked DNA into predefined sites of ischemic tissue with poor knowledge of the 
pharmacological and geographic distribution of the actual treatment agent could justify 
several negative results reported in previous human trials. One should bear in mind that 
when using a delivery strategy that is characterized mostly by local transfection, the 
proportion of ischemic tissue actually treated in a mouse or rat is very unlikely to be reached 
even by multiple injections in humans.        
Additional studies have been recently reported using HGF plasmid-based therapeutic 
angiogenesis. In a multicenter, randomized, double-blind, placebo-controlled trial, 40 
patients also received injections in sites selected by angiographic evaluation, on days 0 and 
28 (Shigematsu et al., 2010). The overall primary improvement rate of the primary endpoint 
(improvement of rest pain or reduction of ulcer size) was significantly higher in HGF-
treated patients (70.4%) compared to the placebo group (30.8%). An evaluation of quality of 
life also showed benefits of HGF treatment. Very recently, HGF plasmid intramuscular 
injections was also shown to improve several efficacy endpoints such as ABI, ulcer size, 
pain,  in another phase I/IIa trial that treated 22 patients with CLI with of 2 or 4 mg of HGF 
plasmid, 2 times (Morishita et al., 2011).    
Finally, a phase II trial was also conducted using gene transfer of an extracellular matrix 
protein that induces angiogenesis indirectly  by interaction with integrins,  Developmentally 
regulated endothelial locus (Del-1). In the DELTA trial, 105 patients with PAD were 
randomized to intramuscular injections of Del-1 plasmid in association with poloxamer 188, 
an agent that enhances transfection (Grossman et al., 2007). The control group received 
poloxamer 188 alone. No safety concerns were raised, but neither primary nor secondary 
endpoints were modified. Notably, improvement in these endpoints occurred in both 
treated and control groups, highlighting the importance of placebo effect in studies using 
new strategies such as gene therapy.  

4.2 Safety concerns 
To date, more than 1000 subjects have been treated for gene therapy for therapeutic 
angiogenesis in phase I and II trials, with adverse event rates that are similar to those  in 
control groups (Varu et al., 2010). Still, there are important long-term safety concerns, 
stemming from theoretical but rather intuitive and important considerations, that still need 
to be addressed and weighted against the benefits of gene therapy-based therapeutic 
angiogenesis. These include the risk of accelerating pathologic angiogenesis in tumors, 
retina and atherosclerotic plaques.  So far no evidence of these effects has been reported. 
Dose-dependent hypotension or proteinuria (> 1g/24h) have been reported in studies using 
VEGF-A (Henry, Rocha-Singh et al., 2001) and FGF-2 (Laham et al., 2000; Unger et al., 2000; 
Cooper et al., 2001) in the form of recombinant proteins, but in studies with gene therapy, 
where lower levels of proteins are expected to be expressed, these were not observed. 
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Studies with hepatocyte growth factor have not raised significant safety concerns. Of note, 
in one recent study, circulating levels of HGF were not detected, suggesting a restricted 
distribution of the therapeutic agent (Morishita et al., 2011).  

5. Next steps 
Preclinical and clinical trials have demonstrated the safety and potential efficacy of this 
strategy. Currently, the area is going through a phase in which new strategies and 
conceptual changes, developed after reevaluation of early clinical results and after a return 
from bedside to bench, are being tested in clinical trials. After almost 2 decades since the 
first human trial of GT for CLI, it is clear that  several factors can be optimized in order to 
maximize the effectiveness of therapeutic angiogenesis. These include:  
 Animals x humans: differences between animal models and the progression of CLI in 

humans, should be acknowledged, thus avoiding over-interpretation of results from 
animal studies.  

 Efficacy outcomes (animals): more relevant efficacy outcomes should be identified in 
preclinical models allowing more realistic translation of results from bench to bedside. 

 Efficacy outcomes (humans): CLI is diagnosed and monitored with the help of objective 
methods that include ABI determination, toe systolic pressures or transcutaneous 
partial pressure of oxygen (TcPO2) (Varu et al., 2010). However, an important 
unanswered question that makes evaluation of treatment even more complex is the 
very definition of a salvageable versus a non-salvageable limb (Connelly et al., 2001; 
Rowe et al., 2009). As in other areas of medical research, treatment outcome measures 
are mostly physician- rather than patient oriented. In the context of CLI, outcomes such 
as ABI improvement, limb salvage and survival have always been considered the most 
significant outcomes that any new treatment should be able to improve. However, 
patient-oriented outcome research in the last years suggests that in selected populations 
these outcomes are not necessarily associated with improvements in quality of life 
(Varu et al., 2010). Whether classical outcomes such as ABI index, or more patient-
oriented outcomes should be used as primary endpoint for efficacy assessment of 
therapeutic angiogenesis is an important and challenging question. 

 Basic science: Continuing research efforts on the mechanisms of blood vessel formation 
are extremely important to allow more rational selection of therapeutic genes to treat 
CLI. These could include the use of “cocktails” of growth factor genes, or master-switch 
genes, that could induce an angiogenic response that is closer to that spontaneously 
observed during “physiologic” collateral formation.  

 Delivery strategies and vectors: Better delivery strategies and/or more efficient non-viral 
vectors for GT-based therapeutic angiogenesis should be developed, allowing more 
widespread expression of the therapeutic gene in human skeletal muscle. 

 Towards a pharmacological approach to therapy: Better understanding of variables that 
govern the pharmacokinetics of non-viral vector delivery to skeletal muscle, thus 
enabling a less empiric design of clinical trials are of paramount importance so that trial 
design with non-viral vectors delivered to skeletal muscle start to move towards a more 
pharmacological paradigm, that allow a more rational interpretation of data and 
planning of treatment. So far, actual “dosing” of the therapeutic proteins has not been 
possible. In fact, this could severely affect the possibility to to reproduce even very 
positive results in larger scale phase III trials.  
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6. Conclusions 
Therapeutic manipulation of angiogenesis is increasingly regarded as a promising treatment 
alternative for patients with CLI, as results from a new generation of clinical trials are 
revealed. The rationale for the use of vascular growth factors to stimulate vessel growth in 
ischemic tissues is mainly the demonstration that ischemic tissues present a relative 
deficiency of these growth factors, and that their administration can boost vessel growth. In 
addition, several characteristics render CLI a very interesting target for gene therapy-based 
therapeutic angiogenesis. In this chapter we reviewed the molecular and cellular rationale of 
therapeutic angiogenesis, results from pre-clinical studies, and finally results from clinical 
trials that used gene therapy as a platform for therapeutic angiogenesis. In addition, we 
tried to provide a critical appraisal of limitations of small animal models (and of the 
translation of endpoints from these studies to clinical practice), as well as a discussion on the 
steps that still need to be taken in order to render gene therapy with non-viral vectors as a 
more predictable and controllable strategy. 
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1. Introduction 
Coronary (CAD) and peripheral (PAD) artery disease are major causes of morbidity and 
mortality, requiring bypass surgery or angioplasty in approximately one million 
patients/year in the world (MERIT-HF Study Group, 1999). While collateral vessel 
formation as an alternative pathway for blood supply occurs in some of these patients, 
many do not form vascular networks adequate to compensate for the loss of the original 
blood supply (Hirsch et al., 2006). These patients might therefore benefit from stem cell 
transplantation therapies that would accelerate natural processes of postnatal collateral 
vessel formation, an approach referred to as therapeutic angiogenesis. On the other hand, 
recent seminal reports have indicated that the adult heart is self-healing and self-renewing. 
Specifically, these studies have demonstrated that there is a pool of resident cardiac stem 
cells (CSCs) that are clonogenic and multipotent and are capable of differentiating into new 
blood vessels or into new myocytes, and of cardiac progenitor cells (CPCs) (Marban, 2007). 
This suggests the possibility of using a therapeutic angiogenesis approach to complement 
other treatments (e.g., stem cell therapy) that facilitate myocardial repair. Such combined 
modalities may facilitate myocardial regeneration by inducing endogenous cardiac cells to 
migrate, differentiate, and proliferate in situ, replacing lost endothelial cells and 
cardiomyocytes (Urbaneket al., 2005). However, despite recent progress in applying the 
approaches of regenerative medicine to the treatment of such diseases, valid strategies 
aimed at repairing the infarcted heart and, in general, at treating end-organ ischemia 
continue to be elusive. Major obstacles are the difficulty in isolating and delivering stem 
cells that are specifically effective in myocardial repair, and in stimulating recruitment of 
endogenous stem cells to the ischemic tissue. To address these issues, there has been 
increasing focus on novel biotechnologies or pharmacological strategies to enhance the 
implantation of exogenous stem cells or to boost endogenous regeneration of myocardial 
tissue. By employing three fundamental “tools”, namely stem cells, biomaterials and growth 
factors (GFs) (Lavik & Langer, 2004; Mikos et al., 2006), such tissue engineering strategies 
may enhance the efficacy of stem cell therapy in several ways: by mobilizing endogenous 
stem/progenitor cells in vivo; by promoting cell proliferation and differentiation; and by 
augmenting cell engraftment and survival in the injured myocardium. In general, because of 
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the short half-lives of GFs in the body and the necessity to deliver them to specific target 
sites, GF injections themselves do not always produce the anticipated therapeutic effect. At 
present, GF delivery in regenerative medicine basically relies upon two strategies: 1) 
delivery of the GF genes; 2) direct delivery of GFs by incorporating them into a vehicle. In 
the gene delivery approach, delivery of the GF gene may result in higher and more constant 
levels of protein produced, since the gene - rather than a degradable protein -  is being 
delivered (Haastert & Grothe, 2007). Two major problems are associated however with this 
approach: 1) the complexity of cloning and integrating the gene into the target cells; 2) safety 
and efficiency of transduction. At present, there are insufficient well-controlled long-term 
studies in the preclinical area to make any conclusive statements about the clinical 
suitability/efficacy of gene delivery in humans. If resolved, cell-mediated synthesis of GFs 
should be associated with more efficient targeting of receptors and, consequently, a more 
robust and predictable approach in ischemic tissue regeneration. 

2. Stem cell basics and selection 
Stem cells are a population of immature tissue precursor cells capable of self-renewal as well 
as of differentiation into a spectrum of different cell types in appropriate conditions. In 
general, they share the following characteristics: (1) a high capacity for self-renewal; (2) the 
potential for differentiation in multiple cell types; (3) the ability to be cultured ex vivo and 
used for tissue engineering; and (4) plasticity (transdifferentiation ability) (Vats et al., 2005). 
On the basis of their differentiating potential, stem cells can currently be classified into four 
categories: (1) totipotent, (2) pluripotent, (3) multipotent, and (4) oligopotent or monopotent. 
Totipotent stem cells have the potential to differentiate into cells of all three main germinal 
layers (the ectodermal, endodermal, and mesodermal) and embryo-derived tissues. 
Pluripotent stem cells have the ability to differentiate only into tissues derived from the 
ectoderm, endoderm and mesoderm. Multipotent stem cells can differentiate into tissue-
specific progenitor cells within a given organ. For example, multipotent blood stem cell or 
hematopoietic stem cells can develop into red blood cells, white blood cells, or platelets. 
Oligopotent or monopotent stem cells can only give rise to one or few types of specialized 
cells. On the basis of their origin and biological properties, stem cells can also be classified as 
either (1) embryonic stem cells or (2) adult stem cells. Embryonic stem cells are derived from 
the inner layer mass of the blastocyst and can be harvested from three sources: aborted 
fetuses (cadaveric stem cells), embryos left over from in vitro fertilization (discarded 
embryos), and embryos created in the laboratory solely for the purpose of producing stem 
cells (research embryos). In vitro differentiation of human embryonic stem cells into 
cardiomyocytes has been demonstrated by Kehat et al. (Kehat et al., 2001). However, ethical 
issues have been raised against harvesting human embryonic stem cells, especially if this 
process requires destruction of an embryo. Other potential obstacles to using embryonic 
stem cells are that recipients often need to receive immunosuppressants, because embryonic 
stem cells are potentially allogenic and strongly immunogenic. Uncontrolled differentiation 
of embryonic stem cells may cause other problems, such as the development of cardiac or 
vascular neoplasm. Transplanted embryonic stem cells may form teratomas if some 
undifferentiated totipotent cells are still present.  The formation of teratomas -i.e., tumors 
containing a mix of differentiated human cell types, including cells characteristic of the 
ectoderm, mesoderm, and endoderm-in severe combined immunodeficiency (SCID) mice 
after injection with human embryonic stem cells has been observed (Thomson et al., 1998). 
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Adult stem cells are the undifferentiated cells that exist in a differentiated tissue or organ 
and that are capable of specializing into cells of the tissue or organ from which they 
originated. Their capacity for self-renewal allows tissues and organs to maintain functional 
stability. Sources of adult stem cells include not only regenerating tissues, such as the heart, 
adipose tissue, bone marrow, blood, liver and  epidermis, but also non-divisive tissues, such 
as the brain. Compared with embryonic stem cells, autologous adult stem cells are not faced 
with any major ethical or immunological controversies surrounding their use in the same 
individual from whom they were obtained. However, their ability to proliferate and 
differentiate is less powerful than that of embryonic stem cells; they are often difficult to 
identify, isolate, and purify; and they are not numerous enough for use in transplantation 
without being expanded in vitro substantially. For example, there is only one hematopoietic 
cell for every 1000-5000 bone marrow stromal cells (BMSCs). Adult stem cells do not 
replicate indefinitely in culture (Jiang et al., 2002), and they are referred to as multipotent or 
oligopotent stem cells. The partially differentiated cells are precursor or progenitor cells, 
which are characterized by the ability to proliferate. For instance, circulating endothelial 
progenitor cells (EPCs) can promptly differentiate into mature endothelial cells that replace 
dead or dying cells when the endothelium of arteries is injured by atherosclerosis (Urbich & 
Dimmeler, 2004).  
Selection of a suitable type of stem cells is a key issue for the success of stem cell therapy. 
Stem/progenitor cells used for transplantation should have the following characteristics: (1) 
high rates of survival and proliferation; (2) high capability of differentiation; and (3) the 
potential for engraftment and integration with native or host cardiac cells. Currently, both 
embryonic and adult stem cells are used in experimental cardiac cell transplantation studies, 
while only adult stem cells (e.g., bone marrow-derived mesenchymal cells, skeletal 
myoblasts, endothelial progenitor cells) are used in clinical trials. Each stem cell type has 
unique biological properties that offer both advantages and limitations to their use. 
Therefore, selection of the most suitable stem cells for use in ischemic patients is still a major 
focus of current research. The skeletal myoblasts or satellite cells are precursor cells of 
human skeletal muscle that originate from muscle stem cells (Angelis et al., 1999). They 
normally lie in a quiescent state under the basal membrane of muscular fibers, and have the 
potential for reentry into the cell cycle in response to injury, where they can divide and 
differentiate into functional muscle cells. Skeletal myoblasts can be obtained from individual 
patients themselves. Other theoretical advantages of using autologous skeletal myoblast are 
their rapid expansion in culture and their lower likelihood of tumor formation after 
transplantation. In addition, these cells have a chance of engrafting with native 
cardiomyocytes and surviving in infarcted regions of the heart since they are relatively 
resistant to ischemia. Animal studies have demonstrated that skeletal myoblasts can 
successfully accommodate themselves in the infarcted region of the heart, forming striated 
muscle fibers with intercalated discs in the host myocardium under the influence of factors 
in the cardiac environment (Murry et al., 1996). Improvement in systolic function has been 
noted after skeletal myoblast transplantation in ischemic and non-ischemic heart failure 
models (Atkins et al., 1999; Hagegeet al., 2001; Siminiak & Kurpisz, 2003). Controversy still 
exists regarding the capability of stem cells to engraft and connect with native 
cardiomyocytes, despite promising results from preclinical studies (Suzuki et al., 2001; 
Menasche et al., 2003; Pagani et al., 2003; Smits et al., 2003). Bone marrow-derived stem cells 
are currently the most commonly used cells in cell transplantation therapy. The ideal stem 
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cardiomyocytes has been demonstrated by Kehat et al. (Kehat et al., 2001). However, ethical 
issues have been raised against harvesting human embryonic stem cells, especially if this 
process requires destruction of an embryo. Other potential obstacles to using embryonic 
stem cells are that recipients often need to receive immunosuppressants, because embryonic 
stem cells are potentially allogenic and strongly immunogenic. Uncontrolled differentiation 
of embryonic stem cells may cause other problems, such as the development of cardiac or 
vascular neoplasm. Transplanted embryonic stem cells may form teratomas if some 
undifferentiated totipotent cells are still present.  The formation of teratomas -i.e., tumors 
containing a mix of differentiated human cell types, including cells characteristic of the 
ectoderm, mesoderm, and endoderm-in severe combined immunodeficiency (SCID) mice 
after injection with human embryonic stem cells has been observed (Thomson et al., 1998). 
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Adult stem cells are the undifferentiated cells that exist in a differentiated tissue or organ 
and that are capable of specializing into cells of the tissue or organ from which they 
originated. Their capacity for self-renewal allows tissues and organs to maintain functional 
stability. Sources of adult stem cells include not only regenerating tissues, such as the heart, 
adipose tissue, bone marrow, blood, liver and  epidermis, but also non-divisive tissues, such 
as the brain. Compared with embryonic stem cells, autologous adult stem cells are not faced 
with any major ethical or immunological controversies surrounding their use in the same 
individual from whom they were obtained. However, their ability to proliferate and 
differentiate is less powerful than that of embryonic stem cells; they are often difficult to 
identify, isolate, and purify; and they are not numerous enough for use in transplantation 
without being expanded in vitro substantially. For example, there is only one hematopoietic 
cell for every 1000-5000 bone marrow stromal cells (BMSCs). Adult stem cells do not 
replicate indefinitely in culture (Jiang et al., 2002), and they are referred to as multipotent or 
oligopotent stem cells. The partially differentiated cells are precursor or progenitor cells, 
which are characterized by the ability to proliferate. For instance, circulating endothelial 
progenitor cells (EPCs) can promptly differentiate into mature endothelial cells that replace 
dead or dying cells when the endothelium of arteries is injured by atherosclerosis (Urbich & 
Dimmeler, 2004).  
Selection of a suitable type of stem cells is a key issue for the success of stem cell therapy. 
Stem/progenitor cells used for transplantation should have the following characteristics: (1) 
high rates of survival and proliferation; (2) high capability of differentiation; and (3) the 
potential for engraftment and integration with native or host cardiac cells. Currently, both 
embryonic and adult stem cells are used in experimental cardiac cell transplantation studies, 
while only adult stem cells (e.g., bone marrow-derived mesenchymal cells, skeletal 
myoblasts, endothelial progenitor cells) are used in clinical trials. Each stem cell type has 
unique biological properties that offer both advantages and limitations to their use. 
Therefore, selection of the most suitable stem cells for use in ischemic patients is still a major 
focus of current research. The skeletal myoblasts or satellite cells are precursor cells of 
human skeletal muscle that originate from muscle stem cells (Angelis et al., 1999). They 
normally lie in a quiescent state under the basal membrane of muscular fibers, and have the 
potential for reentry into the cell cycle in response to injury, where they can divide and 
differentiate into functional muscle cells. Skeletal myoblasts can be obtained from individual 
patients themselves. Other theoretical advantages of using autologous skeletal myoblast are 
their rapid expansion in culture and their lower likelihood of tumor formation after 
transplantation. In addition, these cells have a chance of engrafting with native 
cardiomyocytes and surviving in infarcted regions of the heart since they are relatively 
resistant to ischemia. Animal studies have demonstrated that skeletal myoblasts can 
successfully accommodate themselves in the infarcted region of the heart, forming striated 
muscle fibers with intercalated discs in the host myocardium under the influence of factors 
in the cardiac environment (Murry et al., 1996). Improvement in systolic function has been 
noted after skeletal myoblast transplantation in ischemic and non-ischemic heart failure 
models (Atkins et al., 1999; Hagegeet al., 2001; Siminiak & Kurpisz, 2003). Controversy still 
exists regarding the capability of stem cells to engraft and connect with native 
cardiomyocytes, despite promising results from preclinical studies (Suzuki et al., 2001; 
Menasche et al., 2003; Pagani et al., 2003; Smits et al., 2003). Bone marrow-derived stem cells 
are currently the most commonly used cells in cell transplantation therapy. The ideal stem 
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cells from bone marrow for cardiac regeneration remain to be identified and many details 
remain to be elucidated. Yet, the clinical results from recent trials show the capability of 
these cells to ameliorate systo-diastolic heart function and decrease the size of the infarct 
region after intracoronary injection (Assmus et al., 2002; Strauer et al., 2002; Britten et al., 
2003). Other studies (Perin et al., 2002; Perin et al., 2003) have demonstrated the safety and 
efficacy of transendocardial injection of autologous bone marrow mononuclear cells in 
patients with end-stage ischemic heart disease. Fetal cardiomyocytes still can enter the cell 
cycle and be expanded in culture. Successful cell transplantation using fetal cardiomyocytes 
was initially demonstrated in mice (Soonpaa et al., 1994; Li et al., 1995; Li et al., 1996), with 
findings in improvement of heart function and formation of new blood vessels in and 
around the cell graft area (Watanabe et al., 1998). These experiments show that fetal 
cardiomyocyte transplantation is feasible and potentially clinically relevant. Besides the 
ethical questions concerning the use of human fetal tissue, however, one limitation of using 
fetal cardiomyocytes is that lifelong immunosuppressive therapy may be necessary to 
prevent rejection. The optimal regimen and dose of immunosuppressive agents for cell 
transplantation would be here still unknown. A large number of studies have examined the 
differentiation of embryonic stem cells into cardiomyocytes, aiming at clarifying the 
mechanism of differentiation, identifying cell markers, and developing techniques for 
purifying embryonic stem cell-derived cardiomyocytes. The pluripotency of embryonic stem 
cells gives rise to their differentiation into more than 200 hundred kinds of cell lines. 
Protocols for the in vitro differentiation of embryonic stem cells into cardiomyocytes 
representing all specialized cell types of the heart, such as atrial-like, ventricular-like, sinus 
nodal-like, and Purkinje-like cells, have been established. Only 5-10% of these cells have 
been identified as cardiomyocytes. It may be ideal to separate cardiomyocytes from the 
undifferentiated ES cells before transplantation because of their potential to generate tumor-
like tissue if implanted (Odorico et al., 2001). However, how to direct the differentiation of 
embryonic stem cells only into functional cardiomyocytes in vivo is still unclear. As stated 
above, another technical limitation is here the need for immunosuppressant therapy after 
transplantation. Endothelial progenitor cells can be identified in adult peripheral blood, 
bone marrow, and human umbilical cord blood.  
Current experiments suggest that EPCs play an important role in vasculogenesis by 
differentiating into vascular endothelial cells, inhibiting ventricular remodeling through 
improvement in myocardial blood supply (Kamihata et al., 2001). Adipose tissue-derived 
stem cells may overcome major limitations in the use of adult stem cells harvested from 
essential organs such as muscle, skin, brain. liver and bone marrow. It has been shown that 
these cells can be induced to differentiate into multiple cell lineages, including adipose, 
cartilage and bone, muscle cells, neurons and endothelial cells (Zuk et al., 2001; Madonna et 
al., 2009). Injection of adipose tissue-derived stromal cells (ADSCs) has been recently shown 
to improve neovascularisation in the ischemic hind limb and the infarcted heart (see 
Madonna et al., 2009 for a general review of preclinical studies in the heart and hind limb 
ischemia models). Furthermore, recent studies (Puissant et al., 2005) have reported on the in 
vivo and in vitro immunosuppressive properties of ADSCs and their capability of escaping 
the immune surveillance. Therefore, major advantages of the adipose tissue as an alternative 
source of regenerative cells, include: 1. yield: a therapeutic dose of regenerative cells can be 
isolated in approximately one hour without cell culture; 2. safety: patients receive their own 
cells (autologous-use), with no risk of immune rejection or transmission; 3. versatility: stem 
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cells from the adipose tissue benefit from multiple mechanisms of action. Recently it has 
been documented that the adult heart contains a pool of small cells expressing stem cell 
markers [c-kit, multi drug resistance 1 (MDR-1), and stem cell antigen 1 (Sca-1)]. Such cells 
also harbor telomerase activity, which is only present in replicating cells. These cardiac 
stem-progenitor cells (CSCs) not only can replenish the cardiomyocyte population, but are 
also able to regenerate coronary vessels (Beltrami et al., 2001). The actual number of CSCs 
remains controversial. Quantitative data in mouse, rat, dog, and human hearts have 
demonstrated that there is 1 CSC per approximately 30,000 to 40,000 myocardial cells: 
approximately 65% of all CSCs possess the 3 above-referred antigens (c-kit, MDR-1, and Sca-
1–like); approximately 20% possess 2, and approximately 15% possess only 1. 
Approximately 5% each of all CSCs exclusively express c-kit, MDR-1, or Sca-1. Furthermore, 
more premature resident CSCs, such as  cardiospheres and isl1+ cardioblasts, have been 
recently identified (Messina et al., 2004). This variability in the number and type of CSCs 
reflects cells with distinct functional capacity and different stage of differentiation. In vivo 
experiments have shown that injected cardiospheres can produce functional improvement 
of the heart, with 37% improvement in fractional shortening in the injected group (Messina 
et al., 2004; Smith et al., 2007; Chimenti et al., 2010). Main advantages of CSCs are the 
following: 1. CSCs are autologous, and thus unlikely to trigger infectious or immunological 
complications; 2. CSCs are more cardiogenic than other adult stem cells; 3. CSCs trigger 
robust angiogenic responses after myocardial transplantation. 

3. Growth factor selection and vehicle-based delivery approach  
Vehicle-based delivery systems for growth factors, derived from diverse biomaterials, are 
used to increase their retention at treatment sites for a sufficient period of time to allow 
tissue regenerating cells to migrate into the area of injury, to proliferate and to differentiate, 
as well as to reduce the loss of bioactivity. They are also used to control toxicity induced by 
high concentrations of growth factors (Vasita & Katti, 2006; Chou & Leong, 2007). A major 
challenge inherent in these strategies is to identify growth factors and signaling pathways 
that selectively promote proliferation, migration, engraftment, and differentiation of 
resident CSCs or exogenous multipotent stem cells. This challenge relates also to the 
understanding of cellular uptake mechanisms, cell response to the mechanochemical 
microenvironment, the potential therapeutic utility of delivered biomolecules, and the exact 
requirements for multiple signals to drive the ischemic cardiovascular tissue regeneration 
process to completion. Current knowledge suggests that ‘‘cocktails’’ of biomolecules, or 
even cocktails of different types of stem cells, should be delivered locally, with specific and 
distinct pharmacokinetics/pharmacodynamics (e.g., the capacity of each single component 
of the cocktail to act distinctly in differentiating or in homing different endogenous stem 
cell/progenitor population), in order to mimic, as far as possible, the different requirements 
of the ischemic tissue during the various regeneration phases. Engineering natural and/or 
synthetic scaffolds to release several growth factors (or growth factor-encoding genes) in a 
sequential manner might affect more than one phase of the ischemic tissue healing process, 
for example, neovascularization and myogenesis, ultimately leading to cardiovascular tissue 
regeneration rather than repair. The growth factors that have been most intensively 
investigated in the regeneration of ischemic cardiovascular tissues include vascular 
endothelial growth factor (VEGF), transforming growth factor (TGF)-β, platelet-derived 
growth factors (PDGF, including PDGF-BB and PDGF-AA), insulin-like growth factor (IGF)-
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cells from bone marrow for cardiac regeneration remain to be identified and many details 
remain to be elucidated. Yet, the clinical results from recent trials show the capability of 
these cells to ameliorate systo-diastolic heart function and decrease the size of the infarct 
region after intracoronary injection (Assmus et al., 2002; Strauer et al., 2002; Britten et al., 
2003). Other studies (Perin et al., 2002; Perin et al., 2003) have demonstrated the safety and 
efficacy of transendocardial injection of autologous bone marrow mononuclear cells in 
patients with end-stage ischemic heart disease. Fetal cardiomyocytes still can enter the cell 
cycle and be expanded in culture. Successful cell transplantation using fetal cardiomyocytes 
was initially demonstrated in mice (Soonpaa et al., 1994; Li et al., 1995; Li et al., 1996), with 
findings in improvement of heart function and formation of new blood vessels in and 
around the cell graft area (Watanabe et al., 1998). These experiments show that fetal 
cardiomyocyte transplantation is feasible and potentially clinically relevant. Besides the 
ethical questions concerning the use of human fetal tissue, however, one limitation of using 
fetal cardiomyocytes is that lifelong immunosuppressive therapy may be necessary to 
prevent rejection. The optimal regimen and dose of immunosuppressive agents for cell 
transplantation would be here still unknown. A large number of studies have examined the 
differentiation of embryonic stem cells into cardiomyocytes, aiming at clarifying the 
mechanism of differentiation, identifying cell markers, and developing techniques for 
purifying embryonic stem cell-derived cardiomyocytes. The pluripotency of embryonic stem 
cells gives rise to their differentiation into more than 200 hundred kinds of cell lines. 
Protocols for the in vitro differentiation of embryonic stem cells into cardiomyocytes 
representing all specialized cell types of the heart, such as atrial-like, ventricular-like, sinus 
nodal-like, and Purkinje-like cells, have been established. Only 5-10% of these cells have 
been identified as cardiomyocytes. It may be ideal to separate cardiomyocytes from the 
undifferentiated ES cells before transplantation because of their potential to generate tumor-
like tissue if implanted (Odorico et al., 2001). However, how to direct the differentiation of 
embryonic stem cells only into functional cardiomyocytes in vivo is still unclear. As stated 
above, another technical limitation is here the need for immunosuppressant therapy after 
transplantation. Endothelial progenitor cells can be identified in adult peripheral blood, 
bone marrow, and human umbilical cord blood.  
Current experiments suggest that EPCs play an important role in vasculogenesis by 
differentiating into vascular endothelial cells, inhibiting ventricular remodeling through 
improvement in myocardial blood supply (Kamihata et al., 2001). Adipose tissue-derived 
stem cells may overcome major limitations in the use of adult stem cells harvested from 
essential organs such as muscle, skin, brain. liver and bone marrow. It has been shown that 
these cells can be induced to differentiate into multiple cell lineages, including adipose, 
cartilage and bone, muscle cells, neurons and endothelial cells (Zuk et al., 2001; Madonna et 
al., 2009). Injection of adipose tissue-derived stromal cells (ADSCs) has been recently shown 
to improve neovascularisation in the ischemic hind limb and the infarcted heart (see 
Madonna et al., 2009 for a general review of preclinical studies in the heart and hind limb 
ischemia models). Furthermore, recent studies (Puissant et al., 2005) have reported on the in 
vivo and in vitro immunosuppressive properties of ADSCs and their capability of escaping 
the immune surveillance. Therefore, major advantages of the adipose tissue as an alternative 
source of regenerative cells, include: 1. yield: a therapeutic dose of regenerative cells can be 
isolated in approximately one hour without cell culture; 2. safety: patients receive their own 
cells (autologous-use), with no risk of immune rejection or transmission; 3. versatility: stem 
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cells from the adipose tissue benefit from multiple mechanisms of action. Recently it has 
been documented that the adult heart contains a pool of small cells expressing stem cell 
markers [c-kit, multi drug resistance 1 (MDR-1), and stem cell antigen 1 (Sca-1)]. Such cells 
also harbor telomerase activity, which is only present in replicating cells. These cardiac 
stem-progenitor cells (CSCs) not only can replenish the cardiomyocyte population, but are 
also able to regenerate coronary vessels (Beltrami et al., 2001). The actual number of CSCs 
remains controversial. Quantitative data in mouse, rat, dog, and human hearts have 
demonstrated that there is 1 CSC per approximately 30,000 to 40,000 myocardial cells: 
approximately 65% of all CSCs possess the 3 above-referred antigens (c-kit, MDR-1, and Sca-
1–like); approximately 20% possess 2, and approximately 15% possess only 1. 
Approximately 5% each of all CSCs exclusively express c-kit, MDR-1, or Sca-1. Furthermore, 
more premature resident CSCs, such as  cardiospheres and isl1+ cardioblasts, have been 
recently identified (Messina et al., 2004). This variability in the number and type of CSCs 
reflects cells with distinct functional capacity and different stage of differentiation. In vivo 
experiments have shown that injected cardiospheres can produce functional improvement 
of the heart, with 37% improvement in fractional shortening in the injected group (Messina 
et al., 2004; Smith et al., 2007; Chimenti et al., 2010). Main advantages of CSCs are the 
following: 1. CSCs are autologous, and thus unlikely to trigger infectious or immunological 
complications; 2. CSCs are more cardiogenic than other adult stem cells; 3. CSCs trigger 
robust angiogenic responses after myocardial transplantation. 

3. Growth factor selection and vehicle-based delivery approach  
Vehicle-based delivery systems for growth factors, derived from diverse biomaterials, are 
used to increase their retention at treatment sites for a sufficient period of time to allow 
tissue regenerating cells to migrate into the area of injury, to proliferate and to differentiate, 
as well as to reduce the loss of bioactivity. They are also used to control toxicity induced by 
high concentrations of growth factors (Vasita & Katti, 2006; Chou & Leong, 2007). A major 
challenge inherent in these strategies is to identify growth factors and signaling pathways 
that selectively promote proliferation, migration, engraftment, and differentiation of 
resident CSCs or exogenous multipotent stem cells. This challenge relates also to the 
understanding of cellular uptake mechanisms, cell response to the mechanochemical 
microenvironment, the potential therapeutic utility of delivered biomolecules, and the exact 
requirements for multiple signals to drive the ischemic cardiovascular tissue regeneration 
process to completion. Current knowledge suggests that ‘‘cocktails’’ of biomolecules, or 
even cocktails of different types of stem cells, should be delivered locally, with specific and 
distinct pharmacokinetics/pharmacodynamics (e.g., the capacity of each single component 
of the cocktail to act distinctly in differentiating or in homing different endogenous stem 
cell/progenitor population), in order to mimic, as far as possible, the different requirements 
of the ischemic tissue during the various regeneration phases. Engineering natural and/or 
synthetic scaffolds to release several growth factors (or growth factor-encoding genes) in a 
sequential manner might affect more than one phase of the ischemic tissue healing process, 
for example, neovascularization and myogenesis, ultimately leading to cardiovascular tissue 
regeneration rather than repair. The growth factors that have been most intensively 
investigated in the regeneration of ischemic cardiovascular tissues include vascular 
endothelial growth factor (VEGF), transforming growth factor (TGF)-β, platelet-derived 
growth factors (PDGF, including PDGF-BB and PDGF-AA), insulin-like growth factor (IGF)-
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1, basic fibroblast growth factor (b-FGF) (Beohar et al., 2010). Overall, results indicate that 
these growth factors elicit significant proliferative and angiogenic effects. It is now well 
established that the utilization of multiple growth factors, rather than one, capable to act in a 
concentration- and time-dependent manner, is essential in the processes involved in the 
regeneration of ischemic cardiovascular tissues (Chen et al., 2010). An example is given by 
the need of having VEGF and PDGF together in order to promote angiogenesis. Indeed, 
VEGF is an initiator of angiogenesis, while PDGF promotes blood vessel maturation. As an 
example for this, a polymer scaffold constructed from Poly (Lactide-co Glycolide) (PLG), 
capable of delivering VEGF and PDGF together, with better results in terms of formation of 
mature vessels compared with the delivery of VEGF or PDGF singularly, has been produced 
(Richardson et al., 2001). In the selection of growth factors potentially capable to boost the 
regeneration of ischemic cardiovascular tissue, we and others have investigated on 
hepatocyte growth factor (HGF) and its receptor receptor mesenchymal-epithelial transition 
factor (Met). Ligand-receptor systems such HGF and its receptor, the tyrosine kinase Met, 
are potential candidates for therapeutic angiogenesis and for boosting migration, 
engraftment and commitment of CSCs because they promote the translocation of CSCs into 
the injured area, activate their growth and differentiation, and stimulate endothelial cell 
migration (Rappolee et al., 1996; Forte et al., 2006; Madonna et al., 2010). The strategy of 
combining stem cells, either native or gene-engineered to overexpress growth factors, with 
biopolymers that are functionalized with growth factors such as HGF, would facilitate 
myocardial regeneration: a) by supplying exogenous stem cells or GFs that stimulate 
resident CSC migration, engraftment and commitment to cardiomyocytes, and that induce 
and modulate arterial responses to ischemia; b) by supporting the maintenance of GFs and 
transplanted stem cells in the damaged tissues through the use of biocompatible and 
biodegradable polymers for a period of time sufficient to allow histological and anatomical 
restoration of the damaged tissue. These polymers can provide vehicles to deliver bioactive 
factors and stem cells into the infarcted heart or ischemic cardiovascular tissues. Finally, this 
approach would promote the ability of resident CSCs or of exogenous multipotent stem 
cells, such as adipose tissue-derived mesenchymal stem cells (AT-MSCs), to induce the 
healing of damaged tissue, by recruiting and directing these cells into the damaged area, by 
improving angiogenesis and, finally, by promoting the reperfusion of ischemic tissues.  

4. Growth factor-delivery systems and devices in the treatment of tissue 
ischemia 
Many limitations of stem cell therapies could be resolved by stimulating specific cellular 
functions for cell populations that normally are quiescent in the adult heart or that are not 
capable of replacing the dying cells. Compounds (cytokines and growth factors) that are 
simply injected into the lesions quickly disappear from the site of injection because they are 
removed by the blood flow and degraded by specific enzymes located in the extracellular 
microenvironment. To overcome this drawback, a possible strategy is to install a polymer 
functionalized with growth factors and stem cells into the damaged heart to stimulate the 
natural process of cardiac repair. Polymers tested in the past for their ability to support 
transplanted cells, without any conjugation with functional molecules, have been marginally 
effective. More novel polymers are conjugated with functional molecules (growth factors, 
chemotactic factors, cytokines), and are capable of stimulating specific normally quiescent 
cellular functions (Tatard et al., 2005). They are known as “smart” polymers because they 
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“persuade” and guide the regenerative process, and are “biomimetics” because they use 
strategies occurring during the physiological regenerative process. Unlike the previous ones, 
novel polymers are “smart”, in that they can acquire several biological functions depending 
on the bioactive factor or stem cell type to which they are conjugated. These polymers can 
prolong and amplify specific stem cell functions. They can stimulate the recruitment of 
circulating and resident stem cells and subsequently promote their adhesion to the damaged 
area, and can enhance survival, proliferation, and differentiation of stem cells into cardiac 
and vascular cells (Madonna & De Caterina, 2009). Several of these features are critical to 
tissue regeneration, including restoration of the delivery of factors, nutrients, oxygen, and 
blood to necrotic tissues. To accomplish this, polymers must be functionalized by 
conjugation with bioactive factors. To date, delivery systems of growth factors are basically 
classified as: 1) reservoir systems; 2) environmentally responsive systems. Reservoir systems 
are one of the oldest methods used successfully to deliver drugs. The primary drug release 
mechanism from reservoir systems is diffusion-controlled release, characterized by an initial 
‘‘burst release’’ phase followed by a phase of slower drug release from the carrier (Langer, 
1983). Examples are hydrophilic matrices, that degrade when water enters and in this way 
release the drug (Franssen et al., 1999). Several reservoir systems have been developed to 
more closely control the release kinetics and avoid ‘‘burst type’’ release of the encapsulated 
factor(s). For example, the in vitro release of TGF-β from novel, injectable hydrogels based 
on the polymer oligo(poly(ethylene glycol) fumarate) (OPF) has been investigated (Holland 
et al., 2003). This system has been extended to enable the dual delivery of IGF-1 and TGF-β 
by loading the two growth factors into either the OPF hydrogel phase or the gelatin 
microparticle phase of composites. Release profiles were successfully manipulated by 
altering the phase of growth factor loading and the extent of microparticle cross linking 
(Holland et al., 2005).  
Environmentally responsive systems are able to match a patient’s physiological needs at the 
appropriate time and/or the correct site. They are able to deliver a certain amount of growth 
factor(s) in response to a biological state (Qiu & Park, 2001). They are constituted by 
sensitive hydrogels that can control the release of drugs by changing the gel structure 
according to environmental stimulation, such as temperature, pH, and/or ion concentration. 
Temperature-sensitive hydrogels are able to swell or shrink as the temperature of the 
surrounding fluid varies (Ramanan et al., 2006). The poly-N-isopropylacrylamide 
(PNIPAAm) hydrogel is a typical example of temperature-sensitive hydrogel, featuring sol-
to-gel transition at a critical solution temperature of about 35 °C. This polymer releases the 
drug with the transition from gel to sol (Zhang et al., 2004), and is of particular interest in 
those clinical situations, such as tissue ischemia, characterized by low tissue temperature. 
Similarly, pH-sensitive polymers contain pendant acidic (e.g., carboxylic and sulphonic 
acids) or basic (e.g., ammonium salts) groups that either accept or release protons in 
response to changes in environmental pH (Qiu & Park, 2001). Such polymers can release a 
drug when the environmental pH decrease. These acidic pH-sensitive polymers may be 
useful for the treatment of tissue ischemia and inflammation (Matsusaki & Akashi, 2005). A 
very recent work has also shown the capability of new magnetic particles embedded in 
polymer gels, termed ferrogels, to release drugs in response to magnetic fields (Zhao et al., 
2011). Here the authors created alginate-based porous scaffolds containing the arginine-
glycine-aspartic acid amino acid sequence, covalently coupled with the alginate and 
embedded with 10 nm iron oxide particles. Under applied magnetic fields this 
superparamagnetic gel undergoes prompt deformation, causing water flow through the 
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1, basic fibroblast growth factor (b-FGF) (Beohar et al., 2010). Overall, results indicate that 
these growth factors elicit significant proliferative and angiogenic effects. It is now well 
established that the utilization of multiple growth factors, rather than one, capable to act in a 
concentration- and time-dependent manner, is essential in the processes involved in the 
regeneration of ischemic cardiovascular tissues (Chen et al., 2010). An example is given by 
the need of having VEGF and PDGF together in order to promote angiogenesis. Indeed, 
VEGF is an initiator of angiogenesis, while PDGF promotes blood vessel maturation. As an 
example for this, a polymer scaffold constructed from Poly (Lactide-co Glycolide) (PLG), 
capable of delivering VEGF and PDGF together, with better results in terms of formation of 
mature vessels compared with the delivery of VEGF or PDGF singularly, has been produced 
(Richardson et al., 2001). In the selection of growth factors potentially capable to boost the 
regeneration of ischemic cardiovascular tissue, we and others have investigated on 
hepatocyte growth factor (HGF) and its receptor receptor mesenchymal-epithelial transition 
factor (Met). Ligand-receptor systems such HGF and its receptor, the tyrosine kinase Met, 
are potential candidates for therapeutic angiogenesis and for boosting migration, 
engraftment and commitment of CSCs because they promote the translocation of CSCs into 
the injured area, activate their growth and differentiation, and stimulate endothelial cell 
migration (Rappolee et al., 1996; Forte et al., 2006; Madonna et al., 2010). The strategy of 
combining stem cells, either native or gene-engineered to overexpress growth factors, with 
biopolymers that are functionalized with growth factors such as HGF, would facilitate 
myocardial regeneration: a) by supplying exogenous stem cells or GFs that stimulate 
resident CSC migration, engraftment and commitment to cardiomyocytes, and that induce 
and modulate arterial responses to ischemia; b) by supporting the maintenance of GFs and 
transplanted stem cells in the damaged tissues through the use of biocompatible and 
biodegradable polymers for a period of time sufficient to allow histological and anatomical 
restoration of the damaged tissue. These polymers can provide vehicles to deliver bioactive 
factors and stem cells into the infarcted heart or ischemic cardiovascular tissues. Finally, this 
approach would promote the ability of resident CSCs or of exogenous multipotent stem 
cells, such as adipose tissue-derived mesenchymal stem cells (AT-MSCs), to induce the 
healing of damaged tissue, by recruiting and directing these cells into the damaged area, by 
improving angiogenesis and, finally, by promoting the reperfusion of ischemic tissues.  

4. Growth factor-delivery systems and devices in the treatment of tissue 
ischemia 
Many limitations of stem cell therapies could be resolved by stimulating specific cellular 
functions for cell populations that normally are quiescent in the adult heart or that are not 
capable of replacing the dying cells. Compounds (cytokines and growth factors) that are 
simply injected into the lesions quickly disappear from the site of injection because they are 
removed by the blood flow and degraded by specific enzymes located in the extracellular 
microenvironment. To overcome this drawback, a possible strategy is to install a polymer 
functionalized with growth factors and stem cells into the damaged heart to stimulate the 
natural process of cardiac repair. Polymers tested in the past for their ability to support 
transplanted cells, without any conjugation with functional molecules, have been marginally 
effective. More novel polymers are conjugated with functional molecules (growth factors, 
chemotactic factors, cytokines), and are capable of stimulating specific normally quiescent 
cellular functions (Tatard et al., 2005). They are known as “smart” polymers because they 
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“persuade” and guide the regenerative process, and are “biomimetics” because they use 
strategies occurring during the physiological regenerative process. Unlike the previous ones, 
novel polymers are “smart”, in that they can acquire several biological functions depending 
on the bioactive factor or stem cell type to which they are conjugated. These polymers can 
prolong and amplify specific stem cell functions. They can stimulate the recruitment of 
circulating and resident stem cells and subsequently promote their adhesion to the damaged 
area, and can enhance survival, proliferation, and differentiation of stem cells into cardiac 
and vascular cells (Madonna & De Caterina, 2009). Several of these features are critical to 
tissue regeneration, including restoration of the delivery of factors, nutrients, oxygen, and 
blood to necrotic tissues. To accomplish this, polymers must be functionalized by 
conjugation with bioactive factors. To date, delivery systems of growth factors are basically 
classified as: 1) reservoir systems; 2) environmentally responsive systems. Reservoir systems 
are one of the oldest methods used successfully to deliver drugs. The primary drug release 
mechanism from reservoir systems is diffusion-controlled release, characterized by an initial 
‘‘burst release’’ phase followed by a phase of slower drug release from the carrier (Langer, 
1983). Examples are hydrophilic matrices, that degrade when water enters and in this way 
release the drug (Franssen et al., 1999). Several reservoir systems have been developed to 
more closely control the release kinetics and avoid ‘‘burst type’’ release of the encapsulated 
factor(s). For example, the in vitro release of TGF-β from novel, injectable hydrogels based 
on the polymer oligo(poly(ethylene glycol) fumarate) (OPF) has been investigated (Holland 
et al., 2003). This system has been extended to enable the dual delivery of IGF-1 and TGF-β 
by loading the two growth factors into either the OPF hydrogel phase or the gelatin 
microparticle phase of composites. Release profiles were successfully manipulated by 
altering the phase of growth factor loading and the extent of microparticle cross linking 
(Holland et al., 2005).  
Environmentally responsive systems are able to match a patient’s physiological needs at the 
appropriate time and/or the correct site. They are able to deliver a certain amount of growth 
factor(s) in response to a biological state (Qiu & Park, 2001). They are constituted by 
sensitive hydrogels that can control the release of drugs by changing the gel structure 
according to environmental stimulation, such as temperature, pH, and/or ion concentration. 
Temperature-sensitive hydrogels are able to swell or shrink as the temperature of the 
surrounding fluid varies (Ramanan et al., 2006). The poly-N-isopropylacrylamide 
(PNIPAAm) hydrogel is a typical example of temperature-sensitive hydrogel, featuring sol-
to-gel transition at a critical solution temperature of about 35 °C. This polymer releases the 
drug with the transition from gel to sol (Zhang et al., 2004), and is of particular interest in 
those clinical situations, such as tissue ischemia, characterized by low tissue temperature. 
Similarly, pH-sensitive polymers contain pendant acidic (e.g., carboxylic and sulphonic 
acids) or basic (e.g., ammonium salts) groups that either accept or release protons in 
response to changes in environmental pH (Qiu & Park, 2001). Such polymers can release a 
drug when the environmental pH decrease. These acidic pH-sensitive polymers may be 
useful for the treatment of tissue ischemia and inflammation (Matsusaki & Akashi, 2005). A 
very recent work has also shown the capability of new magnetic particles embedded in 
polymer gels, termed ferrogels, to release drugs in response to magnetic fields (Zhao et al., 
2011). Here the authors created alginate-based porous scaffolds containing the arginine-
glycine-aspartic acid amino acid sequence, covalently coupled with the alginate and 
embedded with 10 nm iron oxide particles. Under applied magnetic fields this 
superparamagnetic gel undergoes prompt deformation, causing water flow through the 



 
Gene Therapy Applications 

 

24

interconnected pores, thus triggering the release of biological agents. The authors here 
showed the capability of these ferrogels to promptly release several drugs, including 
mitoxantrone, plasmid DNA,  chemokines, as well as cells under the control of external 
magnetic fields in vitro and in vivo (Zhao et al., 2011). In our laboratory, we have been 
working on a novel and still poorly investigated strategy using polymeric 
pharmacologically active microspheres (PAM), 50-100 m in diameter, with an in vivo half-
life of 1 month, that encapsulate bioactive factors gradually released into the injection area 
(Tatard et al., 2005; Madonna & De Caterina, 2009), and providing a vehicle for stem cell, 
drug, growth factors and gene delivery (Fig. 1). The chemical composition of these polymers 
is based on FDA-approved compounds, namely, polylactic acid (PLA), poly-D,L-lactic-co-
glycolic (PLGA), and polycaprolactone (PCL) (Mudargi et al., 2008). PAM also satisfy the 
need for resistance to accelerated degradation that may happen in the harsh 
microenvironment of tissue ischemia. In addition, compared with other polymers, PLGA 
has more hydrophilic domains, which favors cell attachment,  and therefore constitute a 
good support material for bioactive molecules that mobilize and home circulating 
progenitor/stem cells to the injured area (Tatard et al., 2005).  
 

 
Fig. 1. The concept of multifunctional pharmacologically active microspheres (PAM). 
Surface-coated PLGA microparticles form a generic platform that can be functionalized with 
drugs, growth factors or genes and externally coated with stem cells. Abbreviations: PLGA, 
poly-D,L-lactic-co-glycolic; HGF, hepatocyte growth factor; VEGF, vascular endothelial 
growth factors; MSCs, mesenchymal stem cells; CSCs, cardiac stem cells. 

5. The gene delivery approach 
Beside the incorporation into a carrier vehicle, different approaches and strategies for direct 
delivery of growth factors have been employed, including the delivery of growth factor 
genes. In order to mimic the natural healing process of the tissue successfully, this strategy 
mostly requires a localized application of multiple, rather than one, genes that encode for 
and activate the synthesis of sequential multiple growth factors with synergistic effects on 
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tissue regeneration (De Laporte et al., 2009; Donofrio et al., 2010; Fujii et al., 2011; Liu et al., 
2011). However, low transfection efficiencies, inefficient gene targeting, low gene expression 
levels, and undesired gene integration into host DNA are all challenges that may undermine 
growth factor gene delivery as a better approach instead of the growth factor protein 
delivery (Juillerat-Jeanneret & Schmitt, 2007). Gene delivery can be performed either by 
directly introducing the delivery vector into the anatomical site (in vivo) or by harvesting 
cells from the patient, transferring the gene(s) to the cells in tissue culture and then 
transferring the genetically modified cells back into the patient (ex vivo). In another recent 
review article we have specifically discussed cell-mediated HGF/Met gene transfer for 
myocardial regeneration (Madonna et al., 2010). A more general overview of preclinical 
studies using in vivo and ex vivo gene delivery strategies is provided here. 

In vivo approaches 
An in vivo gene delivery approach can be accomplished either by direct injection of viral 
vectors or transfection reagents into the site, or by attaching the delivery vector to the 
scaffold (Bleiziffer et al., 2007). This latter approach is more straightforward, but is limited 
by inefficient gene delivery and nonspecific cellular targeting. An early evaluation of in vivo 
gene delivery for therapeutic angiogenesis involved the direct intramyocardial injection of 
VEGF DNA using an adenovirus vector in patients with otherwise inoperable coronary 
artery disease and intractable angina pectoris (Rosengart et al., 1999). Phase I clinical trials 
documented the safety and feasibility, but not clear-cut clinically relevant efficacy of gene 
transfer using plasmid DNA, most likely because of the low levels of growth factor achieved 
with single injections of plasmid DNA (Rosengart et al., 1999). As of today, most clinical 
trials have failed to show any benefit of VEGF in vivo gene therapy, even by using different 
routes of intramyocardial administration that can achieve the transfer of high doses of the 
specific DNA, such as with percutaneous guidance catheter systems. The double-blind, 
placebo-controlled NOGA angiogenesis Revascularization Therapy: assessment by RadioNuclide 
Imaging (NORTHERN) study showed no benefit of plasmid DNA-VEGF gene therapy at 3 
and 6 months in terms of change in myocardial perfusion from baseline in patients with 
refractory Canadian Cardiovasculart Society (CCS) class 3 angina (Stewart et al., 2009). 

Ex vivo approaches 
Although traditional delivery of cells associated with growth factors is still a candidate 
strategy in laboratory-based trials , the most frequently investigated cell transplantation in 
tissue engineering to date is cell-based gene therapy. This therapy typically relies on 
transplanting cells, such as stem cells, lymphocytes, fibroblasts, or – alternatively – the cells 
of interest, that are removed from the body and injected after therapeutic transgene 
modifications (Fischer et al., 2009; Cho & Marban, 2010; Madonna et al., 2010). This ex vivo 
approach allows for targeting of specific cells for gene delivery, supplies cells that may 
directly participate in the regenerative process, allows for both autocrine and paracrine 
effects from the expressed growth factor, and avoids the safety risks of directly injecting 
viral vectors or transfection reagents in vivo. This approach, however, involves an extra step 
to manipulate and expand cells in tissue culture, and has the risk of contamination. 
Additionally, the ex vivo approach does not eliminate the possibility of retroviral vectors 
causing insertional activation of other genes, the over-expression of which may cause 
cancer, as experienced when using ex vivo gene therapy for the treatment of children with X-
linked severe combined immune deficiency (Gansbacher & European Society of Gene 
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Therapy, 2003). Progress in the field of gene therapy has been limited by safety concerns 
related to delivery vectors. Genetically modified cells are potentially able to provide a stable 
source of growth factors at a level that is sufficient to elicit a biological response. Autologous 
cells may also be used in this approach via the isolation of a small number of differentiated 
adult cells or stem cells, followed by in vitro expansion to produce an appropriate supply. 
The cells may naturally secrete or be genetically modified in vitro to overexpress the factor, 
either transiently or permanently. After their genetic modification, the cells are allowed to 
grow in vitro and increase in number, so as to synthesize and secrete the desired growth 
factors at the site where they have been transplanted. This approach may be particularly 
appropriate for delivery of growth factors that act by paracrine or juxtacrine mechanisms. 

6. Lentiviral and non-lentiviral vectors for gene delivery into stem cells 
The introduction of growth factor genes in stem cells can be performed by using viral or 
non-viral vectors. In the choice of using viral vectors, important experimental variables for a 
successful gene therapy include the multiplicity of infection (MOI), time length for viral 
incubation and medium used for viral incubation. An optimal combination of such 
experimental conditions would increase gene transfer efficiency and possibly obviate the 
need for selective antibiotic-based enrichment and long-term culture, which may contribute 
to senescence or compromise the long-term engraftment efficiency and/or multipotency of 
grafted cells (Rombouts & Ploemacher, 2003). In addition, by increasing gene transfer 
efficiency, fewer cells may be required to achieve a therapeutic effect. This justifies the use of 
lentiviral vectors for transducing adult stem cells, by virtue of their ability to transduce both 
dividing and non-dividing cells and their relative ease of use and comparable nature to 
adeno-associated viral (AAV) vectors, which are clinically preferred. For the transduction of 
adult stem cells, lentivirus-based systems are virtually ideal, since they overcome most 
problems, including the short duration of gene expression and the occurrence of significant 
inflammatory responses, which plague other types of gene vectors (such as adenoviruses). 
Lentiviruses are a subgroup of retroviruses that include the human type 1 
immunodeficiency virus (HIV). While retroviral systems are inefficient in transducing non-
dividing or slowly dividing cells, lentivirus-based vectors, after being pseudotyped with 
vesicular stomatitis virus glycoprotein G (VSV-G) (i.e., using the glycoprotein envelope 
from the vesicular stomatitis virus to package recombinant retroviruses) (Emi et al., 1991), 
can mediate genome integration into both non-dividing and dividing cells (Fig. 2). There is 
evidence that lentiviral vectors can also transduce more primitive, quiescent progenitors 
with stable transgene integration (Case et al., 1999). In comparison with other retroviral 
vectors, lentiviral systems allow the immediate transduction without prior expansion, or 
with growth factor stimulation for only short exposure times. Compared with adenoviral 
vectors, lentiviral vectors also offer the major advantages of causing little or no disruption of 
the target cells and of not promoting any inflammatory response (Lever, 1996). AAV vectors 
represent an alternate type of vector that may also be used for long-term transgene 
expression in the heart through cell-based therapy (Svensson et al., 1999). Like lentiviruses, 
AAV can stably integrate into the host genome providing long-term transgene expression, 
with a minimum inflammatory response. However, AAV can cause insertional mutagenesis 
and can only carry genes which are less than 5 kb (Donsante et al., 2007). A possible 
drawback of the use of lentiviral and AAV vectors for delivering genes that encode for 
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growth factors might be that they can cause a chronic overexpression of the protein, with 
an uncertain therapeutic effect. Short-term gene expression of the growth factor gene 
would be desirable if the goal is to deliver a secreted protein, such as insulin-like growth 
factor-1 (IGF-1), vascular endothelial growth factor (VEGF) and HGF, while long-term 
expression would be preferable if the goal is to express membrane proteins such as 
receptors for growth factors that require stable expression. Possible strategies to induce 
short-term gene expression of the transgene include plasmid transfection or the use of 
adenoviral vectors (Rabbany et al., 2009). Limitations of these strategies are the low 
transfection efficiency with plasmids and the immunogenic response of the host with 
adenoviruses.  
 

 
Fig. 2. Schematic representation of the transducing vector construct (a), packaging construct 
(b, c) and VSV-G Env-expressing construct (d). Abbreviations: Amp: ampicillin resistance 
gene; ΔU3: deleted region of the 3’LTR, which allows for biosafety of the vector; Gag, pol, 
env: genes codifying for envelope proteins; PCMV: cytomegalovirus promoter; 3’-LTR: 3’-
long terminal repeats for viral packaging; PRSV: Rous Sarcoma Virus (RSV) enhancer/ 
promoter; 5’-LTR: 5’-long terminal repeats for viral packaging; w psi: packaging sequence 
for viral packaging; pA: polyadenylation signal; RRE: HIV-1 Rev response element; VSV-G: 
G glycoprotein gene from Vesicular Stomatitis Virus (VSV-G) as a pseudotyping envelope. 
(e) Photographs representing the experimental steps of production of the lentiviral stock 
(containing the packaged expression construct) by cotransfecting the packaging construct (b, 
c), the VSV-G Env-expressing construct (d) and transducing vector construct (a) into the 
293FT virus-producing cell line. The expression of the VSV-G glycoprotein causes 293FT 
cells to fuse, resulting in the appearance of large, multinucleated cells known as syncytia. 

7. Conclusions  
Growth factor delivery and tissue engineering have emerged as new concepts that focus 
on tissue regeneration from cells with the support of biomaterials and growth factors 
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(Ikada, 2006). Various delivery methods are available to administer growth factors to 
ischemic tissues. Among these strategies, the cell-based delivery of growth factor genes is 
of great potential interest, since the in situ expression of the growth factor gene may result 
in higher and more constant levels of protein production. With respect to the delivery of 
growth factors, a major challenge is to identify growth factors and signaling pathways 
that selectively promote proliferation, migration, engraftment and differentiation of 
resident CSCs or exogenous multipotent stem cells. Current knowledge suggests that 
‘‘cocktails’’ of biomolecules (growth factors or DNA), or even more cocktails of exogenous 
stem/committed progenitor cells (myogenic or angiogenic cells) with a wide spectrum of 
differentiation capabilities, should be delivered locally, in order to mimic, as far as 
possible, the different requirements of the ischemic tissue during the different 
regeneration phases. To deliver multiple growth factor genes and stem cells with distinct 
release and dynamic profiles, a greater understanding of the requirements for 
regenerating complex and functional tissues such as the myocardium is necessary. 
Challenges in this area revolve on controlling reciprocal interactions among those cells 
and signals. Winning these challenges would open a new era in stem cell and gene 
therapy research for both laboratory-based scientists and practicing physicians. From a 
bedside point of view, preclinical studies in large animals (such as porcine model) are 
required to carefully evaluate potential human therapies.  
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of great potential interest, since the in situ expression of the growth factor gene may result 
in higher and more constant levels of protein production. With respect to the delivery of 
growth factors, a major challenge is to identify growth factors and signaling pathways 
that selectively promote proliferation, migration, engraftment and differentiation of 
resident CSCs or exogenous multipotent stem cells. Current knowledge suggests that 
‘‘cocktails’’ of biomolecules (growth factors or DNA), or even more cocktails of exogenous 
stem/committed progenitor cells (myogenic or angiogenic cells) with a wide spectrum of 
differentiation capabilities, should be delivered locally, in order to mimic, as far as 
possible, the different requirements of the ischemic tissue during the different 
regeneration phases. To deliver multiple growth factor genes and stem cells with distinct 
release and dynamic profiles, a greater understanding of the requirements for 
regenerating complex and functional tissues such as the myocardium is necessary. 
Challenges in this area revolve on controlling reciprocal interactions among those cells 
and signals. Winning these challenges would open a new era in stem cell and gene 
therapy research for both laboratory-based scientists and practicing physicians. From a 
bedside point of view, preclinical studies in large animals (such as porcine model) are 
required to carefully evaluate potential human therapies.  
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1. Introduction 
During the last two decades, fundamental insight into gene function has been efficiently 
provided through conventional knockout and transgenic experiments. Although genetically 
modified mice have provided important new information about the function of many genes, 
there are serious limitations to current animal models for a number of diseases. Introducing 
genetic changes to the germ line of a mouse may track down the effects of a particular gene 
but may also have severe developmental consequences, complicating or even precluding the 
desired experimental analysis. Good example illustrating these restrictions is embryonic 
lethality. In gene therapy, an ideal vector should include a regulatory system that is off in 
the resting state, exhibit tight regulation and allow for rapid and repeatable induction in 
response to a clinically approved inducer molecule. To overcome these undesired 
limitations and to precisely control gene expression, conditional mouse models are 
becoming increasingly popular. Although there are many kinds of inducible transgenic 
expression systems, tetracycline-controlled expression systems have been employed most 
frequently. The tet system developed by Gossen and co-workers includes two basic variants: 
one is the Tet-Off system (tTA system) and the other Tet-On system(rtTA system)(1.2). As a 
positive regulatory system, Tet-On system was used more widely in numerous transgenic 
animal models (3.4). 
The original tet system contained two transcriptional units, transactivator and responder, on 
two plasmids. Currently available tetracycline-regulated transgenic methods require most of 
the generation of two transgenic strains, one carrying the transgene of interest under the 
control of the tet operator, and the other the reverse transactivator (rtTA). Crossing the lines 
generates progeny with both transgenes, allowing the regulation of the gene of interest 
through the administration of tetracycline. However, crossing and analysis of animals 
transgenic for the individual components of the system is costly and time consuming. 
Therefore, the generation of a vector containing the two units in a single plasmid may 
provide advantages for the simplified generation of conditional transgenic animals, as well 
as for gene therapy, and the successful use of a single construct containing the two elements 
has been reported (5.6.7). In addition, improvements of newly created tet-based systems 
should be focused on the elimination of background expression, increased sensitivity to 
tetracycline or its derivative doxycyline (Dox), and increased inducibility. 
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We designed and constructed two conditional transgenic vectors combining the two 
transcriptional units on a single plasmid. In addition, in order to eliminate the background 
expression of the gene of interest, the most powerful repressor domain containing a 
'kruppel-associated box' (KRAB) of the zinc finger protein NK10 (8.9) was used and fused to 
tetR. The transactivator was placed under the control of CMV promoter, and the tet 
responsive element, driving the gene of interest, was inserted downstream into the same 
vector. To minimize any potential interference between the two elements, they were spaced 
by a 1.2Kb cHS4 insulator. To shield the transgene from the affection of chromosomal 
position effect and improve the transgene’s expression efficiency, we inserted another cHS4 
insulator into the upstream of the transgene cassette, and the two insulators were in the 
same orientation. One of the transgenes was introduced into the mouse genomic DNA 
through microinjection, and the transgenic mice developed venous malformation after the 
induction of transgene expression. 

2. Plasmid construction 
2.1 The construction of regulatory units 
2.1.1 Cloning of cHS4 insulator, NK10 and teTR gene  
The first step of the study was the cloning of cHS4 insulator from chicken genomic DNA.  
The primers used were: forward primer, 5’ AAAACGCCTCCAGGAAACCACTCT3’; and 
reverse primer, 5’CAGCAATATTCCCCCATCCTCACT3’. To ensure the sequence be in 
frame with the targeting sequence, pfu enzyme was used for the PCR experiments. PCR 
conditions were 95℃ for 5 minutes and then 34 cycles of 94℃ for 30s, 60.1℃for 40s, and 
72℃ for 2m40s, followed by 72℃ for 10minutes.  
NK10 gene was cloned from brain tissues cDNA. The primers used were: forward primer, 
5’GAATTCGGAATGGCCCCGAGACCT3’; and reverse primer, 5’CTGCAGTCAATGCCCC 
TGGATAGCGACATT 3’. EcoR1 and Pst1 restriction site sequences were incorporated into 
the 5' end of the PCR primers, respectively. PCR conditions were 95℃ for 5 minutes and 
then 34 cycles of 94℃ for 30s, 61℃ for 40s, and 72℃ for 1minutes,followed by 72℃ for 
10minutes.  
TetR gene was cloned from the plasmid of ptet-off. The primers used were: forward primer, 
5’AAACTCGAGCCCGGGATGGCTAGATTAGATAAAAG 3’; and reverse primer, 5’AAA 
GAATTCCTTTCTCTTCTTTTTTGGCGACCCACTTTCACATTT 3’. The Xho1 and EcoR1 
restriction sites sequences were introduced into the 5’ end of the PCR primers, 
respectively. PCR conditions were 95°C for 5 minutes and then 34 cycles of 94°C for 30s, 
61.5°C for 40s,and 72°C for 1minutes,followed by 72℃ for 10minutes.  

2.1.2 Cloning the PCR products in pSK-  
The 1.36Kb cHS4 insulator was digested by Sac II and Ssp II and the Sac II Ssp I 
fragment(1.2Kb)  was subcloned into the Sac II-EcoRV fragment of plasmid pSK-
,constructing the plasmid of pBShs4.The NK10 and tetR PCR products were subcloned into 
T-vector, respectively. The pMD-NK10 plasmid was digested by Pst I and EcoR1, and the 
pMD-tetR was digested by Xho I and EcoR I .The Pst I-EcoR1 fragment containing NK10 
gene and the Xho I Eco I fragment containing tetR gene were subcloned into the Pst I-Xho I 
fragment of the pSK- plasmid, forming the plasmid of pBSNK10-tetR,in which the NK10-
tetR gene will be translated into a fusion protein. The plasmid of pBSNK10-tetR was 
digested by Xho I. After the end blunted and purified, the fragment was then digested by 
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Not I. The plasmid of pIRES-EGFP was first digested by Bstx I and after the end blunted and 
purified the fragment was also digested by Not I, cutting off the EGFP gene. The Xho I-Not I 
insert fragment containing NK10-tetR gene and the Bstx I-Not I vector fragment were 
ligated together to generate the plasmid pIRES-NK10-tetR.To build the plasmid of pVP16-
NK10-tetR, a EcoR I-Pst I digestion was carried out on the plasmid of pIRES- NK10-tetR, 
generating the 4Kb EcoR I-Pst I vector fragment, and a BamH1- Pst1 double digestion was 
also performed on the same plasmid to obtain the 1.6Kb BamH1- Pst1 insert fragment. The 
ptet-on plasmid was digested by EcoR1 and BamH I, isolating the 1.6Kb EcoR I- BamH I 
insert fragment rtTA. The three fragments, EcoR I-Pst I vector fragment, BamH I- Pst I insert 
fragment and EcoR I- BamH I insert fragment, which were all sticky ends were ligated in 
one ligation reaction, and the pVP16-NK10-tetR plasmid was constructed. pVP16-NK10-tetR 
plasmid was digested with BamH1 and Not1 cutting off the IRES- NK10-tetR fragment ,and 
then ligated itself after the end blunted, generating the plasmid of pVsp-teton. 

2.2 The construction of responsive element  
2.2.1 The cloning of MT gene 
The plasmid pPyMT1 containing MT gene was digested by Bstx1 restriction enzyme. A 0.8% 
agarose gel electrophoresis that was loaded with all samples was used to isolate the 1.53Kb  
fragments. After the ends blunted and purified, the fragments were then digested by 
HindIII, and the  BstxⅠ（blunting）- HindIII fragment(1.48Kb)containing ORF of MT gene 
was subcloned into the SmaⅠ-HindⅢ fragment of pSK- ,forming the plasmid of PbsMT. A 
BamH I-HindIII digestion reaction was done on the plasmid of PbsMT, and the BamH I-
HindIII fragment containing MT gene was cloned to the BamH I-HindIII vector fragment of 
the pTRE2 plasmid, forming the vector of pTREMT. 
The pBSHS4 plasmid was first digested with Cla I, and then Sac I digestion was done on the 
same fragment after the Cla I ends were blunted. The 1.2Kb Cla I (blunt)-Sac I insert 
fragment containing Hs4 insulator was ligated with the SacⅠ-EcoRⅠ vector fragment of 
pN2-EGFP plasmid that the EcoR I ends were also blunted, and this plasmid was labeled 
pHs4-N2EGFP. The Xho I-BamH I fragment of pTRE2 plasmid containing TRE gene was 
cloned to the Sal1-BamH1 vector fragment of pHs4-N2EGFP plasmid. As the Xho I is an 
isoschizomer of Sal I,this ligation reaction was sticky-ends, and the plasmid was named 
pHs4TRE-N2EGFP. The next step was to replace the EGFP gene of pHs4TRE-N2EGFP 
vector with MT. The experiments were as follows: pHs4TRE-N2EGFP was digested with 
BamH I and Not I, and the Not I ends were blunted. The vector fragment ligated with the 
BamH I-EcoRV insert fragment of pTRE-MT plasmid containing the MT gene, and this 
plasmid was designated as pN2-Hs4TRE-MT. 

2.3 Ligation of the regulatory unit and the responsive element 
The SspⅠ-VspⅠ insert fragment of pVP16-NK10-tetR plasmid(2.5Kb) and pVsp-
teton(1.9Kb) were ligated with the NheⅠ- VspⅠ vector fragment of pN2-Hs4TRE-MT, 
respectively, whose NheⅠ ends were blunted. Thus the plasmid of pVP16NK10-Hs4-
TREMT and pVP16-Hs4-TREMT were constructed.  
In order to insert another Hs4 insulator upstream of the transgene cassette, a plasmid was 
constructed. First, a pair of primers were designed: forward primer, 5’AAAATCG 
ATCATATGGCGGAGCGAGGAACTGAG3’ having ClaⅠ and NdeⅠ restriction site 
sequences; and reverse primer, 5’ AAACTCGAGGATATCCATATGCCGCCCTGGGAA3’ 
having XhoⅠ, EcoRⅤ and NdeⅠ restriction site sequences, and the template DNA was 
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1.5Kb MT gene originated from pBSMT plasmid. PCR was carried out to amplify a 500bp 
fragment. The product as a spacer was digested with Cla1 and Xho1 and cloned to the Cla1-
XhoⅠ vector fragment of pBS Hs4.Thus the pBSHs4-Nde plasmid was constructed, in the 
upstream of the spacer there was NdeⅠ restriction site and the downstream were NdeⅠ 
and EcoⅤ. Therefore, the VspⅠ-SspⅠ insert fragments of pVP16NK10-hs4-TREMT(6.9Kb) 
and pVP16-Hs4-TREMT(5.4Kb) could be cloned to the pBSHs4-Nde’s NdeⅠ-EcoRⅤ 
vector fragment(4.2Kb).However, we tried many times and failed. So we changed the 
strategies: pBSHs4-Nde plasmid was first digested with Vsp1 and Nde1. The 1.4Kb 
fragment containing two kinds of DNAs was extracted and the Ssp1 digestion was done on 
it. Thus two kinds of DNAs were divided, and the 1.4Kb fragment which contained 1.2Kb 
insulator flanking Vsp I, Nde I sticky ends was cloned to the Vsp I site of plasmid of 
pVP16NK10-hs4-TREMT and pVP16-Hs4-TREMT, respectively, constructing the final 
plasmids, pHs4-VP16NK10-hs4-TREMT and pHs4-VP16-Hs4-TREMT, and the Bstx1 
digestion was performed to determine the insert directions.  

3. Experiments of the two plasmids in vitro 
3.1 Transient transfection  
To testify the function of the two plasmids, transient transfection was carried out. COS7 cells 
were cultivated in DMEM for 72 h and transfected by electroporation with the same amount 
of substance of the two plasmids. The electroporation conditions were: voltage, 220V; 
electrical capacity, 975uF; No. of pulse,1. After the electroporation and adding 1.5ml DMEM 
to the cuvette, the cells were carefully transfered into two culture dishes equally, 
respectively. Dox(15μg/ml DMEM) was added to one dish three hours after the 
electroporation, and the other was used as control.  

3.2 Semi-quantitative RT-PCR experiment 
A semi-quantitative RT-PCR( reverse transcription-polymerase chain reaction) method was 
applied to measure the marker genes expression of the two plasmids. Total RNA was 
isolated from the cells by TRIzol method, according to manufacturer's instructions 
(Invitrogen, Cergy-Pontoise, France), after 72 hours of incubation. In order to resolve the 
problem of genomic DNA contamination ,2μg RNA was digested with RNase Free Dnase I 
(New England BioLab, England). RT-PCR was carried out to 1μg DNase-digested RNA. The 
cDNA was generated using First-Strand Synthesis System for RT-PCR (TaKaRa, Dalian city, 
China), followed which was the PCR amplification of marker gene, and the expression of β-
actin, a housekeeping gene which is assumed to be expressed at roughly equal levels in 
different cell types and under different conditions, was examined as an internal control. The 
primers and templates were the same amount of substances in different reactions. The 
primers used were: MT forward primer, 5’ AAAGAATTCCCATTTTTTGGCTGG 
GCAGATATCGCGGAGCGAGGAACTGAG3’; MT reverse primer, 5’ AAAAAGCTT 
CCATTTTTTGGATGGCGAGATATCCGCCCTGGGAATGATAG 3’. β-actin PCR primers 
were kindly provided by Dr Fei (IBCB, Shanghai Institutes for Biological Sciences, Chinese 
Academy of Sciences, Shanghai, China), which was designed spaning an intron of the 
genomic sequence , and this will result in a PCR product from genomic contamination that 
will be larger in size than the product generated from the cDNA. The PCR conditions were 
95°C for 5 minutes and then 27 cycles of 94°C for 30s, 60°C for 1m30s, and 72°C for 1m, 
followed by 72°C for 10minutes. 0.8% agarose gel loaded with the same volume of PCR 
products was run to test the differences of the marker genes expression levels. 

Establishment of Conditional Transgenic  
Mice Model with Cavernous Hemangioma Using the Tet-On System 

 

39 

4. Transgenic mice  
The 8.5 kb microinjection construction of the plasmid pHs4-VP16NK10-hs4-TREMT was 
excised from the vector by digestion with SSPⅠ and VSP I, and separated by agarose gel 
electrophoresis, followed by purification. The purified fragment was microinjected at a 
concentration of 10μg/ml in phosphate-buffered saline into fertilized C57/BL6 mouse eggs. 
Transgenic animals were identified by PCR of tail-tip genomic DNA. The sense and 
antisense primers were 5’-GCGGAGCGAGGAACTGAG- 3’ and 5’-CCGCCCTGGGA 
ATGATAG-3’, respectively. Founder mouse mate with wild type C57/BL6 mouse was used 
to obtain the F1 generation. Dox (0.5 mg/ml) and Sucrose (１%) were added to drinking 
water to induce the expression of MT in 6-week-old F1 mice. Skin and tumor samples were 
fixed in formaldehyde (10% in phosphate-buffered saline) and embedded in paraffin. 
Sections were cut at 5 μm and stained with hematoxylin-eosin. 

5. Results 
In construction of the vectors the following plasmids were used: pTtet-On , pTet-Off , 
pTRE2, PBSsk-, pIRES2-EGFP and pEGFP-N2, and the vector backbone of the final plasmid 
was pEGFP-N2.The tet-off and tet-on systems have been developed to regulate transgene 
expression which provided negative and positive control of transgene expression, 
respectively. Although the tet-on system produces high basal expression in the absence of 
an inducer, as it is positive regulation, it is still applied widely. In order to eliminate the 
basal expression, in this study, we cloned the 'kruppel-associated box' (KRAB) silenceing 
domain of the zinc finger protein NK10 gene, a powerful transcriptional repressor, and 
ligated it with tet repressor to translate a fusion protein .The fusion protein binds to the tet 
operator sequences in the response element only in the absence of Dox and reduce leaked 
gene transcription. As dox added, the silencer dissociates from the tet operator, relieving the 
transcriptional inhibition, while the rtTA binds to the TRE and activate the gene’s 
expression. To compare the efficiency and the effectiveness of diverse operating systems, 
two different Tet-On based inducible expression systems carried in a single cassette were 
constructed (Fig.1) . 
 

 
Fig. 1. The maps of the plasmids pHs4-VP16-Hs4-TREMT(A) and pHs4-VP16NK10-hs4-
TREMT(B) after the SspI digestion.  

In this study, three genes were successfully cloned by PCR method, and the sequences were 
right through the identification of sequencing and restriction enzyme digestion (Fig.2). 
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1.5Kb MT gene originated from pBSMT plasmid. PCR was carried out to amplify a 500bp 
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XhoⅠ vector fragment of pBS Hs4.Thus the pBSHs4-Nde plasmid was constructed, in the 
upstream of the spacer there was NdeⅠ restriction site and the downstream were NdeⅠ 
and EcoⅤ. Therefore, the VspⅠ-SspⅠ insert fragments of pVP16NK10-hs4-TREMT(6.9Kb) 
and pVP16-Hs4-TREMT(5.4Kb) could be cloned to the pBSHs4-Nde’s NdeⅠ-EcoRⅤ 
vector fragment(4.2Kb).However, we tried many times and failed. So we changed the 
strategies: pBSHs4-Nde plasmid was first digested with Vsp1 and Nde1. The 1.4Kb 
fragment containing two kinds of DNAs was extracted and the Ssp1 digestion was done on 
it. Thus two kinds of DNAs were divided, and the 1.4Kb fragment which contained 1.2Kb 
insulator flanking Vsp I, Nde I sticky ends was cloned to the Vsp I site of plasmid of 
pVP16NK10-hs4-TREMT and pVP16-Hs4-TREMT, respectively, constructing the final 
plasmids, pHs4-VP16NK10-hs4-TREMT and pHs4-VP16-Hs4-TREMT, and the Bstx1 
digestion was performed to determine the insert directions.  

3. Experiments of the two plasmids in vitro 
3.1 Transient transfection  
To testify the function of the two plasmids, transient transfection was carried out. COS7 cells 
were cultivated in DMEM for 72 h and transfected by electroporation with the same amount 
of substance of the two plasmids. The electroporation conditions were: voltage, 220V; 
electrical capacity, 975uF; No. of pulse,1. After the electroporation and adding 1.5ml DMEM 
to the cuvette, the cells were carefully transfered into two culture dishes equally, 
respectively. Dox(15μg/ml DMEM) was added to one dish three hours after the 
electroporation, and the other was used as control.  

3.2 Semi-quantitative RT-PCR experiment 
A semi-quantitative RT-PCR( reverse transcription-polymerase chain reaction) method was 
applied to measure the marker genes expression of the two plasmids. Total RNA was 
isolated from the cells by TRIzol method, according to manufacturer's instructions 
(Invitrogen, Cergy-Pontoise, France), after 72 hours of incubation. In order to resolve the 
problem of genomic DNA contamination ,2μg RNA was digested with RNase Free Dnase I 
(New England BioLab, England). RT-PCR was carried out to 1μg DNase-digested RNA. The 
cDNA was generated using First-Strand Synthesis System for RT-PCR (TaKaRa, Dalian city, 
China), followed which was the PCR amplification of marker gene, and the expression of β-
actin, a housekeeping gene which is assumed to be expressed at roughly equal levels in 
different cell types and under different conditions, was examined as an internal control. The 
primers and templates were the same amount of substances in different reactions. The 
primers used were: MT forward primer, 5’ AAAGAATTCCCATTTTTTGGCTGG 
GCAGATATCGCGGAGCGAGGAACTGAG3’; MT reverse primer, 5’ AAAAAGCTT 
CCATTTTTTGGATGGCGAGATATCCGCCCTGGGAATGATAG 3’. β-actin PCR primers 
were kindly provided by Dr Fei (IBCB, Shanghai Institutes for Biological Sciences, Chinese 
Academy of Sciences, Shanghai, China), which was designed spaning an intron of the 
genomic sequence , and this will result in a PCR product from genomic contamination that 
will be larger in size than the product generated from the cDNA. The PCR conditions were 
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followed by 72°C for 10minutes. 0.8% agarose gel loaded with the same volume of PCR 
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Fig. 2. CHS4 insulator restriction enzyme digestion. Lane 1: Marker, lane 2: Hind III, lane 3: 
Pst I, lane 4: cHS4 PCR product. 

Restriction digestions were carried out to identify the final two transgene vectors, and 
analysis of the gel showed the two plasmids were constructed successfully (Fig.3). 
 

 
Fig. 3. The EcoRI digestion results of the two plasmids, pHs4-VP16-Hs4-TREMT(1) and 
pHs4-VP16NK10-hs4-TREMT(2).  

The relative quantification of MT transcripts (target) was analyzed by semi-quantitative RT-
PCR method in mRNA samples, by comparison with the mRNA abundance of β-actin 
(control), a housekeeping gene, which is assumed to be expressed at roughly equal levels in 
different cell types and under different conditions. The results showed that the two 
plasmids, pHs4-VP16NK10-hs4-TREMT and pHs4-VP16-Hs4-TREMT, had certain levels of 
transgene expression in the absence of tetracycline, and the inducibility of the latter was 
higher than that of the former (Fig.4). 
 

 
Fig. 4. The results of semi-quantitative RT-PCR of the two plasmids, pHs4-VP16NK10-hs4-
TREMT(lane 1,2,3,4) and pHs4-VP16-Hs4-TREMT(lane 5,6,7,8) . The cycles were 22(A) and 
24(B).There was no DOX added in the lanes 1,3,5 and 7, while dox added in lanes 2,4,6, and 
8. There was no difference in the beta-actin expression before and after the DOX added (lane 
1,2,5,6). 
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Five founders were identified by PCR analysis of DNA from tail biopsies. As expected from 
the inducible nature of transgene expression, no apparent phenotype was observed. After 
hybridization，three F1 mice were obtained, Dox (0.5mg/ml) and Sucrose (１%) were 
added to drinking water to induce the expression of MT in 6-week-old F1 mice .Two months 
later 2 mice developed vascular anomalies in brain and skin. The lesion was more venous 
malformation than hemangioma in histopathology (Fig.5., Fig.6.) .  
 

 
Fig. 5. Cystic tumor developed in the chest and skin of the mouse after 2 months of 
induction (arrow shows). 
 

 
Fig. 6. Histological analysis of vascular anomalies induced in F1mice. The tumor was cystic 
and lined by endothelial cells(thick arrow shows). The cyst was full of red blood cells (thin 
arrow shows) 

6. Discussion  
The concept of gene therapy was originally introduced to treat inherited genetic disorders 
with the goal of replacing the defective gene with a normal one in diseased cells. This early 
concept has rapidly switched to a broader vision of gene therapy that uses genetic materials 
to alter the disease process. Currently, clinical trials are ongoing to examine the use of gene 
therapy in life-threatening diseases, such as malignant tumors and inherited genetic 
disorders. In gene therapy, the choice of gene delivery systems is most important.  
Transgenic models have provided a wealth of information about the function of specific 
genes. However, the limitations of promoter-controlled transgene expression have become 
clear. The constitutive system has no control over the time of expression, which depends 
entirely on the properties of the promoters used. The promoters in this setting are active 
constitutively, many staring early in embryonic stages. The target gene is activated as soon 
as the promoter becomes active. If the transgene product happens to be toxic to the 
organism, especially during gestation, it can be detrimental to the developing embryo. This 
will results in a failure to generate live progeny carrying the transgene and that of the 
transgene cannot be studied past embryogenesis. If the gene product is not toxic to the 
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embryos, the animals are viable and many demonstrated an interesting phenotype. 
However, there will still be questions remaining such as whether the phenotype is the 
results of transgene expression or is that of the mutation of endogenous genes. To deal with 
the limitations a number of investigators have established transgenic systems in which the 
expression of the transgene can be externally regulated. Although a variety of approaches 
have been utilized, tetracycline-controlled expression systems have been employed most 
frequently (10). 
In the present study, we constructed a single plasmid containing both a tet-responsive 
transactivator together with the transgene responder successfully. This strategy circumvents 
the need to generate two independent transgenetic lines in the first place and greatly 
facilitates the mouse breeding strategy as effector and responder will not segregate.  
Recent development of gene transfer approaches in plants and animals has revealed that 
transgene can undergo silencing after integration in the genome (11.12.13). Gene expression 
is influenced not only by the presence or absence of nearby transcription factors but also by 
the structure of surrounding chromatin. Variable repression of transcription often is 
associated with heterochromatin and frequently manifests itself as position effect 
variegation. In an extensive study of this phenomenon, Cerutti et al. (12) arrived at the 
conclusion that in C.reinhardtii the local heterochromatin structure rather than DNA 
methylation has a role in transgene inactivation. Insulators are DNA sequence elements that 
function as blocking the action of an enhancer and shielding a transgene from chromosomal 
position effect in transgenic animals and cell lines (14). Flanking a transgene with two copies 
of an insulator can shield it from chromosomal position effect following stable integration. 
In our preliminary study we attempted to insert two copies of 1.2Kb insulators in the flank 
of the transgene cassette, if that there will be three copies of direct repeat sequences in one 
plasmid and the plasmid will be unstable. We tried many times to construct it , but failed, 
though the STBL4 competent cells that are capable of stabilizing direct  repeat sequences 
was used. As transgenes are usually found to be inserted into a single chromosomal location 
as multiple copies forming head-to-tail concatermers (10), so insulators can still be effective 
when placed on only one side of transgenes when in multi-copy arrays. This strategy has 
been employed successfully in this study and others (15.16.17).Theoretically only the end 
copy of the transgene would be susceptible to position effect after the concatemers 
integrated with germ lines genomic DNA. This not only can help save some cloning time 
and lower the plasmid size, but also can improve the transgene’s expression efficiency.  
Theoretically tetracycline inducible transgene expression systems should have negligible 
basal expression levels and high inducibility. Unfortunately, these goals are not achievable 
in our project. The results of this study showed that background expressions still existed in 
the two vectors, pVP16NK10-hs4-TREMT and pVP16-Hs4-TREMT, but the former’s was 
much lower than that of the latter, and the inducibility of the later was much higher than 
that of the former. The reasons were as follows : first, in the two plasmids there was a 
enhancer/promoter of neo gene which could also act on the CMV minipromoter of TRE at a 
distance promoting the expression of the target gene. In in vivo experiment this factor will be 
excluded after the linearization of the plasmid with Vsp I and Ssp I digestions.  Second, in 
the plasmid of pVP16NK10-hs4-TREMT the products of rtTA and tetR-NK10 can form 
heterodimers that do not function appropriately and compromise the overall inducibility of 
this system. On the other hands, competition existed between rtTA and tetR-NK10 for the 
DNA binding sites of TRE which could also lower the Dox-inducibility. This plasmid would 
be modified in our next project. Basal expression was also associated with the site(s) of 
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integration of the transgenic constructs, and enhancer sequences near the target gene have 
been repeatedly demonstrated to increase basal target gene expression, thereby 
compromising the tight regulation that is desired (18.19). To eliminate the basal expression, 
insulator was used to block the effect of enhancer near the transgene integration sites on 
TRE in our study. Although the results in the test of transient transfections showed a degree 
of leakage expression, in some circumstances, the leak is acceptable and does not negate the 
ability of the experimental system to appropriately address the hypothesis that is being 
investigated. In the upstream of our transgene cassettes there was a neo gene, respectively. 
If the vectors were only digested with Ssp I this gene being a selective marker will be 
included in the transgene cassettes, and this will benefit stable transfection of the two 
vectors.  
Vascular anomalies are classified into hemangiomas and vascular malformations. 
Hemangiomas are the most common cutaneous tumors of infancy, which demonstrated by 
rapid growth after birth followed by a slow spontaneous involution or regression within 
five to seven years. Unlike hemangiomas, vascular malformations enlarge proportionately 
with the growth of the child and do not undergo spontaneous involution (Mulliken JB and 
Glowacki J. 1982). Vascular malformations can be subdivided based on blood flow rate: 
“slow flow” (capillary, venous, lymphatic or mixed) vs “fast flow” (arterial, arteriovenous, 
fistulae or shunt) subtypes. Vascular anomalies occur mostly in the head and neck regions, 
and there is no useful animal model with this disease until now. In our study, we 
established conditional transgenic mice model with cavernous malformations base on tet-on 
system, and this animal model could be a useful tool to investigate the pathogenesis and 
intervention of venous malformation, as well as the function of PyMT gene. 
In summary, in the present study we combined the two expression units of Tet-On system 
on a single plasmid constructing two conditional transgenic vectors, one of which contained 
Nk10 gene fused to TetR. CHS4 insulator elements were utilized in the construction of the 
vectors to eliminate the basal expression and transgene silencing. Our study in vitro 
demonstrated that the two “two-in-one” systems were functional. This would minimize the 
breeding and genotyping required for phenotypic characterization. Above all, If the vectors 
were only digested with SspⅠ a neo gene as a selection marker will be included in the 
transgene cassettes. Therefore, the Tet-On system presented here may be easy to use and 
widely applicable to the study of gene function in transfected cells and gene therapy, as well 
as for the creation of conditional transgenic animal models to study disease and 
development in vivo. As the Dox-inducibility of pHs4-VP16NK10-hs4-TREMT was lower, 
modifications should be made on this plasmid in the future.  
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1. Introduction 
Conventional gene therapies still require improvement in various respects, such as 
transfection efficiency for targeting organs or tissues, safety (Li Q et al., 2001; Pfeifer A & 
Verma IM, 2001; Watson DJ et al., 2002), and so on. For example, transfection of naked 
plasmid DNA requires the use of a large quantity of DNA because of enzymatic 
degradation in the human body. Conventional non-viral vectors seem to be inferior to 
viral ones in efficiency, except for nucleofection (Nishikawa M & Hashida M, 2002; 
Schakowski F et al., 2004). On the other hand, gene therapy using viral vectors such as 
adenovirus, retrovirus etc., may induce tissue inflammation (Tomasoni S & Benigni A, 
2004), though the efficiency of transfection is often relatively high. Also, the safety of viral 
transfection remains an issue, because of the risk of toxicity or mutation of viruses (Ferber 
D, 2001; Isner JM, 2002; Kay MA et al., 2001). Moreover, in vivo gene delivery to localized 
target tissues usually necessitates an invasive approach; for example, direct gene 
transfection to cardiomyocytes requires a surgical approach (Losordo DW et al.,1998) or 
catheterization (Kornowski R et al., 2000; Laitinen M et al., 2000). On the other hand, ex 
vivo gene transfection is less invasive. However, targeting of specific tissues by 
intravenous injection is usually inefficient. 
Macrophages accumulate in ischemic tissues through chemotaxis (Ramsay SC et al., 1992). 
Therefore, we considered that intravenously administered macrophages might target 
ischemic tissue in vivo. Tabata, et al. reported that particles of gelatin are phagocytized by 
macrophages (Tabata Y & Ikada Y, 1987; Tabata Y & Ikada Y, 1988). Gelatin is a natural 
polymer derived from collagen, and is widely used in pharmaceutical or medical 
applications, i.e., it is safe and suitable for use in humans (Young S et al., 2005). Further, its 
isoelectric point (Ip) can be adjusted by modification of its residues, and positively charged 
gelatin can be impregnated with negatively charged substances (Ikada Y & Tabata Y, 1998), 
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such as nucleic acid (Kasahara H et al., 2003). Therefore, gelatin may be suitable as a vector 
for transfecting phagocytes ex vivo. 
Here, we describe a study aimed at examining the feasibility of a new concept for less-
invasive, cell-based gene therapy by means of ex vivo gene transfection into isolated 
phagocytes (macrophages/monocytes) using a gelatin carrier, followed by intravenous 
injection of the transfected phagocytes. The present method has significant advantages over 
conventional cell-based gene delivery (Panetta CJ et al., 2002; Xie Y et al., 2001), in that the 
intravenously injected cells (phagocytes) not only produce protein from the transfected 
gene, but also have the potential for high tissue targeting ability. This method should be 
suitable for clinical gene therapy. Indeed, its clinical efficacy in patients with cardiovascular 
disease has recently been reported (Komeda M et al., 2009; Marui A et al., 2007; Tabata Y, 
2009). 

2. Main body 
2.1 Methods 
This study was performed in accordance with the Guideline of Tokai University School of 
Medicine on Animal Use, which conforms to the NIH Guide for the Care and Use of 
Laboratory Animals, (DHEW publication No. (NIH) 86-23, Revised 1985, Offices of Science 
and Health Reports, DRR/NIH, Bethesda, MD, 20205). 

2.1.1 Animals 
One hundred and twenty-one Fisher rats (male, 10 weeks old, Clea Japan Inc., Tokyo) and 
61 nude SCID mice (male, 6 weeks old, Shizuoka Animal Center, Shizuoka, Japan) were 
used. Rats were anesthetized by inhalation of diethyl ether for harvesting of macrophages 
and with isofluran (1.5-3%) for thoracotomy, after which they were mechanically ventilated 
with a mixture of oxygen and nitrous oxide. Mice were anesthetized by intraperitoneal 
injection of sodium pentobarbital (40 mg/kg).  
A model of myocardial ischemia-reperfusion injury was prepared in 41 rats. The remaining 
80 rats were used for collecting activated macrophages. The heart was exposed via 
thoracotomy, and the proximal left anterior descending coronary artery was ligated (Gidh-
Jain M et al.,1996) for 180 min, followed by reperfusion. A model of hindlimb ischemia was 
prepared in 61 mice. The left femoral artery was ligated and resected (Takeshita S et al., 
1994). 

2.1.2 Cells 
Macrophages were obtained from 80 rats. Thioglycolate (4%, 8 ml) was injected into the 
peritoneal cavity, and after 4 days, peritoneal macrophages were collected (Ribeiro RA et 
al.,1991). Monocytes were obtained from peripheral blood of healthy volunteers. Leukocyte-
rich plasma was obtained by dextran 500 sedimentation and layered onto Nycoprep 1.068 
(Nycomed, Birmingham, UK). The monocyte-containing layer was aspirated, washed twice 
and allowed to adhere to the dish for 90 minutes. Fibroblasts (NIH 3T3, Invitrogen 
Corporation, Carlsbad, CA) were also used. The cells were resuspended in RPMI 1640 
medium (Sigma) containing 5% heat-inactivated fetal calf serum and cultured for 7-14 days. 
The cell viability and type were determined by trypan blue exclusion and by 
immunostaining using anti-macrophage antibody, up to 14 days. 

Potential Gene Therapy: Intravenous Administration of Phagocytes Transfected  
Ex Vivo with FGF4 DNA/Biodegradable Gelatin Complex Promotes Angiogenesis in… 

 

47 

2.1.3 Genes and vector 
Complementary DNA (cDNA) of green fluorescent protein (GFP), Renilla luciferase or 
human hst1/fibroblast growth factor 4 (FGF4) (Kasahara H et al., 2003) was inserted into the 
expression vector pRC/CMV (Invitrogen Corporation, Carlsbad, CA) and the constructs 
were designated as pRC/CMV-GFP, pRC/CMV-luciferase and pRC/CMV-HST1-10, 
respectively. Preparation and purification of the plasmid from cultures of pRC/CMV-GFP-, 
pRC/CMV-luciferase-, or pRC/CMV-HST1-10-transformed Escherichia coli were performed 
by equilibrium centrifugation in cesium chloride-ethidium bromide gradients. 
Gelatin was prepared from porcine skin (Tabata Y & Ikada Y, 1987). After swelling in water 
the gelatin particles used in this study were spheroids with a diameter of approximately 5-
30 µm, water content of 95%, and pI of 11. Gelatin (2 mg) was incubated with 50 µg of the 
plasmid for 7 days at 4 °C to make a gelatin-DNA complex (Tabata Y & Ikada Y, 1987).  

2.1.4 Ex vivo gene transfection 
Macrophages, monocytes, and fibroblasts (1 x 106) were cultured with the gelatin-DNA 
complex (2 mg of gelatin plus 50 µg of DNA) for 14 days on a culture dish (100 mm in 
diameter). Gene expression of GFP was evaluated by fluorescence microscopy and 
fluorescence-activated cell sorting. Luciferase activity in the cell lysate was evaluated with a 
photon counter system after cell lysis (Fukuyama N et al., 1996). 

2.1.5 Organ distribution of phagocytes injected intravenously and directly into 
ischemic muscle 
To examine tissue-targeting by intravenous injection of transfected phagocytes, the 
distribution of the cells into organs was evaluated by immunohistochemistry. In the rat 
model of myocardial ischemia-reperfusion injury, the GFP-gene-transfected macrophages 
(1.0 x 106 each) were injected into the superficial dorsal vein of the penis at the initiation of 
reperfusion (n=7 and 5, respectively). In the mouse model of hindlimb ischemia, the GFP-
gene-transfected monocytes (1.0 x 106) were injected into the caudal vein 14 days after 
induction of ischemia (n=5). To examine the tissue targeting by direct local injection of 
transfected phagocytes, the distribution of the cells into organs was also evaluated. In the rat 
model of myocardial ischemia-reperfusion injury (n=7) and the mouse model of hindlimb 
ischemia (n=5), the same numbers of transfected macrophages and monocytes were directly 
injected into ischemic myocardium and ischemic skeletal muscle, respectively. Tissue 
samples were obtained 24 hours after cell administration. Each tissue was homogenized and 
the homogenate was cytospun. Immunohistochemical analysis was done with anti-GFP 
antibody (GFP monoclonal antibody; Clontech, USA). GFP-positive macrophages were 
counted in each tissue and expressed as a percentage of total GFP-positive cells. 

2.1.6 Amelioration of ischemia by intravenous injection of angiogenic gene-
transfected phagocytes 
The angiogenic effect of intravenously injected FGF4-gene-transfected phagocytes on the 
ischemia models was evaluated. In the rat model of myocardial ischemia-reperfusion injury, 
FGF4-gene-transfected macrophages (n=5), non-transfected macrophages (1.0 x 106 each) 
(n=5), or saline (n=5) were injected into the superficial dorsal vein of the penis, or naked 
FGF4-DNA (50 µg) was injected directly into the ischemic myocardium (n=5), at the 
initiation of reperfusion. Fourteen days after the cell administration, blood flows in the 
ischemic and non-ischemic regions in the heart were evaluated with a noncontact laser 
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Doppler flowmeter (FLO-N1, Omegawave Corporation). Then, tissue samples were 
obtained and histological analysis was performed. In a mouse model of hindlimb ischemia, 
just after induction of ischemia, FGF4-gene-transfected monocytes (n=15), non-transfected 
monocytes (n=8) (1.0 x 106 each), or saline (n=10) were injected into the caudal vein, or 
naked FGF4-DNA (50 µg) was injected directly into the ischemic muscle (n=12). Fourteen 
days after induction of ischemia, blood flows in the limbs were evaluated with the 
noncontact laser Doppler flowmeter (FLO-N1, Omegawave Corporation).  

2.1.7 Histology 
Ten-micrometer sections were cut from formalin-fixed, paraffin-embedded tissue. Two 
sections were used for H.E. staining and Azan staining, and eight sections were used for 
immunohistochemical staining. Immunohistochemical staining was performed by an 
indirect immunoperoxidase method. Anti-GFP antibody, anti-Mac1 antibody (BMA 
Biomedicals Ag, Switzerland), and anti-CD31 antibody (Serotec, UK) were used as primary 
antibodies. Mac1-antigen is specific to macrophages/monocytes. Anti-Ig, peroxidase-linked 
species-specific F(ab')2 fragments (Amersham Pharmacia Biotech UK Ltd., UK), were used 
as a secondary antibody. Double staining was performed with alkaline staining and 
peroxidase staining. The density of vessels stained with von Willebrand factor-antibody was 
calculated by morphometric assessment in 16 randomly selected fields for each heart and 
expressed as number / mm2.  

2.1.8 Statistical analysis 
Data are presented as mean values±SD. Differences were assessed by means of ANOVA 
(analysis of variance) with Scheffe's multiple comparisons test. A value of P<0.05 was 
considered statistically significant. 

2.2 Results 
2.2.1 Ex vivo gene transfection 
We studied whether genes could be transfected into isolated rat macrophages, human 
monocytes, and mouse fibroblasts ex vivo by using gelatin. Transfection of the GFP gene 
into isolated rat macrophages (Figs. 1A and B) and human monocytes (Figs. 1C and D), but 
not into mouse fibroblasts (data not shown), was achieved by culture with gelatin-DNA 
complex for 14 days. The gene transfection efficiency into rat macrophages was 68±11% (30 
experiments, Fig. 2A) and that into human monocytes was 78±8% (30 experiments) as 
determined with a fluorescence-activated cell sorter. Sequential analysis after luciferase-
gene transfection into rat macrophages revealed high expression after 14 days of culture 
(Fig. 2B). 

2.2.2 Organ distribution of phagocytes injected intravenously or directly into ischemic 
muscle 
We studied quantitatively whether intravenously injected luciferase-gene-transfected 
phagocytes could target ischemic tissues (Table 1). In non-ischemic rats, the injected 
macrophages were found almost exclusively in the spleen (98±4%) (n=7, Table 1). In non-
ischemic mice, similar results were observed (n=7, data not shown). In a rat with myocardial 
ischemia-reperfusion injury, some of the intravenously injected macrophages were 
incorporated into the heart (Table 1). 
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Fig. 1. Fluorescent presentation of ex vivo gene transfection with gelatin-DNA complex in 
macrophages/monocytes as well as fibroblasts. Rat macrophages (A and B) and human 
monocytes (C and D) were cultured with gelatin-GFP-gene complex for 14 days. 
Transmittance microscopic images (A and C) and fluorescence images (B and D) of the cells 
are shown. Macrophages (B) and monocytes (D) show fluorescence due to GFP. Arrowheads 
indicate GFP-expressing cells. Arrows indicate gelatin particles themselves. Bars=20 µm 
(Fukuyama N et al., 2007).  

 
Fig. 2. Quantitative assessment of gene transfection into rat macrophages. A, Fluorescence-
activated cell sorting analysis of transfected macrophages done on day 14 of culture with 
reference to GFP-positive and Mac1-positive cells. B, Sequential changes of luciferase 
activity in cultured macrophages in the presence of luciferase-gene-gelatin complex. Values 
are mean±SD. The number of experiments is shown in parentheses (Fukuyama N et al., 
2007). 
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Doppler flowmeter (FLO-N1, Omegawave Corporation). Then, tissue samples were 
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Table 1. Organ-distribution of phagocytes injected into the vein and into local tissue. Each 
value shows a distribution ratio (%) into organs of transfected macrophages/monocytes 
(mean±SD). i.v., intravenous injection into the vein; i.m. direct injection into the jeopardized 
muscle (Fukuyama N et al., 2007). 
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Fig. 3. Incorporation of injected macrophages into the heart. GFP-transfected macrophages 
were injected into the vein in a rat model of myocardial ischemia-reperfusion injury. A and 
B, Low-resolution images of ischemic myocardial tissue with hematoxylin-eosin staining 
and Azan staining, respectively. IVS, the interventricular septum; LV, the left ventricular 
free wall; RV, the right ventricular free wall. Original magnification x20. Bars=500 µm. C 
and D, Medium-and high-resolution images of ischemic myocardial tissue with 
hematoxylin-eosin staining; Original magnification x100 and x300; Bars=100 and 20 µm, 
respectively. E and F, Double immunohistochemical stainings of GFP- (red) and Mac1- 
(blue) antigens. Arrow indicates a GFP- and Mac1-antigen double-positive cell and 
arrowhead a Mac 1-antigen single-positive cell. Original magnification x100 and x400; 
Bars=100 and 10 µm, respectively. G, The time course of GFP-transfected macrophages (Mφ) 
accumulation into heart (Fukuyama N et al., 2007). 

The incorporation into the post-ischemic pericardium amounted to 13±6% (n=7) (non-
ischemic rats 0±0%, n=7, Table 1). The incorporated cells expressed GFP (Fig. 3). Fibrosis 
with inflammatory infiltrates was recognized in the anterior wall of the left ventricle, 
extending to the interventricular septum (Figs. 3A and B). These infiltrates were mainly 

Fig. 3G 
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polymorphonuclear leukocytes and macrophages (Figs. 3C and D). Approximately 20 % of 
the macrophages showed GFP-positivity in this area (Figs. 3E and F). Similar tissue-
targeting by intravenously injected monocytes was confirmed in a mouse model with 
hindlimb ischemia (13±7%, n=7, Table 1). Furthermore, we studied whether local 
intramuscular injection increased the degree of tissue targeting (Table 1). After direct 
injection of phagocytes into ischemic muscle, 86±10% and 88±6% of the cells remained in the 
target tissue in the two models. Thirteen and 11% of phagocytes injected into the cardiac or 
hindlimb muscle migrated to the spleen. In the other organs, accumulation of phagocytes 
was negligible. 

2.2.3 Amelioration of ischemia by intravenously injected angiogenic-gene-transfected 
phagocytes 
In the rat model with myocardial ischemia-reperfusion injury, we studied the angiogenic  
effect of intravenously injected macrophages transfected with FGF4 gene by using gelatin. 
Intravenous injection of these macrophages (1.0 x 106) significantly increased the regional 
blood flow in the ischemic myocardium (78±7.1%, n=8, in terms of ischemic/non-ischemic 
myocardium flow ratio) compared with the other three treatments (P<0.05, ANOVA), that 
is, intravenous administration of saline (35±10%, n=8), intramuscular administration of 
naked DNA encoding FGF4 (50 µg, direct intramyocardial injection after thoracotomy) 
(58±5.3%, n=8), and intravenous administration of the same number of non-transfected 
macrophages (42±12%, n=8) (Fig. 4A). Histological analyses revealed angiogenesis in the 
ischemic tissue after the administration of transfected cells (Figs. 4B and C). Similar results 
were observed in the mouse model with hindlimb ischemia. Intravenous injection of FGF4-
gene-transfected monocytes (1.0 x 106) enhanced regional blood flow in the ischemic leg 
(Fig. 4D). The increase of blood flow in the mice with transfected monocytes (93±22% in 
terms of flow ratio in the ischemic/non-ischemic leg) was significantly larger than those 
obtained with the other three treatments described above (38±12, 55±12, and 39±15%, 
P<0.05, ANOVA). Neither lymph node swelling in any part of the body nor pathologic 
change in the spleen or lung, such as angioma or abnormal immune response, was found in 
any of the animals. 
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polymorphonuclear leukocytes and macrophages (Figs. 3C and D). Approximately 20 % of 
the macrophages showed GFP-positivity in this area (Figs. 3E and F). Similar tissue-
targeting by intravenously injected monocytes was confirmed in a mouse model with 
hindlimb ischemia (13±7%, n=7, Table 1). Furthermore, we studied whether local 
intramuscular injection increased the degree of tissue targeting (Table 1). After direct 
injection of phagocytes into ischemic muscle, 86±10% and 88±6% of the cells remained in the 
target tissue in the two models. Thirteen and 11% of phagocytes injected into the cardiac or 
hindlimb muscle migrated to the spleen. In the other organs, accumulation of phagocytes 
was negligible. 

2.2.3 Amelioration of ischemia by intravenously injected angiogenic-gene-transfected 
phagocytes 
In the rat model with myocardial ischemia-reperfusion injury, we studied the angiogenic  
effect of intravenously injected macrophages transfected with FGF4 gene by using gelatin. 
Intravenous injection of these macrophages (1.0 x 106) significantly increased the regional 
blood flow in the ischemic myocardium (78±7.1%, n=8, in terms of ischemic/non-ischemic 
myocardium flow ratio) compared with the other three treatments (P<0.05, ANOVA), that 
is, intravenous administration of saline (35±10%, n=8), intramuscular administration of 
naked DNA encoding FGF4 (50 µg, direct intramyocardial injection after thoracotomy) 
(58±5.3%, n=8), and intravenous administration of the same number of non-transfected 
macrophages (42±12%, n=8) (Fig. 4A). Histological analyses revealed angiogenesis in the 
ischemic tissue after the administration of transfected cells (Figs. 4B and C). Similar results 
were observed in the mouse model with hindlimb ischemia. Intravenous injection of FGF4-
gene-transfected monocytes (1.0 x 106) enhanced regional blood flow in the ischemic leg 
(Fig. 4D). The increase of blood flow in the mice with transfected monocytes (93±22% in 
terms of flow ratio in the ischemic/non-ischemic leg) was significantly larger than those 
obtained with the other three treatments described above (38±12, 55±12, and 39±15%, 
P<0.05, ANOVA). Neither lymph node swelling in any part of the body nor pathologic 
change in the spleen or lung, such as angioma or abnormal immune response, was found in 
any of the animals. 
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Fig. 4. Therapeutic effects of angiogenic-gene-transfected phagocytes on ischemia. FGF4-
transfected macrophages were injected into the vein or naked DNA encoding FGF4 was 
injected directly into the myocardium in a rat model of myocardial ischemia-reperfusion 
injury (A-C). FGF4-transfected monocytes were injected into the vein or naked DNA 
encoding FGF4 was injected directly into the ischemic muscle in a mouse model of hindlimb 
ischemia (D). A, Relative blood flow in the ischemic myocardium. Each flow represents a 
relative value with respect to non-ischemic region. The number of animals is shown in 
parentheses. B, Quantification of vessel density in the ischemic myocardium. The number of 
observation fields is shown in parentheses. C, Immunohistochemical staining in the 
ischemic myocardium with anti-CD31 antibody. D, Relative blood flow in the ischemic leg. 
Each flow represents a relative value with respect to non-ischemic leg. The number of 
animals is shown in parentheses. Control represents animals injected with saline into the 
vein; DNA, naked DNA encoding FGF4 was injected directly into the ischemic muscle; non-
Tf, non-transfected phagocytes were injected intravenously Tf, FGF4-gene-transfected 
phagocytes were injected intravenously. Values are mean±SD. P<0.05 vs *Cont, †DNA, and 
#non-Tf (ANOVA) (Fukuyama N et al., 2007). 

2.3 Discussion 
The advantages of the present method are as follows. First, genes can easily be transfected 
into phagocytes (macrophages/monocytes). In preliminary experiments, we found that 
genes can also be transfected into endothelial progenitor cells (Nagaya N et al., 2003). 
Compared with other transfection methods, the transfection efficiency was high (68±11%) 
and it is not necessary to use a potentially hazardous viral vector (Kobinger GP et al., 2004; 
Lei Y et al., 2004; Watson DJ et al., 2002). Second, the phagocytes can target pathologic 
tissues by chemotaxis even after intravenous injection, and targeting should be considerably 
improved if they are administered locally. Moreover, the injection is repeatable. We 
confirmed that the angiogenic gene-transfected phagocytes enhanced angiogenesis after 
ischemia-reperfusion injury in rat heart and ameliorated ischemia in a mouse hindlimb 
model. Gelatin prepared as described here is not rapidly degraded in the human body, and 
should be effective for prolonged transfection gene therapy, as well as for drug delivery 
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systems, etc.. This method appears to be suitable for safe and effective cell-based gene 
therapy.  
The injected phagocytes migrated into pathologic tissues, presumably in response to the 
release of cytokines such as monocyte chemoattractant protein 1 by injured endothelial cells 
(Yoshimura T & Leonard EJ, 1990). Adhesion molecules such as P-selectin (Ikada Y et al., 
2002) are probably involved in the recruitment of phagocytes to the vessel wall. The injected 
phagocytes also migrated to the spleen, but no pathologic change was found in the spleen. 
The present method has several advantages over conventional methods of cell-based  
gene therapy, such as fibroblast-based and smooth muscle cell-based approaches (Koch K-C 
et al., 2006; Ott HC et al., 2005; Xie Y et al., 2001). For example, monocytes do not aggregate 
in vessels, whereas fibroblasts or smooth muscle cells cannot be injected intravenously 
because of aggregation. The transfected phagocytes not only synthesize protein from the 
transfected gene, but also are partially targeted to the impaired tissue. In addition, the 
transfection rate was better than those of methods such as lipofection, viral vectors and 
electroporation (Kobinger GP et al., 2004; Veit K et al., 1999). The newly developed 
technique of nucleofection has a transfection efficiency of 40-70% (Maasho K et al., 2004), 
which is similar to that of our method, but our procedure is easier to use (Maasho K et al., 
2004; Mertz KD et al., 2002).  

3. Conclusion 
The therapeutic effect obtained here (intravenous administration of phagocytes transfected 
ex vivo with FGF4 DNA/biodegradable gelatin complex) was superior to that of 
conventional gene therapy, which we reported previously, i.e., intramuscular injection of 
naked DNA, in heart and leg ischemia models. The major disadvantage of our method is the 
cell preparation time of 2 weeks before therapy can be started, and further work is needed to 
speed up this process. However, our results suggest that this method may an effective 
therapeutic option from the viewpoint of regenerative medicine. 

4. Ackowledgement 
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1. Introduction 
In this chapter we will focus on few topics. First, we summarize and discuss angiogenic 
gene therapy of cancer and cardiovascular diseases, with RNA interference in a separate 
section. Second, we briefly review delivering systems in gene therapy, their advatages and 
limitations and further focus on bacterial vectors. Last, we summarize antioxidant gene 
therapy of cardiovascular diseases and hypertension. 
Considering the fact that the fundamental discoveries and new findings in medicine are 
being crystallized on genetic and genomic levels, gene therapy is one of the potential 
mechanisms for therapeutic intervention. Gene therapy in a broad sense, i.e. all the 
therapeutic strategies employing nucleic acids as carriers of genetic information, found its 
utilization in most areas of medicine, including angiogenesis research. Similarly to classical 
“non-gene“ therapy, the research in gene therapy is happening on the preclinical level using 
appropriate animal models, with cancer and cardiovascular diseases being the most 
abundant indications. There are several different strategies known. Besides the delivery of 
therapeutic gene (replacement of the mutated gene by a functional one or delivery of the 
gene because of lack of the gene product), novel strategies are also being widely used based 
on blocking the function of a specific gene by application of RNA interference inducing 
sequences, antisense inhibition etc.  
One of the key advantages of gene approaches is the endogenous production of the 
therapeutic molecule. Furthermore, targeted gene delivery specifically into the target tissue 
or only to a certain cell type can dramatically decrease the likelihood of adverse effects. 
Along with the development of new vectors and regulatory systems, the ability to control 
the expression of therapeutic gene in time and space is being improved. This is of great 
importance in affecting such complex and complicated processes as angiogenesis. Currently, 
almost three quarters of indications addressed by gene therapy clinical trials are represented 
by cancer and cardiovascular diseases 
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2. Angiogenic gene therapy 
After birth, angiogenesis still contributes to organ growth. However, in adults, the majority 
of blood vessels remains in quiescence with the most active angiogenesis during 
menstruation cycle in the uterus and pregnancy in the placenta. In spite of this, endothelial 
cells do preserve the ability to quickly proliferate and react to physiological stimulus such as 
hypoxia and inflammation. 
If the stimulus is too excessive, the fine balance between stimulants and inhibitors can be 
disrupted and thus lead to so-called “angiogenic switch”. The best described pathological 
states with dysregulated angiogenesis include cancer, cardiovascular disorders, 
inflammatory eye disorders as well as many other processes such as obesity, metabolic 
diseases, asthma, diabetes mellitus, cirrhosis, sclerosis multiplex, rheumatoid arthritis, 
macular degeneration, psoriasis, atherosclerosis, restenosis, diabetic retinopathy, 
endometriosis, bacterial infections and autoimmune diseases (Cao, 2010; Webb & Vande 
Woude, 2000). 

2.1 Gene therapy of cancer 
Gene therapy-based angiogenesis inhibiting strategies have gained much attention thanks to 
their advantages over the conventional antiangiogenic treatments. Given that effective 
inhibition of pathological angiogenesis requires long term treatment, gene therapy may be 
of importance for selective gene transfer to the affected areas and prolonged expression of 
therapeutic genes. Apart from that, gene therapy provides a possibility to circumvent the 
issues associated with recombinant proteins production, stability and solubility. Gene 
transfer allows for appropriate folding and stability of encoded proteins in vivo in the 
natural environment. An interesting advantage is also the ability to selectively target the 
gene transfer into certain tissues enabling localized expression and high regional drug 
concentration without increasing systemic levels. One of the key justifications for using gene 
therapy is also an insufficient efficiency of “non-gene“ therapies based on inhibition of 
VEGF and other growth factors signal pathways in humans (Gridelli et al., 2007). The most 
commonly used gene therapy approach in cancer is so called suicide cytotoxic therapy using 
thimidin kinase or other chemosensitizing genes that allow the conversion of inactive 
prodrug (ganciclovir) into a cytotoxic product (Both, 2009). 

2.1.1 Preclinical studies 
Antiangiogenic gene therapy of cancer has been tested on a preclinical level in various 
carcinogenesis models. Most of the studies performed so far have used viral vectors 
(adenoviruses, retroviruses, lentiviruses, adeno-associated viruses, herpes simplex viruses) 
encoding endogenous angiogenesis inhibitor genes such as cytokines/chemokines (IFN-α, 
IFN-β, IFN-γ, CXCL10, IL-12, IL-18, TNF-α), VEGF blockers (sFlt-1, Flk-1), proteolytic 
fragments (angiostatin, endostatin, vasostatin, tumstatin) and others (Persano et al., 2007). 
For example, in a colorectal cancer model an adenovirus-based therapy using genes 
encoding IFN-β (Tada et al., 2001) and endostatin (Oliner et al., 2004) as well as plasmids 
encoding Flk-1 (W.J. Kim et al., 2006) and tumstatin (Yao et al., 2005) have been successfully 
applied. In a model of malignant melanoma, retrovirus vectors carrying gene encoding 
CXCL10 (Feldman et al., 2002) and plasmids encoding vasostatin (Jazowiecka-Rakus et al., 
2006) and MCP-1 (Koga et al., 2008) genes have been successfully used, all exerting a clear 
antiangiogenic effect. Recently, a systemically available antiangiogenic gene therapy using 
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adenovirus bearing soluble VEGF receptor gene has been proven to be effective in 
suppressing tumor growth in various oral cancer cell line xenografts in mice (Okada et al., 
2010). 
Several studies have been performed using gene delivery of endogenous angiogenesis 
inhibitor endostatin. A liposome-encapsulated adenovirus encoding endostatin was applied 
in therapy of ovarian cancer (Yang et al., 2010). Systemic administration was well-tolerated 
and resulted in marked suppression of tumor growth, which was associated with a 
decreased number of micro-vessels and increased apoptosis of tumor cells. An interesting 
novel therapeutic approach for pancreatic cancer has been employed in a study using 
vaccinia virus encoding the endostatin-angiostatin fusion gene (Tysome et al., 2009). Besides 
high selectivity of the used vector, inhibition of angiogenesis and a clear antitumor potency 
has been observed. In another study, combined antiangiogenic and proapoptotic gene 
therapy involving endostatin and sTRIAL (soluble tumor necrosis factor-related apoptosis-
inducing ligand) effectively suppressed hepatocellular carcinoma growth and angiogenesis 
in nude mice (Zhang et al., 2009). At last, adenovirus-mediated endostatin gene delivery 
combined with cisplatin treatment was effective in a lung cancer murine model (Ning et al., 
2008). These studies represent a future direction in cancer research in which instead of 
targeting a single molecule, a combinatorial approach targeting multiple factors and/or an 
additional therapeutic approach is applied to cover multiple pathways of cancer 
progression. 

2.1.2 Clinical studies 
Despite a relatively high number of clinical studies using cancer gene therapy, specifically 
antiangiogenic gene therapy has only been exploited in a few studies. Intratumoral injection 
of adenovirus encoding immunostimulatory cytokine IL-12 has been tested in patients with 
advanced gastrointestinal cancer (liver, colorectal, pancreatic tumors) in phase I study 
(Sangro et al., 2004). Therapy was well tolerated, although only a moderate antitumor effect 
was observed. In another study, plasmid bearing IL-12 gene was applied to patients with 
malignant melanoma (Heinzerling et al., 2005). In two out of nine patients, the disease was 
stabilized for period of over three years and a complete remission was achieved in one 
patient. In these patients, a localized reduction in angiogenesis has been proven by 
immunohistochemistry. However, the rest of the patients showed only temporal response to 
the therapy. A recent phase I clinical trial of IL-12 plasmid/lipopolymer complexes has also 
shown a clinical benefit in treatment of recurrent ovarian cancer without adverse events 
(Anwer et al., 2010). In a different phase I study, adenovirus vector carrying IFN-β gene has 
been used in therapy of malignant pleural mesothelioma (Sterman et al., 2007). In all the 
above-mentioned studies, however, inhibition of angiogenesis was not the primary goal, yet 
a part of the antitumor effect. 

2.2 Gene therapy of cardiovascular diseases 
In view of the many advances in explaining the molecular mechanisms of angiogenesis high 
hopes were put in gene therapy. However, in the clinical studies with genes encoding for 
individual proangiogenic growth factors (similar to recombinant proteins) only moderate 
success has been observed so far, thus creating a space for development of new vectors and 
alternative approaches (Vincent et al., 2007).  
Progress in the field of gene therapy for cardiovascular disease has been modest; one of the 
key reasons for this limited progress is the lack of gene delivery systems for localizing gene 
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patient. In these patients, a localized reduction in angiogenesis has been proven by 
immunohistochemistry. However, the rest of the patients showed only temporal response to 
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therapy to specific sites to optimize transgene expression and efficacy. However, progress 
toward the site-specific delivery of cardiovascular gene therapy is still ongoing and 
promising novel approaches are being tested (Fishbein et al., 2010). 

2.2.1 Preclinical studies 
A lot of studies have been performed on a preclinical level with very promising results. 
Angiogenic gene therapy using intramuscular injection of plasmids encoding VEGF and 
plasminogen activator has been applied in a mouse model of myocardial infarction (ligation 
of coronary artery) and hind limb ischemia (ligation of arteria femoralis) (Traktuev et al., 
2007). Authors were able to detect functionally significant angiogenesis that clearly 
improved the pathological consequences of disease induction. The model of hind limb 
ischemia is actually a commonly used model to prove the efficiency of proangiogenic viral 
and non-viral gene delivery in ischemic disease (Schgoer et al., 2009). Bosch-Marce et al., 
have used this model to test adenovirus vector carrying the gene encoding for constitutively 
active HIF-1α, resulting in a sufficient induction of reperfusion of the affected areas even in 
older animals (Bosch-Marce et al., 2007). These results suggest that the HIF-1α activity is 
necessary and sufficient for mobilization of angiogenic cells and that gene therapy using 
HIF-1α gene can compensate the pathological effects of ageing. Gene therapy using gene 
encoding VEGF has further shown a clear beneficial effect in a rat model of myocardial 
infarction (Tang et al., 2010). In a mouse model of myocardial infarction, the ultrasound-
targeted gene delivery of VEGF or stem cell factor resulted in increased vascular density and 
improved myocardial perfusion and ventricular function (Fujii et al., 2009). Yockman et al., 
used an ischemia-inducible plasmid construct expressing VEGF to treat myocardial 
ischemia and infarction (Yockman et al., 2009). Ischemia-inducible system was superior to 
constitutively expressed gene construct in reducing the infarct size. A different regulation 
system for VEGF gene delivery based on tetracycline-inducible AAV-based vector has been 
employed by Tafuro et al., in a hind limb ischemia model (Tafuro et al., 2009). These results 
clearly indicate that the fine tuning of VEGF expression is required to achieve the formation 
of a stable vasculature able to sustain functional neovascularization. Hypothesizing that the 
transient nature of VEGF gene expression provokes instability of neovasculature, Olea et al., 
compared single vs. repeated transfection in a rabbit model of hind limb ischemia by 
injecting a plasmid encoding human VEGF165 (Olea et al., 2009). Repeated, but not single, 
VEGF gene transfection resulted in increased microvasculature, which in turn afforded 
effective protection against ischemic muscle damage. Pajusola et al., have compared the 
virus vector-mediated delivery of genes encoding VEGF and HIF-1α into the muscle of mice 
(Pajusola et al., 2005). Results of this study show that HIF-1α gene therapy is able to ensure 
increased expression of numerous proangiogenic molecules and, thus, can circumvent the 
shortcomings associated with overexpression of a single growth factor. A rationale for 
combination proangiogenic therapy has been provided in two studies, in which a synergistic 
effect of concurrent application of plasmids encoding FGF-2 and PDGF-BB by intramuscular 
injection was observed in a rabbit/rodent hind limb ischemia model (Li et al., 2010). 

2.2.2 Clinical studies 
Results from several interesting clinical studies have been published recently. In a phase I 
study testing the safety of intramuscular injection of VEGF-encoding plasmid vector in 9 
patients suffering from serious peripheral arterial disease of the lower extremities a 
significant improvement in most of the measured parameters has been observed regardless 
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of the dose (Kim et al., 2004). However, the serum VEGF levels were not elevated and the 
control group was missing in that study. Interestingly, no significant improvement in 
primary and secondary endpoints between groups was achieved in two recent multicenter, 
double-blind, placebo-controlled phase II trials exploring intramuscular application of 
plasmid encoding angiogenic factors (Grossman et al., 2007; Rajagopalan et al., 2003). 
Authors of Euroinject One phase II trial analyzed the effect of gene transfer using plasmid 
encoding VEGF165 gene on myocardial perfusion, left ventricle function and clinical 
symptoms in 80 patients suffering from stable severe ischemic heart disease (Kastrup et al., 
2005). A direct intramyocardial injection of plasmid did not improve the study endpoints 
compared to placebo, although a regional improvement in ventricle wall movement was 
achieved. Results thus show the safety of direct intramyocardial injection, but not the 
efficiency. In the REVASC trial, a total of 67 patients with ischemic heart disease and severe 
angina pectoris were enrolled to the study (Stewart et al., 2006). Here, the intramyocardial 
injection of replication-deficient adenovirus vector bearing VEGF121 gene significantly 
ameliorated the primary endpoint (exercise time needed for 1mm ST segment depression) as 
well as overall exercise time and exercise time to moderate angina after 26 weeks of therapy 
in patients with exercise-induced ischemia. On the other hand, in a recent double-blind, 
placebo-controlled study VEGF gene therapy failed to improve perfusion of ischemic 
myocardium in patients with advanced coronary artery disease (Stewart et al., 2009). 
Further, intramuscular injection of plasmid with VEGF gene was compared against placebo 
(saline) in 54 diabetic patients suffering from severe peripheral arterial disease (Kusumanto 
et al., 2006). Although a significant improvement of some of the parameters (hemodynamic 
status, skin ulcerations) has been achieved, the primary endpoint of this study – amputation 
of lower extremity after 100 days – stayed unchanged. Moreover, long-term safety of VEGF 
gene therapy has been proven in an eight-year safety follow-up of coronary artery disease 
patients after intracoronary VEGF gene transfer (Hedman et al., 2009). Local intracoronary 
VEGF gene delivery is, thus, considered safe and does not increase the risk of major adverse 
cardiovascular events, arrhythmias, cancer, diabetes or other disease. 
So far the only clinical study testing the delivery of HIF-1α gene was a randomized, double-
blind, placebo-controlled phase I trial enrolling 34 patients with peripheral arterial disease 
(Rajagopalan et al., 2007). Treatment based on direct intramuscular administration of 
adenovirus vector carrying the HIF-1α gene was well tolerated and provided relief of rest 
pain one year after the therapy, supporting the necessity for more clinical trials. 
The second generation of angiogenic gene therapeutics is represented by constructs enabling 
the expression of two or more proangiogenic cytokines. Analogous to gene therapy using 
the master regulatory gene HIF-1α, these “multivalent” approaches may provide a benefit 
against the classical “monovalent” ones (Vincent et al., 2007).  
Overall, we might conclude that only slight clinical benefit of gene therapy in cardiovascular 
diseases has been observed so far on the level of multicenter, randomized, placebo-
controlled clinical trials. This finding, however, is in direct contrast to promising and 
convincing results from preclinical studies and, thus, further stimulates searching for new 
and alternative approaches in experimental as well as clinical settings. New viruses have 
been introduced and new results have been collected from preclinical and clinical studies. 
Recent results from preclinical developments and clinical trials have been reviewed 
(Karvinen & Yla-Herttuala, 2010). 
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2.3 RNA interference in therapeutic modulation of angiogenesis 
Since the first discoveries of RNA interference mechanism (RNAi) 13 years ago, much new 
information has shown up and a new age of gene therapy, in broad sense, has actually 
begun. This molecular phenomenon found its usage, besides in functional genetic studies, 
also in therapy based on silencing the expression of disease-causing genes (so called gene 
knock-down).  
One of the main obstacles in achieving in vivo gene silencing using RNAi is the means of 
delivery. The siRNA molecules are, if present outside the cell, unstable and are subject to 
rapid degradation. Therefore, they are being chemically modified or incorporated into 
vectors like in the case of classical gene delivery. Within such a vector siRNA are encoded as 
so called short hairpin RNA (shRNA) that are expressed inside the target cell. 
One of the break-through experiments was based on intravenous administration of 
chemically modified siRNA against endogenous apolipoprotein B (apoB) in mice leading to 
apoB mRNA silencing in liver and jejunum as well as decrease in plasma levels of apoB and 
overall cholesterol (Soutschek et al., 2004). These siRNA even reduced the expression of 
human apoB in transgenic mice, and the results further extended the potential of RNAi-
based therapy of not only cardiovascular diseases.  
Several studies have been performed to test the efficiency of RNAi in therapy/prevention of 
cardiovascular diseases. It is known that activation of NFkappaB pathway can be associated 
with development of cardiac hypertrophy and its transition to heart failure. Intramyocardial 
delivery of shRNA against NFkappaB in lentiviral vector has led to regression of cardiac 
hypertrophy in transgenic mice, suggesting the potential role of NFkappaB as a therapeutic 
target in prevention of hypertrophy/heart failure (Gupta et al., 2008). Similar results have 
been observed in a model of pressure-induced hypertrophy using systemic administration 
of siRNA against focal adhesion kinase (FAK), which acts as one of the hypertrophy 
mediators (Clemente et al., 2007). In the work of Jiang et al., it was even proven that RNAi 
against HIF-1α inhibits the formation of foam cells in vitro, indicating that induction of HIF-
1α by atherogenic factors may be a key step in coordinating the cellular processes leading to 
atherosclerotic lesions (Jiang et al., 2007). An alternative approach was tested in a study of 
Natarajan et al., that, instead of using constitutively active HIF-1α, reduced the activity of 
HIF-1α prolyl hydroxylases by RNA interference (Natarajan et al., 2006). Small interfering 
RNAs (siRNA) managed not only to activate HIF-1α signaling in vitro, but also rescued the 
endangered myocardium in a mouse model of overall ischemia. Thus, the authors proved 
that indirect activation of HIF-1α signaling is not only possible, but also efficient. In another 
study the systemic administration of siRNA against β1-adrenergic receptors has been 
proven to be specific for β1 receptors expression without influencing β2 receptors (Arnold et 
al., 2007). This therapy significantly reduced the hypertrophy and the blood pressure in 
spontaneously hypertensive rats. Moreover, preventive application of β1-specific siRNA 3 
days before myocardial infarction improved the heart function and reduced cardiomyocyte 
apoptosis.  
Antiangiogenic therapy using RNAi has found its broad experimental application (Hadj-
Slimane et al., 2007). Silencing of HIF-1α by RNAi leads to transient stasis or regression of 
tumors in vivo and silencing in early stage tumors is more effective than in stable tumors (Li 
et al., 2005). In addition, siRNA against HIF-1α inhibit the expression of this transcription 
factor in cancer cells and in endothelial progenitor cells even in hypoxic conditions, when it 
is naturally activated. At the same time, differentiation, proliferation and migration of these 
cells are also inhibited. Effectiveness of anticancer therapy using siRNA against VEGF 
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(naked or within a vector) has been proven to be effective in vitro and in vivo in a number of 
cancer models. Furthermore, a combination of oncolytic virus therapy and VEGF specific-
siRNA has also been proven to be effective in vitro and in vivo (Yoo et al., 2007). Based on 
different physiological roles of VEGF family members, a combination therapy with siRNA 
vectors against VEGF-A and VEGF-C was used to suppress lymph node and metastasis in a 
mouse metastatic breast cancer model (Shibata et al., 2008). Another combined approach has 
been successfully used by Chen et al., in therapy of laryngeal squamous cell carcinoma by 
concurrent application of plasmids encoding siRNA against VEGF, hTERT and Bcl-xl (Chen 
et al., 2008). 
One of the most important papers in recent years was the study of Kleinman et al., who have 
reported a sequence- and target-independent angiogenesis suppression by siRNA via toll-
like receptor 3 (TLR3) (Kleinman et al., 2008). Here, the non-targeted siRNA suppressed 
dermal neovascularization in mice as effectively as VEGF siRNA. The effect was mediated 
through cell surface TLR3, its adaptor TRIF and induction of IFNgamma and IL-12. These 
results suggest that all siRNA-based RNAi strategies activating TLR3 have to face non-
specificity, which, however, does not have to be considered a disadvantage. Even though a 
specific silencing is desired, a different approach/vector should be used to avoid activating 
of TLR3 pathway. Bacterial vectors are characterized by cellular entry into the host cell, 
where they can mediate their therapeutic effects. Thus, bacteria can represent an ideal 
system for delivery of RNAi. 
Apart from RNAi, another big area of small RNA-related research that is gaining much 
more attention these days is the microRNA research. More importantly, microRNA have 
been found to play a key role in regulation of angiogenesis, both in cancer and ischemic 
diseases, indicating that the development of clinically relevant therapies can be expected in 
a short time period (Fasanaro et al., 2010).  

3. Delivery systems 
Vectors for transfer of therapeutic sequences into target cells can be divided into three basic 
groups: viral, non-viral (naked DNA) and bacterial. Each of these groups has different 
research and therapeutic indications, and features specific pros and cons (Gardlik et al., 2005 
Chailertvanitkul and Pouton, 2010). Currently, the most frequently used vectors in gene 
therapy clinical trials include: adenoviruses (400 clinical trials; 23,8%), retroviruses (344 
clinical trials; 20,5%), naked/plasmid DNA (304 clinical trials; 17,7%), adeno-associated 
viruses (75 clinical trials; 4,5%) and others (John Wiley & Sons, 2010). 
Adenoviruses are the most commonly used gene-delivery vectors due to the efficiency of 
their in vivo gene transfer their ability to deliver double-stranded DNA to the nucleus 
efficiently. In addition, their large genome allows for extensive modification and 
incorporation of therapeutic genes. Since 1993, about 300 protocols using an adenoviral 
vector have been performed, although they have yet to be proven effective in clinical trials. 
By 2009 over 350 protocols had been approved for clinical trials of gene therapy using 
attenuated adenoviral vectors, 210 of which were open, but only 5 of which were  
Phase III trials (for details see the Clinical Trials Worldwide Database at 
http://www.wiley.co.uk/genmed/clinical). 
The adenovirus-based vector has been continuously improved by modification of the 
adenoviral genome and capsid, and novel adenovirus-delivery systems have been recently 
proposed (Shirakawa, 2008). Since their first clinical trial 20 years ago, retroviral vectors 
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have now been used in more than 350 gene-therapy studies. Retroviral vectors are 
particularly suited for gene-correction of cells due to long-term and stable expression of the 
transferred transgene(s), and also because little effort is required for their cloning and 
production. Despite several unsuccessful attempts using retroviral therapeutics, a new 
generation of vectors with improved genome integration and safety characteristics are now 
available, making them a useful tool for several gene therapy applications (Maier et al., 
2010). On contrary, adeno-associated vectors (AAV) are characterized by low frequency of 
random integration into the genome and moderate immune response. This makes AAV an 
attractive platform for vector design. Like in most other vector systems, the tropism of AAV 
vectors limits their utility for certain tissues especially upon systemic application. However, 
the tropism can be modified by targeted capsid modification and the use of different 
serotypes, thus making them a good cell-type specific delivery system (Michelfelder & 
Trepel, 2009).  
Another group of delivery systems includes bacterial vectors (Gardlik et al., 2005). Owing to 
the specific ability of some bacterial strains to colonize hypoxic areas, bacteria found their 
primary application mainly in cancer therapy (Gardlik & Fruehauf, 2010). A number of 
experimental studies have been published to date and several clinical studies employing 
bacterial therapies are currently ongoing. Apart from live bacterial delivery systems, empty 
envelopes of Gram negative bacteria, so called bacterial ghosts are also being explored as a 
potential tool for gene delivery (Kudela et al., 2010). In the upcoming sections we 
specifically focus on modulation of angiogenesis-related events using bacterial vectors. 

3.1 Bacteria – mediated gene therapy 
The first attempts at using bacteria for therapeutic purposes were made more than 40 years 
ago. At this time, it was discovered that bacteria could predominantly replicate in solid 
tumors (Moese & Moese, 1964). However, the first indications of this phenomenon date back 
to 19th century. These findings remained largely unexplored until the turn of 20th century, 
when oncolytic bacteria capable of lysing host cells were first studied by various research 
groups (Theys et al., 2001; Yazawa et al., 2000).  
Despite recent progress, only a few recent studies on bacterial tumor therapy have focused 
on antiangiogenic therapy. Although effects on the vasculature were observed in most of 
these studies, these changes seemed to be a consequence mainly of bacteria-mediated 
therapy. Bacteria-mediated antiangiogenesis tumor therapy, however, is a reasonable 
approach given that solid tumors are often characterized by increased vascularization. 
Herein we summarize latest research on cancer therapy using genetically modified bacteria 
with particular emphasis on the potential of blocking tumor angiogenesis. 

3.2 Bacteria affecting angiogenesis 
Pronounced angiogenesis is one of the hallmarks of solid tumors. Therefore, in order to 
search for more efficient anticancer drugs efforts are being made to block tumor 
angiogenesis. Despite notable successes achieved in studies using oncolytic bacteria for 
cancer treatment, bacteriolytic therapy in and of itself is often insufficient for complete 
eradication of experimental tumors (Agrawal et al., 2004). The idea of using combined 
therapy with bacteria and angiogenesis inhibition has therefore been suggested. 
Below are reviewed four different approaches for using modified bacteria as anticancer 
therapeutics – bactofection, DNA vaccination, alternative gene therapy and bactoference – 
with a focus on angiogenesis suppression (Figure 1). 
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Fig. 1. Antitumor effect of bacteria colonizing tumor tissue. Auxotrophic bacteria specifically 
colonize tumors with necrotic and hypoxic areas (panel on the left). The anticancer effect of 
bacteria can be exerted in four different ways: (a) Bactofection – after escaping the vessel 
and entering the target cell, bacteria disrupt and release a plasmid vector encoding the 
therapeutic gene. The plasmid is transferred into the cell nucleus and the therapeutic protein 
is expressed by the host cell’s expression system (blue square symbol). (b) DNA vaccination 
– bacteria deliver therapeutic plasmid into the host cell in a similar way as in bactofection. 
The host cell may in this case be an antigen presenting cell. The plasmid encodes a tumor 
cell-expressed antigen to help prime a T-cell response against the tumor antigen which is 
present on the surface of tumor cells leading to induction of humoral and cellular immune 
response against the tumor. (c) Bacterial protein delivery – bacteria, either in extracellular 
environment or inside tumor cells, express the therapeutic gene directly and serve as protein 
delivery vehicles (red square symbol). (d) Bacterial delivery of RNA interference – bacteria 
deliver plasmid encoding shRNAs or express the shRNAs to induce RNA interference 
against an oncogene or a tumor-expressed factor. 

3.3 Bactofection 
The use of bacteria as a vector for the delivery of therapeutic genes to target cells is known 
as bactofection, and several studies have used this approach to deliver genes encoding 
antiangiogenic molecules to tumor cells in vivo. A study was made using Salmonella choleraesuis 
strain bearing gene encoding endostatin on eukaryotic expression plasmid (Lee et al., 2004). 
The expression of endostatin was targeted exclusively to tumor tissues colonized by bacteria 
and significant inhibition of tumor growth (40-70%) with decreased intratumoral microvessel 
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have now been used in more than 350 gene-therapy studies. Retroviral vectors are 
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density and reduced expression of vascular endothelial growth factor (VEGF) was observed. 
Bactofection using auxotrophic salmonellae as vectors has also been effectively employed for 
therapy of experimental tumor models using expression plasmids carrying various cytokine 
genes such as IL-12 and GM-CSF (Yuhua et al., 2001), IL-4 and IL-18 (Agorio et al., 2007) or 
other molecules playing role in angiogenesis, such as Flt3 ligand (Yoon et al., 2007). Further, a 
dual tumoricidal and antiangiogenic effect of S. choleraesuis carrying an expression plasmid 
containing the thrombospondin-1 gene under control of eukaryotic promoter was observed in 
a murine model of malignant melanoma (Lee et al., 2005). A potential limitation of bactofection 
for cancer therapy is the fact that the effector molecule will likely be expressed exclusively in 
cells infected by bacteria, leaving a potentially large population of tumor cells untreated. 
However, if the product of the transgene is secreted outside the target cell, it may still have a 
therapeutic effect on non-infected tumor cells.  

3.4 DNA vaccination 
It is known that bactofection of plasmids encoding a tumor-expressed antigens can lead to 
induction of humoral and cellular immune response in the host thereby providing 
protective defense against tumors (R. Xiang et al., 2000). This approach, termed DNA 
vaccination, has been successfully implemented for antiangiogenic therapy. Oral 
antiangiogenic bacterial vaccines directed against VEGFR-2 were proven to be efficacious in 
animal models of malignant melanoma, colorectal carcinoma and lung cancer (Niethammer 
et al., 2002) as well as non-cancer diseases like stromal keratitis (Kim et al., 2006) and 
atherosclerosis (Petrovan et al., 2007). Furthermore, salmonella-mediated vaccination 
against murine VEGFR-2 has been successfully combined with classical gene therapy for the 
treatment of malignant melanoma (Lu et al., 2008). Bacterial vaccines directed against the 
apoptosis inhibitor survivin (Xiang et al., 2005) and the TGF-β1 co-receptor endoglin (Lee et 
al., 2006) also proved to be effective in inhibition of tumor angiogenesis. Taken together, 
these findings underscore the key role of angiogenesis in cancer as well as other diseases 
and, at the same time, highlight the complexity of this essential process.  

3.5 Alternative gene therapy 
Another means of using bacteria for gene therapy is the so-called alternative gene therapy 
(AGT) approach, which is also known as bacterial protein delivery (Palffy et al., 2006). It is 
based on transfer of bacterially expressed therapeutic proteins to the host organism using 
genetically modified (transformed) bacteria. As with bactofection, AGT is mostly used for 
treatment of tumors and employs primarily oncolytic and tumor-colonizing bacterial strains of 
Clostridia, Bifidobacteria or Salmonellae (Theys et al., 2001; Zheng et al., 2000). Li et al., 
successfully used Bifidobacterium adolescentis as a vector for the expression of endostatin within 
tumors (Li et al., 2003). These authors showed a strong inhibition of angiogenesis was able to 
significantly to inhibit local tumor growth. In another study, Bifidobacterium longum was shown 
to efficiently deliver the antiangiogenic protein endostatin to murine liver tumors, and induce 
antitumor activity (Fu et al., 2005). Furthermore, the antitumor effect was enhanced by co-
administration of the same bacterial strain expressing tumor necrosis factor-related apoptosis 
inducing ligand (TRAIL) (Hu et al., 2009). These findings emphasize the need for combination 
therapy, in which multiple antitumor pathways are inhibited. In situ production of cytokines 
by bacteria represents a cost-effective and safe alternative mainly to systemic administration 
which can be associated with unwanted side-effects. However, in recent study employing 

 
Approaches in Gene Therapy of Cancer and Cardiovascular Diseases 

 

69 

Listeria monocytogenes as a vehicle for tumor specific gene and protein delivery, bactofection 
proved to be more efficient than AGT (Stritzker et al., 2008).  
Interestingly, previously unknown antiangiogenic effects have recently been discovered for 
a variety of molecules involved in the immune response and cellular apoptosis mainly due 
to extensive ongoing research in the field of cancer therapy. Bacteria in gene therapy, 
differences between bactofection and AGT, advantages and disadvantages as well as 
specific application of both approaches are discussed in detail in our review article (Palffy et 
al., 2006).  
In spite of great success in a preclinical setting, the application of bacteria for human tumor 
therapy has not been particularly efficacious, although this approach was well tolerated in 
most studies (Cunningham & Nemunaitis, 2001; Nemunaitis et al., 2003; Toso et al., 2002). In 
light of above-mentioned findings, however, we would suggest that angiogenesis would be 
a meaningful target for further experimental and clinical studies of bacteria-mediated 
anticancer therapy, particularly if used in conjunction with oncolytic strains of bacteria. 

3.6 Bactoference – bacteria-mediated RNA interference 
A promising new approach for bacteria-mediated anticancer therapy is the combination of 
two distinct methodologies: bacteriotherapy and RNA interference. Bacteria that have 
engineered to produce and deliver short interfering RNA (siRNA) represent a novel tool for 
the efficient induction of RNA interference (RNAi) in host cells. This concept herein termed 
“bactoference” was first tested at the in vitro level in 2005 by Zhao et al., (Zhao et al., 2005). 
These authors showed that siRNAs produced by invasive E. coli strain could induce RNAi 
against in mammalian cell cultures. The first in vivo demonstration of bactoference was 
provided by Xiang et al., who showed that invasive E. coli capable of producing beta-catenin 
shRNA could induce RNAi in colonic epithelial cells and colonic tumors xenografted into 
nude mice (Xiang et al., 2006). To date, however, bactoference has not been used to directly 
target angiogenesis, although some of the targets explored (beta-catenin, STAT3 and bcl-2) 
are known to augment angiogenesis via their effects on the expression of various 
proangiogenic factors. Thus, antitumor effects of knocking down these targets may, in part, 
be related to suppression of blood vessel formation. However, a number of studies using 
“non-bacterial” application of siRNA against VEGF (Jia et al., 2007), HIF-1α (Jiang et al., 
2006) and other angiogenesis-related molecules indicates that inhibition of endothelial cell 
proliferation and new blood vessel formation is a viable target for RNAi-based treatment of 
cancer as well as other diseases.  

4. Antioxidant gene therapy 
Reactive oxygen and nitrogen species may remodel the extracellular matrix and blood 
vessels, cause endothelial dysfunction, induce apoptosis, exacerbate inflammatory reaction, 
regulate cell proliferation and key signal transduction pathways, and inhibit histone 
deacetylase activity involved in hypertension (Cohen and Tong, 2010; Fostermann, 2010).  
Overproduction of reactive oxygen species plays an important role in a number of 
cardiovascular pathologies, including hypertension, atherosclerosis, myocardial infarction, 
ischemia/reperfusion injury, and restenosis after angioplasty.  
In this section we focus on gene therapy research using experimental models of 
cardiovascular diseases and hypertension.  
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4.1 NO levels and the superoxide dismutases 
There are at least two major strategies of modulation of nitric oxide (NO) levels in 
hypertension and cardiovascular diseases: (i) modulation of NO levels by NO synthase 
(NOS) stimulation, increase in NO bioavailability, administration of NO donors or 
precursors, and NOS gene incorporation; (ii) scavenging of superoxide and suppression of 
oxidative stress by activation of antioxidant gene expression or by suppression of selected 
genes via knock-out or RNA silencing (Dovinova, Gardlik et al., 2009).  
NO reacts with superoxide at a rate three times faster than the dismutation of superoxide by 
superoxide dismutase (SOD). Because of the efficiency of the reaction, the local 
concentration of SOD is a key determinant of bioactivity (the biological half-life) of NO. 
Individual SOD isoform in different cell compartments (cytosol, mitochondria, extracellular 
space) protects against superoxide-mediated cytotoxicity and functioning as a signaling 
molecule (Mendez, 2005). SOD enzymes therefore play an important role in cardiovascular 
tissue by protecting NO against oxidative inactivation by superoxide and they are important 
in vasodilatation and in the protection of NO bioactivity in blood vessel walls (Gongora & 
Harrison, 2008).  
Gene transduction of individual SOD genes (Chu et al., 2003; Zimmerman et al., 2004; 
Dovinova et al., 2008; Kamezaki et al., 2008) or combination of both SOD and NOS 
transgenes (Kung et al., 2008,) has positive influence on experimental hypertension. This 
protective effect is the end results of an increase in tissue level of NO and the decreases in 
oxidative stress (Chan et al., 2006) and peroxynitrite production (a cytotoxic molecule 
generated by reaction between superoxide and NO) (Kishi et al., 2004). The SOD genes are 
the first natural antioxidant defenses of an aerobic cellular system. The following subsection 
deals with gene therapies by individual SOD isoforms (alone or combined with other genes) 
and about their influence on the mechanisms of the cardiovascular disease. 

4.2 Antioxidant gene therapy of the cardiovascular system with the SOD 1 gene  
The connection between the influence of angiotensin II (Ang II) and the increased 
superoxide production by activation of NAPDH oxidase has been observed in animal 
studies (Paravicini and Touyz, 2004; Zimmerman et al., 2004, Chan et al., 2005) and patients 
with cardiovascular complications (Yokoyama et al., 2000). Peripheral angiotensin II exerts 
potent effects on blood pressure and cardiovascular function through its actions on neurons 
located in specialized brain regions called the circumventricular organs, in particular the 
subfornical organ (SFO). Zimmerman et al., (2004) reported that following peripheral 
infusion of Ang II at initially subpressor doses, there was a gradually developing 
hypertension paralleled by an increase in superoxide production in the SFO. Using the 
adenoviral vectors for in vivo gene delivery, they found that both the superoxide production 
and the hypertension were prevented by an overexpression of CuZnSOD (also known as 
SOD1) in the SFO, whereas ECSOD (also known as SOD3) was ineffective. Ang II receptors 
are also highly expressed in brain stem cardiovascular centers, including the rostral 
ventrolateral medulla (RVLM) and nucleus tractus solitarii (NTS). Activation of Ang II 
receptors in the RVLM (Gao et al., 2004; Kishi et al., 2004; Chan et al., 2005) or NTS (Hirooka, 
2008) promotes neurogenic hypertension. This induced hypertension can also be prevented 
by protection against oxidative stress via treatment with in situ gene transduction of SOD1 
(Chan et al., 2006). Using a gene therapy based on SOD1 gene transduction by a bacterial 
gene delivery system it was found that such application decreases the blood pressure, 
regulates SOD and NOS activities, and decreases oxidative stress response (Dovinova et al., 
2008).  
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The overexpression of cytoplasm-targeted superoxide dismutase via an adenoviral vector 
(AdSOD1) efficiently scavenges angiotensin-II–induced increases in intracellular 
superoxide, markedly attenuates the increase in [Ca2+]i and suggests a potential intracellular 
signaling mechanism involved in Ang II–mediated oxidant regulation of central neural 
control of blood pressure (Zimmerman et al., 2005).Genetically-altered mice and rats have 
been generated which overexpress SOD1. Compared with nontransgenic controls, mRNA 
for CuZn-SOD1 and SOD activity are increased several-fold in the vascular and non-
vascular tissues, decreased vascular superoxide levels in atherosclerosis and diabetes to 
improve endothelial function and to protect in a model of fluid percussion injury that 
produces impairment of autoregulation (Faraci & Didion, 2004) 
Downregulation of antioxidant gene expression and enzyme activity may underlie the 
augmented levels of superoxide and hydrogen peroxide in the RVLM, leading to oxidative 
stress and hypertension in the spontaneously hypertensive rats (SHR). A causative 
relationship between biochemical correlates of oxidative stress and neurological 
hypertension was established after a gene transfer by microinjection of adenovirus encoding 
SOD1 and MnSOD (also known as SOD2) or catalase (CAT) into brain (RVLM), which 
promoted a long-term reduction of blood pressure in SHR (Chan et al., 2006).  

4.3 Antioxidant gene therapy of the mitochondrial dysfunction with the SOD 2 gene 
Mitochondrial dysfunction is a prominent feature of most cardiovascular diseases and 
hypertension and is associated with the deterioration of mitochondrial energy production in 
several organs such as the liver, the heart and the brain (Chan et al., 2009a, b). In the 
myocardium of the SHR, the evidence that points to the occurrence of mitochondrial 
dysfunction includes the decrease of cytochrome oxidase activity, ATP production, and 
inorganic phosphate translocator activity (de Cavanagh et al., 2006). Attenuated intracellular 
ATP content, results in a long-term maintenance of elevated blood pressure by increasing in 
sympathetic outflow, whereas augmented ROS production following mitochondrial 
dysfunction lowers the capacity of the NO-dependent vascular relaxation. The stationary 
elevated blood pressure in chronic arterial hypertension should be regarded as a 
compensatory response to decreased mitochondrial ATP synthesis (Postnov et al., 2007).  
Depletion of p22phox subunit of NADPH oxidase with small interfering RNA inhibited Ang 
II–mediated mitochondrial ROS production. Ang II depletes mitochondrial glutathione, 
increases state 4 and decreased state 3 respirations, and diminishes the mitochondrial 
respiratory control ratio. It also prevents the Ang II–induced decrease in endothelial NO and 
mitochondrial membrane potential. Therefore, Ang II induces mitochondrial dysfunction 
via a protein kinase C–dependent pathway by activating the endothelial cell NADPH 
oxidase and formation of peroxynitrite. Furthermore, mitochondrial dysfunction in response 
to Ang II modulates endothelial NO and superoxide generation, which in turn has 
ramifications for the development of an endothelial dysfunction (Doughan et al., 2008). In 
the brain stem cardiovascular neurons in the RVLM, mitochondrial superoxide mediates the 
rebound hypertension induced by the eNOS transgene in SHR (Kung et al., 2008). 
Mice lacking iNOS(-/-) exhibits extensive cytoplasmic swelling and degeneration of 
mitochondria, decrease in the resting indices of cardiac function as well as an impairment in 
the positive inotropic actions of isoproterenol following treatment with adriamycin 
compared to nTg mice. Cardiac troponin, creatine phosphokinase, and lactate 
dehydrogenase levels are significantly increased after adriamycin treatment in iNOS(-/-) 
mice However, when iNOS(-/-) mice are crossed with SOD2 overexpressing animals, 
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by protection against oxidative stress via treatment with in situ gene transduction of SOD1 
(Chan et al., 2006). Using a gene therapy based on SOD1 gene transduction by a bacterial 
gene delivery system it was found that such application decreases the blood pressure, 
regulates SOD and NOS activities, and decreases oxidative stress response (Dovinova et al., 
2008).  
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The overexpression of cytoplasm-targeted superoxide dismutase via an adenoviral vector 
(AdSOD1) efficiently scavenges angiotensin-II–induced increases in intracellular 
superoxide, markedly attenuates the increase in [Ca2+]i and suggests a potential intracellular 
signaling mechanism involved in Ang II–mediated oxidant regulation of central neural 
control of blood pressure (Zimmerman et al., 2005).Genetically-altered mice and rats have 
been generated which overexpress SOD1. Compared with nontransgenic controls, mRNA 
for CuZn-SOD1 and SOD activity are increased several-fold in the vascular and non-
vascular tissues, decreased vascular superoxide levels in atherosclerosis and diabetes to 
improve endothelial function and to protect in a model of fluid percussion injury that 
produces impairment of autoregulation (Faraci & Didion, 2004) 
Downregulation of antioxidant gene expression and enzyme activity may underlie the 
augmented levels of superoxide and hydrogen peroxide in the RVLM, leading to oxidative 
stress and hypertension in the spontaneously hypertensive rats (SHR). A causative 
relationship between biochemical correlates of oxidative stress and neurological 
hypertension was established after a gene transfer by microinjection of adenovirus encoding 
SOD1 and MnSOD (also known as SOD2) or catalase (CAT) into brain (RVLM), which 
promoted a long-term reduction of blood pressure in SHR (Chan et al., 2006).  

4.3 Antioxidant gene therapy of the mitochondrial dysfunction with the SOD 2 gene 
Mitochondrial dysfunction is a prominent feature of most cardiovascular diseases and 
hypertension and is associated with the deterioration of mitochondrial energy production in 
several organs such as the liver, the heart and the brain (Chan et al., 2009a, b). In the 
myocardium of the SHR, the evidence that points to the occurrence of mitochondrial 
dysfunction includes the decrease of cytochrome oxidase activity, ATP production, and 
inorganic phosphate translocator activity (de Cavanagh et al., 2006). Attenuated intracellular 
ATP content, results in a long-term maintenance of elevated blood pressure by increasing in 
sympathetic outflow, whereas augmented ROS production following mitochondrial 
dysfunction lowers the capacity of the NO-dependent vascular relaxation. The stationary 
elevated blood pressure in chronic arterial hypertension should be regarded as a 
compensatory response to decreased mitochondrial ATP synthesis (Postnov et al., 2007).  
Depletion of p22phox subunit of NADPH oxidase with small interfering RNA inhibited Ang 
II–mediated mitochondrial ROS production. Ang II depletes mitochondrial glutathione, 
increases state 4 and decreased state 3 respirations, and diminishes the mitochondrial 
respiratory control ratio. It also prevents the Ang II–induced decrease in endothelial NO and 
mitochondrial membrane potential. Therefore, Ang II induces mitochondrial dysfunction 
via a protein kinase C–dependent pathway by activating the endothelial cell NADPH 
oxidase and formation of peroxynitrite. Furthermore, mitochondrial dysfunction in response 
to Ang II modulates endothelial NO and superoxide generation, which in turn has 
ramifications for the development of an endothelial dysfunction (Doughan et al., 2008). In 
the brain stem cardiovascular neurons in the RVLM, mitochondrial superoxide mediates the 
rebound hypertension induced by the eNOS transgene in SHR (Kung et al., 2008). 
Mice lacking iNOS(-/-) exhibits extensive cytoplasmic swelling and degeneration of 
mitochondria, decrease in the resting indices of cardiac function as well as an impairment in 
the positive inotropic actions of isoproterenol following treatment with adriamycin 
compared to nTg mice. Cardiac troponin, creatine phosphokinase, and lactate 
dehydrogenase levels are significantly increased after adriamycin treatment in iNOS(-/-) 
mice However, when iNOS(-/-) mice are crossed with SOD2 overexpressing animals, 
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mitochondrial injury is ameliorated to the level of the wild type (Cole, 2006). Mice 
completely deficient in Mn-SOD die within a few weeks after birth and exhibit a variety of 
phenotypes (depending on the genetic background) including neurodegeneration, cardiac 
abnormalities, and extensive mitochondrial damage (Faraci & Didion, 2004) 
In Ang II-induced neurogenic hypertension or in SHR, mitochondrial electron transport 
capacity in the RVLM is reduced, accompanied by an increase in generation of 
mitochondrial superoxide and hydrogen peroxide (Chan et al., 2009a). Overexpression of 
SOD2 ameliorates mitochondrial oxidative stress and the induced antihypertension.  

4.4 Antioxidant gene therapy of the cardiovascular system with the SOD 3 gene and 
RNA silencing 
The degree of hypertrophy, ventricular dilatation, and myocardial fibrosis was markedly 
increased in mice lacking extracellular SOD (SOD3) and gene transfer of cDNA encoding 
membrane-bound SOD3 reduces vascular superoxide levels as well as arterial pressure in 
SHR (Chu et al., 2009). A deficiency in SOD3 does not alter the baseline blood pressure but 
increases the arterial pressure in models of hypertension that are greater in SOD3–deficient 
mice than in controls. Studies using overexpression strategies have revealed protective 
effects of SOD3 on blood vessels. Gene transfer of SOD3 reduced vascular superoxide levels 
during atherosclerosis in SHR. Effects of overexpression of SOD3 using this approach on 
endothelial function have varied (Faraci & Didion, 2004). 
Depletion of NADPH oxidase subunits with small interfering RNAs - another approach in 
gene therapy - inhibits ROS production and, thus, has the potential to reduce blood 
pressure. Silencing of p22phox component of NADPH oxidase in vivo by RNAi resulted in 
reduced ROS and mean atrial pressure in angiotensin II-induced hypertension in rats 
(Modlinger et al., 2006). Knock-down of several molecular targets by silencing of matrix 
metalloproteinase-7 (Wang et al., 2009), angiotensin-converting enzyme (He et al., 2009) or 
β1-adrenergic receptor (Arnold et al., 2007) using systemic RNAi results in attenuation of 
hypertension and stops the development of cardiac hypertrophy in SHR.  

5. Conclusion 
Modulation of angiogenesis is of great importance from experimental, pathophysiological 
and especially clinical point of view. However, further research is needed to fully delineate 
the most effective way to target angiogenesis for treatment of cancer and cardiovascular 
diseases. The application of new approaches using bacteria for the transfer of therapeutic 
genes or the production of therapeutic protein or small RNAs has the potential to 
significantly advance cancer gene therapy. Recent studies indicate that treatments targeting 
a single molecule/pathway, even if it has pleiotropic effects, are unlikely to be completely 
effective; however, if the natural anti-tumor activity inherent to some anaerobic bacteria 
strains can be successfully combined with their ability to deliver agents targeting tumor 
angiogenesis, apoptosis or the immune system, this will represent a significant step toward 
reaching this important goal.  
This chapter summarizes the preclinical and clinical studies and the use of animal models to 
provide evidence for potential benefit from angiogenic and antioxidant gene therapy. Gene 
therapy with the use of antioxidant genes may offer a promising approach for treatment of 
cancer and cardiovascular diseases in patients not suitable for conventional therapies. 
However, one must realize that in animal models before the experimental data can be 
translated to clinical trials, shortcomings of antioxidant gene therapy, for example the 

 
Approaches in Gene Therapy of Cancer and Cardiovascular Diseases 

 

73 

limited duration of transgene expression, low efficacy of the transgene expression in the 
target organs or tissues, and potential immune responses to the transgenes, must be 
resolved. Specifically related to the use of antioxidant enzymes in gene therapy is the fact 
that reactive oxygen species not only mediate pathological events but are also required for 
normal cell signaling. This double-edged sword nature of the reactive oxygen species in 
regulation of cellular phenotypes under physiological and pathological conditions poses 

challenges to the application of gene therapy for early treatment of disease condition. 
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1. Introduction 
In 2006, the prevalence of total cardiovascular disease in the US was 81.1 million people, out 
of which 17.6 million people had coronary heart disease (1). Heart failure, the progressive 
loss of cardiac contractile performance, affects approximately 5 million Americans, with 
estimated medical costs of $21-50 billion dollars per year (2). Current pharmacologic 
therapies focus on symptomatic treatment and halting the progression of the disease (1). 
Interventional or surgical procedures in the treatment of cardiovascular disease are often 
restricted to a limited time frame, with heart transplantation patients reliant upon donor 
hearts that are in great demand. 
In recent years, gene therapy studies have made significant progress in the successful 
treatment of numerous disease conditions using a variety of different approaches.   
Generally, gene therapy can be classified into two categories: germ line gene therapy where 
germ cells are modified by the introduction of functional genes which can subsequently be 
passed on to later generations, and somatic gene therapy where therapeutic genes are 
transferred into somatic cells of a patient.  Another form of gene therapy known as cell-
mediated gene therapy is where pluripotent stem cells or progenitor cells are delivered to 
the injured tissue/organ.  The focus of this article will be the modification of disease 
phenotypes through genetic engineering and transgenic expression of contractile and 
calcium regulatory proteins. 

2. Gene therapy and mouse models of disease 
The diseases that were initially targeted for gene therapy were associated with blood 
disorders or cancers.  For example, a decade ago, Pawlink et al demonstrated correction of 
sickle cell disease in a transgenic mouse model using a  globin gene variant being 
expressed in a lentiviral vector (3).  Hemophilia A was successfully treated in mouse and 
dog models using adenoviral vectors expressing factor VIII (4).  With the great promise of 
gene therapy in the treatment of disease, the field expanded rapidly with numerous mouse 
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models having a wide variety of diseases being the target of various therapeutic approaches.  
For example, mouse models of cystic fibrosis, atherosclerosis, various cancers, and several 
retinal diseases using different methodological approaches showed great promise for 
successful treatment (5-10).  Cardiovascular diseases have also been treated using gene 
therapy, targeting defined animal models of cardiac disease.  Some of these models of 
cardiac disease were associated with ischemic heart disease, heart failure, and hypertrophic 
cardiomyopathy. 
Currently, adeno-associated virus vectors are the most potent and promising vectors used 
for delivery of transgenes to the heart (11, 12).  They exhibit efficient uptake, stable long-
term expression of transferred genes, and tissue specificity dependent upon the viral 
serotype (13).  Of the 11 identified serotypes of adeno-associated viruses, types 6, 8, and 
specifically 9, have tropism for the heart (14, 15).  In addition to transgenes, these vectors can 
also deliver microRNAs to the heart which can regulate the simultaneous expression of 
multiple genes (11). 
In this review, we discuss the current studies using in vivo models of hypertrophic 
cardiomyopathy.  We describe various mouse models of hypertrophic cardiomyopathy and 
the different approaches that have been shown to be beneficial in improving cardiac 
pathology and function.  In using these models and testing various therapeutic approaches, 
a determination of the most effective means for improving cardiomyopathic disease can be 
elucidated. 

3. Familial hypertrophic cardiomyopathy 
Familial Hypertrophic Cardiomyopathy (FHC) is a genetic disease caused by autosomal 
dominant mutations in genes encoding sarcomeric contractile proteins.  Hundreds of 
disease causing mutations in any of 10 genes can result in FHC.  These mutations occur in 
both thick and thin filament proteins, including myosin heavy and light chains, myosin 
binding protein C, actin, troponins I and T, and -tropomyosin.  Most of these mutations are 
missense mutations with single amino acid residue substitutions.  The overall prevalence of 
hypertrophic cardiomyopathy is approximately 1 in 500 people; however, many of these 
individuals exhibit mild symptoms only with late onset in life.  Pathologically, FHC is 
characterized by left and/or right ventricular hypertrophy that occurs in the absence of an 
increased external load, in addition to intraventricular septal hypertrophy (16).  Left 
ventricular outflow tract obstruction, diastolic dysfunction, and myocyte hypertrophy and 
disarray are often found.  Other common symptoms include myofibrillar disarray and 
fibrosis, increased calcium sensitivity of myofilaments, and cardiac arrhythmias that may 
lead to premature sudden death and/or heart failure.  An interesting feature is that these 
symptoms are quite variable, ranging from mild cardiac hypertrophy and no symptoms to 
marked hypertrophy with diastolic heart failure and sudden death (17).  These variable 
clinical phentoypes strongly suggest that a specific FHC mutation in a contractile protein 
seemingly can be modified by environmental factors and modifier genes. For example, 
pathological symptoms associated with FHC mutations in the troponin T gene appear to be 
minimal; however, most of these patients die of sudden cardiac arrest (18).   Patients with 
FHC mutations in the -tropomyosin (-Tm) gene exhibit a wide phenotypic range of 
symptoms.  In the United States, a small percentage (<5%) of FHC patients have mutations 
in -Tm with relatively benign symptoms (19).  In Japan, the incidence of FHC patients with 
mutations in -Tm is still relatively low, but the symptoms are more pathological (20, 21).  
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Interestingly, in Finland, FHC mutations in the -Tm gene have a very high incidence rate 
(11%) among contractile proteins and are a leading cause of FHC; this is most likely due to a 
“founder’s effect” (22). The pathology of FHC with -Tm mutations is quite severe in the 
Finnish population with a majority of the patients exhibiting a dramatic phenotype.  This 
variability in incidence and phenotype associated with the Tm cases in different populations 
most likely reflects environmental factors and modifier genes in altering the onset and 
pathological symptoms of FHC. 
There are 11 mutations in -Tm that lead to FHC.  These mutations are scattered throughout 
the -Tm protein, with the majority of them occurring in one of the troponin T binding 
regions (amino acids 175-190).  Since Tm is an -helical coiled coil protein that dimerizes 
with itself, and binds to both actin and troponin T, the charge of each specific amino acid 
residue can play a critical role in both its own structure and in its interaction with its 
binding partners.  In order to gain a greater understanding of the molecular and 
physiological mechanisms that lead to FHC, we developed 2 transgenic mouse models that 
incorporate FHC mutations in -Tm (23-25).  Since there is 100% amino acid conservation 
between mouse and human -Tm sequence, the FHC mutant -Tm protein in the transgenic 
mice is identical to the protein that is found in human patients.  The first model entailed a 
substitution of an asparagine for aspartic acid at codon 175 (Asp175Asn).  These mice 
develop a mild hypertrophic phenotype, coupled with systolic and diastolic dysfunction 
(23).  The cardiac myofilaments demonstrate increased calcium sensitivity, which is in 
agreement with human studies (26).  We also found a correlation between an increase in 
myofilament calcium sensitivity with a decrease in relaxation rate and a blunted response to 
-adrenergic stimulation (27).  The second transgenic mouse model was a substitution of 
glycine for glutamic acid at codon 180 (Glu180Gly) (24, 25).  Pathological changes in the 
hearts of these mice are initially detected by 1 month and include ventricular concentric 
hypertrophy, fibrosis, and atrial enlargement.  These disease-associated changes 
progressively increase and initially resulted in lethality by 6 months of age; more recently, 
some of these mice survive much longer probably due to modifying genes introduced when 
mating the FHC Tm 180 mice with commercial non-transgenic control mice.  Physiological 
analyses show significant alterations in both contraction and relaxation of the heart, with 
increased sensitivity of the myofilaments to calcium.  Isolated cardiomyocytes from the 
Glu180Gly FHC mice also exhibit an increase in calcium sensitivity of force production (28).  
Thus, FHC associated Tm proteins alter myofilament structure and properties in individual 
cardiomyocytes that collectively cause the aberrant function of the entire heart which leads 
to hypertrophic cardiomyopathy. 

4. Rescue of cardiomyopathic mice by contractile proteins 
To determine whether it is possible to rescue FHC mice from their lethality and cardiac 
hypertrophic phenotype, we and others have taken several approaches (29-32).  The first 
approach was to target the myofilaments themselves through the incorporation of proteins 
that counteract the properties exhibited by the FHC mutant Tm 180 protein since 
myofilaments obtained from the hearts of FHC patients and animal models usually exhibit 
an increased sensitivity to calcium with respect to tension development.  This is also true for 
the FHC Tm 180 myofilaments.  To compensate for this increased calcium sensitivity, we 
generated a double-transgenic mouse expressing a chimeric Tm containing the -Tm amino 
terminus and the carboxyl terminus of -Tm, the fetal cardiac isoform (Chi 1) (30).  Previous 
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Interestingly, in Finland, FHC mutations in the -Tm gene have a very high incidence rate 
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myofilament calcium sensitivity with a decrease in relaxation rate and a blunted response to 
-adrenergic stimulation (27).  The second transgenic mouse model was a substitution of 
glycine for glutamic acid at codon 180 (Glu180Gly) (24, 25).  Pathological changes in the 
hearts of these mice are initially detected by 1 month and include ventricular concentric 
hypertrophy, fibrosis, and atrial enlargement.  These disease-associated changes 
progressively increase and initially resulted in lethality by 6 months of age; more recently, 
some of these mice survive much longer probably due to modifying genes introduced when 
mating the FHC Tm 180 mice with commercial non-transgenic control mice.  Physiological 
analyses show significant alterations in both contraction and relaxation of the heart, with 
increased sensitivity of the myofilaments to calcium.  Isolated cardiomyocytes from the 
Glu180Gly FHC mice also exhibit an increase in calcium sensitivity of force production (28).  
Thus, FHC associated Tm proteins alter myofilament structure and properties in individual 
cardiomyocytes that collectively cause the aberrant function of the entire heart which leads 
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4. Rescue of cardiomyopathic mice by contractile proteins 
To determine whether it is possible to rescue FHC mice from their lethality and cardiac 
hypertrophic phenotype, we and others have taken several approaches (29-32).  The first 
approach was to target the myofilaments themselves through the incorporation of proteins 
that counteract the properties exhibited by the FHC mutant Tm 180 protein since 
myofilaments obtained from the hearts of FHC patients and animal models usually exhibit 
an increased sensitivity to calcium with respect to tension development.  This is also true for 
the FHC Tm 180 myofilaments.  To compensate for this increased calcium sensitivity, we 
generated a double-transgenic mouse expressing a chimeric Tm containing the -Tm amino 
terminus and the carboxyl terminus of -Tm, the fetal cardiac isoform (Chi 1) (30).  Previous 
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work demonstrated that myofilaments from these Chi 1 mice have a decreased sensitivity to 
calcium (33, 34).  The double-transgenic mice which were created by crossing the 2 lines 
displayed normalized myofilament calcium sensitivity.  More importantly, the hearts of 
these mice exhibited a normal morphology with no pathological abnormalities and 
improved cardiac function (30).  These mice also displayed a normal life span.  These results 
demonstrate that alterations in calcium response by modifications in contractile proteins can 
prevent the pathological and physiological effects of FHC. 
Restrictive cardiomyopathy (RCM) is a human condition that displays clinical features of 
biatrial dilation, a restricted left ventricle, and sudden cardiac death.  Patients with this 
disease have mutations in cardiac z-line proteins, such as desmin and cardiac troponin I and 
T (35, 36).  Recently, a transgenic mouse model was generated (cardiac TnI193His) that 
displays many of the pathological changes that occur in human patients with RCM, 
including restrictive ventricles, biatrial enlargement, and sudden cardiac death (37, 38).  
These mice were crossed with another transgenic mouse line that expresses a cardiac TnI 
isoform that is truncated at the N-terminus (cTnI-ND) (31, 39); this is a naturally occurring 
TnI isoform that is found at low levels in normal hearts of all examined species.  Transgenic 
mice expressing the cTnI-ND isoform exhibit a normal cardiac phenotype with no evidence 
of hypertrophy or histological abnormalites (31).  Under hemodynamic stress and heart 
failure, the cTnI-ND isoform is increased in expression (40).  The double transgenic mice 
(cardiac TnI193His x cTnI-ND) rescued the lethal phenotype of the cardiac TnI193His RCM 
mutant mice; cardiac function was significantly improved and the myofilaments’ increased 
sensitivity to calcium was reversed (32).  These results, which are similar to those found 
with the FHC Tm180 rescued mice, suggest that calcium desensitization in myofibrils is a 
therapeutic option for the treatment of diastolic dysfunction. 

5. Rescue of cardiomyopathic mice through alterations in calcium handling  
In addition to rescuing cardiomyopathic conditions through treatment with compensatory 
contractile proteins, recent studies have also addressed whether proteins involved with 
calcium handling can play a role in improving the pathological effects of heart disease.  
Reports suggest that Serca2a overexpression can modulate cardiac hypertrophy due to 
removal of calcium from the myofilament region (41-43).  To test whether improvements in 
the hypertrophic phenotype can be achieved through increased Serca2 expression and/or 
activity, we recently treated the FHC Tm 180 mice with Serca2a, the protein involved in re-
sequestering calcium from the cytoplasmic space into the sarcoplasmic reticulum of the 
cardiomyocyte (44).  The approach that we implemented was gene transfer of Serca2a 
ligated to an adenoviral vector with injection into FHC Tm 180 neonatal hearts.  Results 
demonstrated that a single dose of Serca2a in 1-day-old mice improved the heart 
morphology, altered hypertrophic gene expression, and improved cardiac function.  
Histological results showed there was a significant decrease in fibrosis, coupled with a 
decrease in the heart weight:body weight ratio.  Molecular analysis shows that within the 
first 3 weeks, there is a significant decline in ANF and -MHC expression in the Serca2a-
treated FHC Tm 180 mice.  In situ hemodynamic measurements show that by 3 months, the 
hearts from FHC Tm 180 mice treated with Serca2a have significantly improved their 
response to isoproterenol compared to control mouse hearts.  These results demonstrate that 
gene transfer of a single dose of Serca2a can delay the hypertrophic phenotype and improve 
cardiac function in an FHC mouse model that is associated with increased myofilament 
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calcium sensitivity.  As such, the study strongly suggests that Serca2a expression should be 
considered as a potential therapeutic approach in the treatment of FHC. 
The benefits for Serca2a overexpression on cardiac function has been demonstrated in both 
animal models and in human patients.  The sodium-calcium exchanger (NCX), along with 
Serca2a, are the two principle pumps used to remove cytosolic Ca2+ in the heart.  Both 
systolic and diastolic improvements occur with more efficient energy usage in removal of 
Ca2+ from the cytosol.  Results show that Serca2a removes twice as much cytosolic Ca2+ as 
the NCX for each ATP that is hydrolyzed (12).  During heart failure, there is decreased 
expression and function of Serca2a, which is compensated by increased NCX activity, which 
is a less efficient energy process. The ratio of Serca2a to NCX changes from approximately 
75:25 in the healthy human heart to 50:50 in the failing human heart (45).  Normalization of 
the Serca2a:NCX ratio in  heart failure by transgenic or gene therapy approaches appears to 
hold great therapeutic promise.  Studies show that delivery of Serca2a by gene transfer to 
experimental models of heart failure in sheep and swine can largely reverse cardiac 
dysfunction and improve systolic and diastolic performance of the heart (46, 47).  Recently, 
percutaneous administration of Serca2a was conducted in phase 1 and 2 clinical studies in 
humans (48, 49).  Heart failure patients were administered an adeno-associated virus 
expressing Serca2a.  Results showed a majority of patients exhibited marked improvements 
within 6 months, which included improved ejection fraction and end-systolic volume 
measurements.  Thus, the success of these human trials demonstrates that Serca2a may serve 
as a potential treatment modality for heart failure.  Phase 3 clinical trials are expected to be 
initiated soon. 
Another strategy that has been investigated in the treatment of hypertrophic mouse models 
has been to crossbreed these mice with phospholamban (PLB) knockout mice.  PLB is a 
protein that normally inhibits Serca2a activity of calcium re-sequestration into the 
sarcoplasmic reticulum.  Previous work demonstrated that when a heart failure mouse 
model due to overexpression of the -adrenergic receptor was crossed with the PLB 
knockout mouse, systolic function was improved at 1 year; however, cardiac hypertrophy is 
still significant (50).  In a FHC model of myosin binding protein C, cross-breeding with the 
PLB knockout mice failed to rescue the hypertrophy, fibrosis and functional parameters of 
the FHC mutant hearts (51).  In a very recent study, we decided to cross the FHC Tm 180 
mice with the PLB knockout mice (52).  We hypothesized that since Tm is a thin filament 
protein in the sarcomere, which in FHC primarily affects diastolic function and calcium 
sensitivity, deletion of PLB may compensate for these altered physiological parameters by 
increasing the uptake of calcium into the sarcoplasmic reticulum and removing calcium 
from the myofilament space.  Our results demonstrated that PLB ablation in the FHC Tm 
180 mice rescued cardiac pathological changes and cardiac function for up to a year (52).  
The work with Serca2 overexpression and PLB knockout mice suggests that increased Ca2+ 
uptake by the sarcoplasmic reticulum may be a viable target for gene therapy in the 
treatment of FHC with thin filament contractile protein mutations. 
Previous studies from the Metzger laboratory demonstrated that a calcium buffer, 
parvalbumin, could also play a role in ameliorating some of the FHC Tm180 physiological 
alterations (53).  By crossing a parvalbumin transgenic mouse with the FHC Tm 180 mouse, 
they demonstrated that the decreased cardiac relaxation that occurs in the FHC mice was 
corrected.  In addition, the relaxation performance was also corrected in cardiomyocytes 
that were isolated from double transgenic mouse hearts.  Similarly, increased levels of 
parvalbumin expression were also able to rescue a slowed relaxation rate in FHC -Tm 
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the hypertrophic phenotype can be achieved through increased Serca2 expression and/or 
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percutaneous administration of Serca2a was conducted in phase 1 and 2 clinical studies in 
humans (48, 49).  Heart failure patients were administered an adeno-associated virus 
expressing Serca2a.  Results showed a majority of patients exhibited marked improvements 
within 6 months, which included improved ejection fraction and end-systolic volume 
measurements.  Thus, the success of these human trials demonstrates that Serca2a may serve 
as a potential treatment modality for heart failure.  Phase 3 clinical trials are expected to be 
initiated soon. 
Another strategy that has been investigated in the treatment of hypertrophic mouse models 
has been to crossbreed these mice with phospholamban (PLB) knockout mice.  PLB is a 
protein that normally inhibits Serca2a activity of calcium re-sequestration into the 
sarcoplasmic reticulum.  Previous work demonstrated that when a heart failure mouse 
model due to overexpression of the -adrenergic receptor was crossed with the PLB 
knockout mouse, systolic function was improved at 1 year; however, cardiac hypertrophy is 
still significant (50).  In a FHC model of myosin binding protein C, cross-breeding with the 
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sensitivity, deletion of PLB may compensate for these altered physiological parameters by 
increasing the uptake of calcium into the sarcoplasmic reticulum and removing calcium 
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180 mice rescued cardiac pathological changes and cardiac function for up to a year (52).  
The work with Serca2 overexpression and PLB knockout mice suggests that increased Ca2+ 
uptake by the sarcoplasmic reticulum may be a viable target for gene therapy in the 
treatment of FHC with thin filament contractile protein mutations. 
Previous studies from the Metzger laboratory demonstrated that a calcium buffer, 
parvalbumin, could also play a role in ameliorating some of the FHC Tm180 physiological 
alterations (53).  By crossing a parvalbumin transgenic mouse with the FHC Tm 180 mouse, 
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corrected.  In addition, the relaxation performance was also corrected in cardiomyocytes 
that were isolated from double transgenic mouse hearts.  Similarly, increased levels of 
parvalbumin expression were also able to rescue a slowed relaxation rate in FHC -Tm 
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cardiomyocytes that expressed parvalbumin and the FHC mutant Tm that substituted 
valine for alanine at codon 63 (53).  Thus, these studies reinforce the concept that 
modification of calcium handling can rescue functional properties of FHC Tm myofilaments. 

6. Conclusions 
Familial hypertrophic cardiomyopathy is a common disease that is most often associated 
with mutations in the sarcomeric contractile proteins.  Diagnosis and treatment of this 
condition is still in its infancy, although there have been significant advances in the 
understanding of the genetic causes of this disease and the molecular pathways that trigger 
cardiac hypertrophy.  Recent studies implicate calcium itself, and the response to calcium by 
the sarcomere, as playing key roles in the development of hypertrophy.  Various methods 
have been successfully used in animal models of FHC to treat and rescue mice from 
hypertrophy and heart failure.  As such, they have demonstrated a “proof of principle” in 
the successful treatment of this disease.  Some of these treatment methods revolve around 
re-supplying contractile proteins that counteract the physiological consequences caused by 
the mutant FHC proteins.  For FHC mutations that occur in the thin filament and render the 
sarcomere most sensitive to calcium, the compensatory protein must exhibit properties 
associated with a decreased sensitivity to calcium.  Other effective treatments focus on 
removing calcium from the region of the myofilament by enhanced uptake by the 
sarcoplasmic reticulum or the buffering of calcium.  However, considering the large number 
of genes that activate different molecular pathways in contributing to the hypertrophic 
phenotype, it is unlikely that a single treatment strategy will be sufficient in addressing the 
various complexities of this disease.  As such, a wide variety of experimental approaches 
should be pursued so as to design the most effective treatment strategies for the diverse 
hypertrophic phenotypes that are manifest in human patients. 
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1. Introduction  
Gene therapy is defined as the transference of nucleic acids to somatic cells of an individual 
resulting in a therapeutic effect (Yla-Herttuala & Martin, 2000). Among the advantages of 
gene therapy over the existent modalities of treatment are: the selective treatment of affected 
tissues, the possibility of using locally endogenous proteins in cases where its systemic 
application would incur in serious adverse secondary effects, and the possibility of 
therapeutic effects in the long term after a single application (Yla-Herttuala & Alitalo, 2003).  
Despite medical advances in the last 30 years, cardiovascular diseases (CVD) constitute the 
main cause of death on the developed world. Ischemic Heart Disease (IHD) is one of the 
main morbidities in an ageing population. Over 5 million Americans are believed to have 
symptomatic Heart Failure (HF), and every year ~0.5 million patients are diagnosed, with a 
prevalence of 0.5-2% of the general population; the estimated direct and indirect costs of HF 
in the United States is ~$30 billion. HF is a disabling chronic disease and the most frequent 
discharge diagnosis for hospitalization among older adults. Despite the significant resources 
for its treatment, outcomes remain poor. The five-year survival for individuals diagnosed 
with HF is less than 50%, and in end-stage HF one-year survival may be as low as 25% 
regardless of medical therapy, which constitutes one of the dimmest prognosis compared 
with of any malignant disease, with the exception of lung and pancreatic carcinomas (Levy 
et al., 2002; Lloyd-Jones et al., 2002). 
HF constitutes the end stage of most CVD, it has become one of the most researched fields in 
the last 10 years, with significant advances to understand its key mechanisms; and today 
presents a great challenge to modern medicine, because of its persistent high mortality and 
increasing incidence. This can be attributed partially, to the absence of therapies that are 
focused on the key molecular basis of the disease, although the therapeutic approach has 
improved in last the two decades, existing treatments are not ideal due to its broad scope 
and do not have a significant impact on the overall mortality, since they are not sufficient to 
support to the myocardium performance and to increase the global cardiac function. It is for 
this reason that new therapeutic approaches are required, focused to correct the molecular 
defects of HF.  
Among the molecular defects observed during HF, that have been explored as therapeutic 
targets, are the alterations in Ca2+ handling during the excitation-contraction coupling 
(Hoshijima et al., 2002; Iwanaga et al., 2004; Kaprielian et al., 2002; Michele et al., 2004; 
Miyamoto et al., 2000; Most et al., 2004b; Most et al., 2007; Pleger et al., 2007; Pleger et al., 
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symptomatic Heart Failure (HF), and every year ~0.5 million patients are diagnosed, with a 
prevalence of 0.5-2% of the general population; the estimated direct and indirect costs of HF 
in the United States is ~$30 billion. HF is a disabling chronic disease and the most frequent 
discharge diagnosis for hospitalization among older adults. Despite the significant resources 
for its treatment, outcomes remain poor. The five-year survival for individuals diagnosed 
with HF is less than 50%, and in end-stage HF one-year survival may be as low as 25% 
regardless of medical therapy, which constitutes one of the dimmest prognosis compared 
with of any malignant disease, with the exception of lung and pancreatic carcinomas (Levy 
et al., 2002; Lloyd-Jones et al., 2002). 
HF constitutes the end stage of most CVD, it has become one of the most researched fields in 
the last 10 years, with significant advances to understand its key mechanisms; and today 
presents a great challenge to modern medicine, because of its persistent high mortality and 
increasing incidence. This can be attributed partially, to the absence of therapies that are 
focused on the key molecular basis of the disease, although the therapeutic approach has 
improved in last the two decades, existing treatments are not ideal due to its broad scope 
and do not have a significant impact on the overall mortality, since they are not sufficient to 
support to the myocardium performance and to increase the global cardiac function. It is for 
this reason that new therapeutic approaches are required, focused to correct the molecular 
defects of HF.  
Among the molecular defects observed during HF, that have been explored as therapeutic 
targets, are the alterations in Ca2+ handling during the excitation-contraction coupling 
(Hoshijima et al., 2002; Iwanaga et al., 2004; Kaprielian et al., 2002; Michele et al., 2004; 
Miyamoto et al., 2000; Most et al., 2004b; Most et al., 2007; Pleger et al., 2007; Pleger et al., 
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2005; Szatkowski et al., 2001), alterations in the β-adrenergic receptors and their interaction 
with G proteins (Jones et al., 2004a; Koch, 2004; Maurice et al., 1999; Munch et al., 2005; 
Tevaearai et al., 2002), alterations of cellular signaling, including the members of the protein 
kinase C (PKC) family (Hambleton, 2006), and to the production of second messengers by 
the enzyme adenylyl cyclase (Lai et al., 2004). The apoptosis of cardiac myocytes also has 
been mentioned (Chatterjee et al., 2002; Tenhunen et al., 2006). Finally, the use of over-
expressing angiogenic factors, also has been analyzed as alternatives in patients with HF 
secondary to ischemic cardiomyopathy.  
As a therapeutic strategy for CVD, gene therapy is a field that during the last decade has 
experienced a substantial increase in research. Some diseases like hypertrophic 
cardiomyopathy, have a clear-cut genetic basis, arrhythmogenic right ventricular dysplasia, 
and as such constitute a theoretically obvious target. Nevertheless, gene therapy can also be 
used to normalize the expression of genes that undergo down regulation in pathological 
ventricular hypertrophy, where the cardiac myocyte responds to a physiological tension, 
such a pressure or volume overload, by means of the activation of a fetal genetic program, 
with a subsequent downgrade of performance, thus starting a deleterious cycle, with further 
deterioration of cardiac function, as observed in HF. The hypertrophic response is associated 
with a decrease of gene expression of several key proteins, such and myosin heavy 
chains, the Ca2+-ATPase pump of the sarcoplasmic reticulum (SERCA2a) and its regulatory 
protein phospholamban (PLB), and the S100A1 regulatory protein.  
There are diverse strategies used for the treatment of HF, mainly constituted by 
pharmacological therapy that it is mainly focused on a neurohormonal blockade; further 
treatment can be offered with more invasive therapies such as cardiac re-synchronization; 
mechanical unloading with different surgical strategies and the use of left ventricular assist 
devices, which can induce myocardial remodeling at the molecular level normalizing gene 
expression. Currently the only definitive strategy for treatment of end stage HF is cardiac 
transplantation.  However, despite of the advances in the treatment of HF with the addition 
of new drugs and very effective devices, the number of patients with HF is increasing 
(Hamad et al., 2007). Without a great scale effective strategy, regenerative medicine 
including stem cells and gene therapy could provide with a solution to an increasing 
number of patients currently without a therapeutic option. 
While most of the research of gene therapy in CVD has been for HF; it is not limited to 
normalize the expression of down regulated genes, it also offers the possibility of 
modulating inflammatory and angiogenic mediators, which have a key role in several other 
CVD. Ischemic heart disease continues to be one of the main causes of mortality in the 
developed world, and while the treatment by medical, interventional and surgical options, 
has greatly decreased the morbidity and mortality associated, there is still a subset of 
patients that cannot be successfully treated with the current therapeutic options. Thus 
therapeutic angiogenesis in ischemic myocardium, mediated by gene therapy may also be 
an option in a clinical setting. As mentioned the treatment by interventional cardiology 
(PTCA) and surgery (CABG), are highly effective strategies, both with some long term 
drawbacks, specifically intra-stent restenosis in the former, and vein graft disease in the 
later. In both cases gene therapy may provide a key role to enhance, already very successful 
therapies. For example, transient, nonintegrative gene expression has been shown to be 
sufficient to promote neovascularization in the case of angiogenesis. This may also apply to 
antiproliferative strategies for the prevention of neointima formation in patients that 
received PTCA, for the prevention of intra-stent restenosis, or for inhibition of 
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atherosclerosis in venous and arterial grafts. Because cardiovascular diseases are diverse 
and as such have unique traits, they require precise tailoring of gene therapy strategies for 
particular disease. Those features, which may vary include mode of delivery, type of vector, 
length of gene expression, and target tissue. The angiogenic factors that have been object of 
a more exhaustive study are the vascular endothelial growth factor (VEGF) and the 
fibroblast growth factor (FGF). These cytokines can be administered in the form of 
recombinant protein or of the genes that they codify for these proteins. Each of these 
approaches presents a series of advantages and disadvantages that are being investigated in 
detail, in animal models and in clinical tests with humans; and may also become options in 
the clinical setting in a not so distant future. 
Another exciting new target for gene therapy are the electrical and rhythm disturbances in 
the heart. While a number of tachy-arrhythmias have a clear genetic origin in channel 
protein mutations, or calcium modulating proteins, these monogenetic arrhythmias, may 
only benefit a small number of patients, but current research has shown encouraging results 
in the treatment of bradi- and tachy-arrhythmias of multifactorial origin, and also in atrial 
fibrillation. 
In the last decade a significant number of molecular mechanisms have been identified as the 
molecular basis of HF (Yla-Herttuala & Alitalo, 2003). Likewise the possibility of perform 
transference of genomic material in vivo, has been made possible exploring this technique as 
an option to correct the defects present in CVD, under the premise of being a therapy able to 
correct the underlying defects present in the failing heart.  
Although the treatment by transference of genetic material still presents many challenges, 
small clinical tests have already been performed, applying angiogenic factors in ischemic 
cardiomyopathy (Hedman et al., 2003; Kastrup et al., 2005; Stewart et al., 2006). In relation to 
other molecular mechanisms of the HF, as it is mentioned below, several of them are in 
clinical phases in different stages of proximity to a wider clinical setting. The potential that 
has this new therapeutic option, combined to the novelty of its mechanism of action, makes 
imperative that its advantages and disadvantages are known to be able to take advantage of 
this emergent therapeutic option.  
During the late 1990s and early 2000s, gene therapy for CVD, experienced a significant 
expansion, searching for targets that could benefit a large number of patients; while the 
results where promising on experimental models, these were not translated to the clinical 
setting. This added to the rising of stem-cell research, resulted in an abandonment of the 
field, however with the increasing data identifying the molecular basis of HF, it has become 
clearer that a “silver bullet“ is not feasible and a more combinatorial approach may be 
required. Thus the field of gene therapy has experienced a rebirth in the last years. Evidently 
an ideal gene therapy depends on the underlying cause of HF, and as such a multistep 
approach may be required. For example, when utilizing gene therapy for the most common 
cause of HF which is IHD, it may be needed to target endothelial cells to manage the 
atherosclerotic plaques and induce angiogenesis, providing means to inhibit apoptosis of 
hibernating myocardium, and long term inotropic support, reducing cardiac remodeling 
and reducing risk of arrhythmias. This approach clearly illustrates that a “one size fits all” 
approach is impossible, and that manipulation at several levels is needed, in most cases 
gene therapy would be needed to over-express target molecules, modifying of intracellular 
signaling, loss of function by the use of dominant negative molecule or introducing siRNA, 
correction of mutations in the genome; and also combine with cellular therapy by 
introducing genetically modified cells (Vinge et al., 2008). In 2010, the number of gene 
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particular disease. Those features, which may vary include mode of delivery, type of vector, 
length of gene expression, and target tissue. The angiogenic factors that have been object of 
a more exhaustive study are the vascular endothelial growth factor (VEGF) and the 
fibroblast growth factor (FGF). These cytokines can be administered in the form of 
recombinant protein or of the genes that they codify for these proteins. Each of these 
approaches presents a series of advantages and disadvantages that are being investigated in 
detail, in animal models and in clinical tests with humans; and may also become options in 
the clinical setting in a not so distant future. 
Another exciting new target for gene therapy are the electrical and rhythm disturbances in 
the heart. While a number of tachy-arrhythmias have a clear genetic origin in channel 
protein mutations, or calcium modulating proteins, these monogenetic arrhythmias, may 
only benefit a small number of patients, but current research has shown encouraging results 
in the treatment of bradi- and tachy-arrhythmias of multifactorial origin, and also in atrial 
fibrillation. 
In the last decade a significant number of molecular mechanisms have been identified as the 
molecular basis of HF (Yla-Herttuala & Alitalo, 2003). Likewise the possibility of perform 
transference of genomic material in vivo, has been made possible exploring this technique as 
an option to correct the defects present in CVD, under the premise of being a therapy able to 
correct the underlying defects present in the failing heart.  
Although the treatment by transference of genetic material still presents many challenges, 
small clinical tests have already been performed, applying angiogenic factors in ischemic 
cardiomyopathy (Hedman et al., 2003; Kastrup et al., 2005; Stewart et al., 2006). In relation to 
other molecular mechanisms of the HF, as it is mentioned below, several of them are in 
clinical phases in different stages of proximity to a wider clinical setting. The potential that 
has this new therapeutic option, combined to the novelty of its mechanism of action, makes 
imperative that its advantages and disadvantages are known to be able to take advantage of 
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During the late 1990s and early 2000s, gene therapy for CVD, experienced a significant 
expansion, searching for targets that could benefit a large number of patients; while the 
results where promising on experimental models, these were not translated to the clinical 
setting. This added to the rising of stem-cell research, resulted in an abandonment of the 
field, however with the increasing data identifying the molecular basis of HF, it has become 
clearer that a “silver bullet“ is not feasible and a more combinatorial approach may be 
required. Thus the field of gene therapy has experienced a rebirth in the last years. Evidently 
an ideal gene therapy depends on the underlying cause of HF, and as such a multistep 
approach may be required. For example, when utilizing gene therapy for the most common 
cause of HF which is IHD, it may be needed to target endothelial cells to manage the 
atherosclerotic plaques and induce angiogenesis, providing means to inhibit apoptosis of 
hibernating myocardium, and long term inotropic support, reducing cardiac remodeling 
and reducing risk of arrhythmias. This approach clearly illustrates that a “one size fits all” 
approach is impossible, and that manipulation at several levels is needed, in most cases 
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signaling, loss of function by the use of dominant negative molecule or introducing siRNA, 
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introducing genetically modified cells (Vinge et al., 2008). In 2010, the number of gene 
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therapy clinical trials for CVD in the world was 144, representing 8.5% of the total, 
occupying the second place after gene therapy for cancer diseases that represented 64.5% of 
all ongoing gene therapy trials. 
Therefore, it becomes clearer that the possibility that by gene therapy, we could improve the 
cardiovascular function through a normalization and/or modulation of gene expression in 
the near future is one of the most promising and active clinical investigation goals in the 21st 
century. The purpose of this chapter, is to review the current status of the literature in the 
basic and clinical settings, and analyze future perspectives for cardiovascular gene therapy.  

2. Vectors used for cardiovascular gene therapy 
The initial tests to transfer genetic material into the heart were done using plasmid DNA, 
chosen by its easy production and security. Although the first studies showed positive 
results (Fortuin et al., 2003; Tsurumi et al., 1996), in randomized larger tests, where genes 
coding for vascular endothelial growth factor (VEGF) as well other angiogenic factors were 
transferred, they showed that due to its very low efficiency was not a useful technique 
(Kastrup et al., 2005). The use of cationic liposomes in the transference of genetic material in 
cells in culture, does not increase the efficiency of transference in vivo (Laitinen et al., 1997; 
Wright et al., 2001). One of the main problems with the use of plasmid DNA, is the lack of 
response with an increasing dosage (Rutanen et al., 2004). The use of this vector, is 
considered relatively safe, but it has demonstrated in animal models that it can produce 
fever, inflammation and infarcts in the skeletal muscle and in the myocardium (Hedman et 
al., 2003). DNA and RNA oligonucleotides potential to be used as decoys, were mentioned 
over 10 year ago, but their minimum effectiveness in tissues, also discards them for some 
clinical application (Alexander et al., 2005). Due to above factors the viral vectors can be a 
better option for cardiovascular gene therapy (Table 1).  
Small interference RNA (siRNA) is a useful tool to down-regulate the expression of genes in 
vitro, but as an isolated technique has proven to be inefficient in the preclinical and clinical 
setting; thus it was discarded over 10 years ago, as a viable option. However in the recent 
years its combination with viral vectors has reignited the interest on this strategy; and it 
may become a key tool for inhibiting the expression of genes with deleterious effects (Poller 
et al., 2010; Suckau et al., 2009; Yang et al., 2010). 
Among the viral vectors, the retrovirus were the initial choice, because of the limited 
immune response generated and the possibility of a sustained expression (years), 
nevertheless, the retrovirus have several disadvantages for its use on CVD, including low 
efficiency of infection, limited cardiac tropism because they infect mainly dividing cells; and 
also concerns in their safety have been mentioned due to the oncogenic potential (Laitinen et 
al., 1997). Because of this reasons it is a vector in which the interest has decreased. Recently, 
lentivirus have been used mainly to transfer genetic material to cells of the vascular wall, 
they have demonstrated a high efficiency of infection in smooth muscle and elicit a 
minimum immune response, nevertheless, the tropism for myocardium is limited and its 
production in great amounts is difficult, thus currently is not a viable option and requires 
engineering of this vector to improve its utility on a large scale, facilitating its production 
(Kankkonen et al., 2004). Sendaivirus and herpesvirus, have been mentioned as possible 
useful vectors, but sufficient data to this date does not exist on their utility (Masaki et al., 
2001). Currently the adenovirus (Ad), and the adeno associated virus (AAV), are the most 
studied vectors in the cardiovascular gene therapy, since both have demonstrated a great 
effectiveness in cardiac muscle, the vascular wall and the liver (Wright et al., 2001). 
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Vector Advantages Disadvantages 

Naked plasmid DNA Easy to produce. 
Safe. 

Temporary 
expression. 

Low transfer rate. 

Adenovirus 

High transfer rate. 
Easy to produce substantial 

quantities. 
Transfer to quiescent cells. 

Big size transgene (7-30 kb). 
Multiple cell type tropisms. 

Immune response, 
dose dependent. 

Temporary 
expression. 

Adeno associated virus 
(AAV-1, 2, 5, 6, 8, 9) 

Long-term expression. 
Moderate immune response. 
Transfer to quiescent cells. 
High tropism for skeletal 

muscle (AAV-1, -6) and cardiac 
(AAV-8, -9). 

Do not produce diseases in 
humans. 

Limited transgene 
size (5 kb). 
High yield 
production 
difficulties. 

Retrovirus 
Long-term expression. 

Minimal immune response. 
 

Low transfer rate. 
Non-controlled 
integration to 

genome. 
Limited tropism. 
Transfer only on 

dividing cells. 

Antisense oligonucleotides, 
siRNA Easy to produce. 

Limited in vivo 
efficiency. 

Requires high 
transfer rate. 

 

Table 1. Vectors used in Cardiovascular Gene Therapy. 

The first generation Ad, have a very high initial expression, reaching their maximum effect 
in the first days after the material transference, but the expression is diminished after 
approximately 2 weeks (Poliakova et al., 1999; Rissanen et al., 2003; Rutanen et al., 2004). 
Therefore they seem to be useful when a high expression is required for a limited amount of 
time, like in therapeutic angiogenesis for wounds. The repeated administration of Ad for 
gene therapy is not useful in great mammals, since it evokes an important immune 
response. Small doses of Ad produce a minimum inflammatory response in the 
myocardium. The second and third generation Ad, produce a smaller immune response and 
seem to have a prolonged expression, but its utility in gene therapy trials in humans is not 
yet known (Wen et al., 2004). The security of the Ad has demonstrated to be very high in 
clinical trials, being the fever the most important complication.  
The AAV have a number of characteristics that makes them potentially useful for cardiac 
gene therapy, they have a natural tropism towards vascular smooth muscle, skeletal muscle 
and myocardium (Gruchala et al., 2004). They are able to express genes in quiescent cells 
like Ad, and for a long period of time, although the maximum expression is reached in days 
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(Su et al., 2004). Because they do not produce diseases in the human, the inflammatory 
response that they generate is minimum; the native AAV are able to integrate themselves to 
the human genome, but modified AAV vectors cannot, and maintain their long term 
expression by means of episomal associations with the genomic DNA, thus reducing the risk 
of mutagenic and oncogenic insertions, a threat that at least theoretically is present with 
other vectors of long term expression like the retrovirus (Schnepp et al., 2003). In murine 
and rodent models single stranded (ss) AAV6, self-complementary (sc) AAV6 and ssAAV9 
are capable of long term expression after transference of genetic material to the 
cardiomyocytes, however it has not been reproduced in large animals. Recently it has been 
proposed that the highest levels of expression in large animals, are obtained using scAAV6 
vectors, delivered through surgical methods (White et al., 2011). 

3. Routes of administration 
The transference of genetic material to the heart can be obtained by three different routes, by 
intravascular transference, ex-vivo transference, and by intra-organ injection, in the 
following sections we describe in more detail these routes.  

3.1 Intravascular transference  
For the intravascular transference, different systems using catheters have been developed to 
improve penetration of the vectors through the intima vascular layer. Nevertheless the 
transference in vascular athrosclerotic injuries with calcifications, deposits of cholesterol, 
infiltrated and continuous inflammation are a significant obstacle to achieve satisfactory 
transfer (Laitinen et al., 1998). The use of porous stents, in which the vectors with 
therapeutic genes can be eluted, has been proposed as an option to improve the 
transference, but currently has not been sufficiently explored (Sharif et al., 2006; Walter et 
al., 2004). The ideal route of administration for gene therapy is an intravenous vector, but 
the required amount of virus to obtain an optimal expression in great mammals, is probably 
very high to consider it safe for humans.  

3.2 Ex vivo transference 
The ex vivo administration is a combination of the cellular therapy and gene therapy, it 
consists of the administration of the test-tube vector, to isolated stem cells from the bone 
marrow, or cultures of skeletal myoblasts, with the intent of later transferring these cells 
transformed with the transgenes into the patient (Assmus et al., 2006; Dib et al., 2005; Haider 
et al., 2008; Haider et al., 2007; Nasseri et al., 2007; Sim et al., 2007; Smits, 2004; Yau et al., 
2005; Ye et al., 2005). This form of administration has been studied mainly in the expression 
of angiogenic factors, and cytokines (Assmus et al., 2006; Haider & Ashraf, 2008; Ye et al., 
2005). Among the advantages of this form of administration it is the possibility of using 
efficient methods for the transference of genetic material, like cationic lipids or 
electroporation, that are not possible to use in the whole subject, and which in addition the 
location of the modified cells in the heart, has a localized, continuous expression and with 
constant levels, without systemic effects (Haider & Ashraf, 2008; Sim et al., 2007; Smits, 
2004). The cardiomyocytes are by nature resistant to the transference of genetic material, and 
this form of administration avoids this complication. The ex vivo administration, has the 
potential to become a very useful tool, but at present it depends on stem cell research and 
their differentiation to the cardiac phenotype, so that it can be explored widely and to know 
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its potentials and limitations. One of the major drawbacks with this route of administration 
is the location of the transferred cells to the patient. The intramuscular injection of ex vivo 
transformed cells to express the gene of interest has been mentioned, but the little 
distribution of the transferred cells has made difficult its use (Lee et al., 2000; Springer et al., 
1998).  

3.3 Intra-organ transference 
The administration by intra-myocardial injection, at present it is considered the most 
efficient form to obtain the desired expression in the cardiac tissue, but it as has been 
reported the administration of a high volume of vector to obtain an expression, can be 
associated with a local injury and alterations in the structure of the myocardium wall 
(Kastrup et al., 2005; Rutanen et al., 2004; Vale et al., 2001). Different studies have 
demonstrated that the intra-arterial route is of little effectiveness unless the permeability of 
the endothelial lining is increased, or a high pressure gradient is used; in these cases a 
problem to consider is the increased tissue distribution and ectopic expression of the 
transferred gene (Lee et al., 2000; Rissanen et al., 2003; Wright et al., 2001). In animal models 
the most used techniques include the use of percutaneous devices, one is known as the 
antegrade epicardial coronary artery infusion, where the left main coronary artery is 
catheterized, simultaneously with the coronary sinus, isolating the coronary circulation by 
means of an oxigenator and a extracorporeal pump, where the solution with the vector is 
added and circulated through the coronary circulation continuously for the desired time 
(Kaye et al., 2007). This system is known as “V-Focus”, and has shown satisfactory results in 
larger animal models. Another system which employs percutaneous devices, is the 
percutaneous antegrade myocardial gene transfer, in this system the left anterior coronary 
artery (LAD) and the circumflex artery are catheterized, while the great cardiac vein or the 
anterior descending vein are catheterized, when the vector is infused through the arterial 
catheters, a balloon is inflated in the venous catheter, thus creating a high pressure gradient 
for up to three minutes (Hayase et al., 2005). The system in which the greater effectiveness of 
transference has been observed, consist of perfusion of the myocardium by surgical 
methods, a technique known as Molecular Cardiac Surgery with Recirculating Delivery 
(MCARD); this consists in the establishment of conventional cardiopulmonary bypass, with 
isolation of the heart circulation and retrograde perfusion through the coronary sinus. 
MCARD allows performing surgical procedures in the heart while the transference of 
genetic material is occurring (Hayase et al., 2005; Katz et al., 2010; Raake et al., 2004; White et 
al., 2011). An option to avoid the ectopic expression of the transferred gene is to put the 
expression of the transferred gene under the control of a specific cardiac promoter, as is the 
case of the human cardiac calsequestrin gene (hCasq2) (Reyes-Juarez et al., 2007). At the 
moment, in our laboratory we are developing adenoviral vectors that contain the promoter 
of the gene hCasq2 and direct the expression of the calcium pump SERCA2a in specific form 
for the cardiac myocytes (unpublished results). 

4. Heart failure: therapeutic targets  
As it was mentioned briefly in the introduction, one of the main advantages of gene therapy 
as a therapeutic option is the possibility of modifying key molecular defects that are present 
in the failing heart. In the last years the knowledge of the molecular basis of HF has 
advanced significantly, and today multiple alterations that exist in the continuum of the 
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of angiogenic factors, and cytokines (Assmus et al., 2006; Haider & Ashraf, 2008; Ye et al., 
2005). Among the advantages of this form of administration it is the possibility of using 
efficient methods for the transference of genetic material, like cationic lipids or 
electroporation, that are not possible to use in the whole subject, and which in addition the 
location of the modified cells in the heart, has a localized, continuous expression and with 
constant levels, without systemic effects (Haider & Ashraf, 2008; Sim et al., 2007; Smits, 
2004). The cardiomyocytes are by nature resistant to the transference of genetic material, and 
this form of administration avoids this complication. The ex vivo administration, has the 
potential to become a very useful tool, but at present it depends on stem cell research and 
their differentiation to the cardiac phenotype, so that it can be explored widely and to know 
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its potentials and limitations. One of the major drawbacks with this route of administration 
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distribution of the transferred cells has made difficult its use (Lee et al., 2000; Springer et al., 
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reported the administration of a high volume of vector to obtain an expression, can be 
associated with a local injury and alterations in the structure of the myocardium wall 
(Kastrup et al., 2005; Rutanen et al., 2004; Vale et al., 2001). Different studies have 
demonstrated that the intra-arterial route is of little effectiveness unless the permeability of 
the endothelial lining is increased, or a high pressure gradient is used; in these cases a 
problem to consider is the increased tissue distribution and ectopic expression of the 
transferred gene (Lee et al., 2000; Rissanen et al., 2003; Wright et al., 2001). In animal models 
the most used techniques include the use of percutaneous devices, one is known as the 
antegrade epicardial coronary artery infusion, where the left main coronary artery is 
catheterized, simultaneously with the coronary sinus, isolating the coronary circulation by 
means of an oxigenator and a extracorporeal pump, where the solution with the vector is 
added and circulated through the coronary circulation continuously for the desired time 
(Kaye et al., 2007). This system is known as “V-Focus”, and has shown satisfactory results in 
larger animal models. Another system which employs percutaneous devices, is the 
percutaneous antegrade myocardial gene transfer, in this system the left anterior coronary 
artery (LAD) and the circumflex artery are catheterized, while the great cardiac vein or the 
anterior descending vein are catheterized, when the vector is infused through the arterial 
catheters, a balloon is inflated in the venous catheter, thus creating a high pressure gradient 
for up to three minutes (Hayase et al., 2005). The system in which the greater effectiveness of 
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methods, a technique known as Molecular Cardiac Surgery with Recirculating Delivery 
(MCARD); this consists in the establishment of conventional cardiopulmonary bypass, with 
isolation of the heart circulation and retrograde perfusion through the coronary sinus. 
MCARD allows performing surgical procedures in the heart while the transference of 
genetic material is occurring (Hayase et al., 2005; Katz et al., 2010; Raake et al., 2004; White et 
al., 2011). An option to avoid the ectopic expression of the transferred gene is to put the 
expression of the transferred gene under the control of a specific cardiac promoter, as is the 
case of the human cardiac calsequestrin gene (hCasq2) (Reyes-Juarez et al., 2007). At the 
moment, in our laboratory we are developing adenoviral vectors that contain the promoter 
of the gene hCasq2 and direct the expression of the calcium pump SERCA2a in specific form 
for the cardiac myocytes (unpublished results). 

4. Heart failure: therapeutic targets  
As it was mentioned briefly in the introduction, one of the main advantages of gene therapy 
as a therapeutic option is the possibility of modifying key molecular defects that are present 
in the failing heart. In the last years the knowledge of the molecular basis of HF has 
advanced significantly, and today multiple alterations that exist in the continuum of the 
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natural history of HF are known. Although there is not an integrative model that is able to 
ensemble the multiple alterations described in HF (Braunwald & Bristow, 2000), due to 
multiple etiologies, the existing data allows us to identify targets for gene therapy. In the 
following sections we describe the different approaches that are being explored to treat 
cardiovascular diseases. 

4.1 Alterations in calcium handling  
Without doubt the area of greater interest in the molecular mechanisms of HF, are the 
alterations on the regulation of the concentrations of Ca2+ during the process of the 
excitation-contraction coupling, which have been demonstrated to play a critical role in the 
decreased contractile properties of the myocardium. Among the involved alterations are 
changes in the levels of the expression of regulatory proteins that act as sensors of the 
intracellular Ca2+ concentrations (Kaprielian et al., 2002).  
These alterations include decreased levels of the sarcoplasmic reticulum Ca2+-ATPase 
(SERCA2a), with a subsequent decrease of the recapture of Ca2+ to the sarcoplasmic 
reticulum (SR) during diastole, resulting in a smaller amount of Ca2+ available to be released 
in the following contraction cycle. The decrease of the functional levels of phosphorylated 
phospholamban (PLB), a regulator of the activity of SERCA2a, causes the activity of 
SERCA2a to be decreased during HF; this decrease is not only due to a smaller expression of 
the SERCA2a protein, but to alterations in the level of phosphorylation of PLB as a result of 
an increase in the levels of the members of the family of the protein kinase C (PKC), which 
phosphorylates the inhibitor of phophatase-1 (PP1), activating it, which causes a 
dephosphorylation of PLB. The Ca2+ release channel of the SR (Ryanodine Receptor, RyR), 
has been reported in an unstable state, dissociated of the protein calstabin, which results in a 
higher probability of opening of the channel, and spontaneous liberations of Ca2+ appear 
during diastole (diastolic leak) which are associated with ventricular arrhythmias and more 
importantly with a decrease of the reserve of Ca2+ available for contraction (Bers et al., 2003; 
Braunwald & Bristow, 2000; Yla-Herttuala & Alitalo, 2003).  
The existing reports have focused to the correction of these defects; the therapeutic targets 
include the increase of the expression of SERCA2a, or blockade the expression of their 
regulator PLB, the regulatory protein S100A1, and parvalbumin in order to make more 
efficient the cardiac relaxation. In the following pages each of these strategies is detailed.  

4.1.1 The sarcoplasmic reticulum Ca2+-ATPase and phospholamban 
The calcium pump SERCA2a has a fundamental role in the normal myocardium function 
during muscular relaxation, recapturing the majority (75%) of the released Ca2+ from the SR 
for contraction, and reloading the SR maintaining an amount of Ca2+ that is sufficient to 
achieve an optimal contraction. Due to this role it is a central point of the molecular basis of 
HF; where its expression is regulated in a negative manner, diminishing the capacity to 
reload the SR with Ca2+ after each contraction, resulting in a deficient contraction due to lack 
of Ca2+ inside the SR (Kaprielian et al., 2002). In the last years the expression of SERCA2a, 
became one of the most explored pharmacological targets in basic research, and to a lesser 
extent in clinical investigation and, although without conclusive positive results obtained 
(Zarain-Herzberg & Rupp, 2002; Zarain-Herzberg et al., 1996). The use of gene therapy, to 
over-express SERCA2a, has the advantage of eliminating the associated effects of drugs 
used to increase the expression of SERCA2a (Gianni et al., 2005).  
In similar way that the induction of SERCA2a expression has been extensively explored by 
pharmacological means, the over-expression by transference of genetic material, also has 
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been analyzed in vitro and in vivo. Over-expression of SERCA2a improves the contractile 
function and the energy consumption in animal models with HF, improving the thickness of 
the anterior wall, and reducing ventricular arrhythmias. Other studies have also shown a 
decrease of inflammatory mediators and pro-apoptotic markers after transference of viral 
vectors overexpressing SERCA2a in pressure overload induced HF inhibition of ventricular 
remodeling in ischemic and volume overload induced HF; (Beeri et al., 2010; Mariani et al., 
2011; Miyamoto et al., 2000; Molina et al., 2010).  
Recent studies suggest that the failing heart is not refractory to treatment as was previously 
believed. For example, the observation that a small percentage of subjects with left 
ventricular assist devices (LVADs) can be permanently weaned from the device, strongly 
suggests that damaged hearts are capable of recovering lost function (Baba & 
Wohlschlaeger, 2008; Entwistle, 2003; Kuhn et al., 2004).  
Recently, in the United States a phase 2 clinical trial named CUPID (Calcium Up-Regulation 
by Percutaneous Administration of Gene Therapy in Cardiac Disease) of intracoronary 
delivery of AAV1/SERCA2a (MYDICAR®) to 39 patients with HF that started in 2007 was 
completed (Hajjar et al., 2008; Jaski et al., 2009). It was designed to evaluate the safety profile 
and biological effects of SERCA2a gene transfer; after 12 months follow-up, the patients 
showed an acceptable safety profile, and improvement of the functional class. There was no 
increase in adverse effects, disease-related events, laboratory abnormalities or arrhythmias. 
Currently, there are two other ongoing gene therapy clinical trials to express SERCA2a in 
the hearts of patients with HF using AAV6/SERCA2a; one in England and one in France. 
Therefore, the transfer of SERCA2a cDNA into cardiomyocytes is a promising approach to 
treat HF by gene therapy (Table 2). 
In transgenic mice overexpressing SERCA2a subjected to ascending aortic constriction, the 
down-regulation of SERCA2a protein in hypertrophic hearts was prevented, however, the 
hearts showed no increase in inotropic response compared to the wild type mice 
hypertrophic hearts, suggesting that energy supply may be a limiting factor for the benefit 
of SERCA2a overexpression in hypertrophied hearts (Pinz et al., 2011). Therefore, it should 
be considered novel strategies combining energetic support with increasing SERCA2 
activity might improve the therapeutic effectiveness for HF. 
Closely related to SERCA2a is phospholamban (PLB), a peptide of 52 amino acids, that has a 
role as a regulator of the function of SERCA2a, inhibiting the pump in its native state, and 
dissociating from the pump when is phosphorylated by the protein kinase A (PKA), 
increasing the velocity of transport of Ca2+ by the enzyme. During HF, the SERCA2a/PLB 
ratio is diminished to a great extent by the diminution of SERCA2a, which causes that the 
amount of SERCA2a that is dissociated of PLB diminishes and with this its activity and 
capacity to recapture the Ca2+, released during the contraction (Hoshijima et al., 2006).  
The most used strategy of gene therapy that involves PLB, consists of the transference of a 
peptide that codifies for a pseudo-phosphorylated mutant of PLB, which imitates the 
conformational changes induced by phosphorylation, and competes with the native form of 
PLB, increasing the activity of SERCA2a (Hoshijima et al., 2002). The tests realized in animal 
models have used AAV vectors, and followed the evolution up to 6 months after the 
transference of genes. In animals with HF subjected to gene therapy with the PLB mutant, 
an improvement of cardiac function is observed, delaying the advance of HF, and 
approaching near normal levels, corroborated by hemodynamic values, besides this strategy 
prevents the remodeling of the cardiac wall and it even reverts the changes observed in HF, 
decreasing fibrosis (Iwanaga et al., 2004). Like in the case of S100A1 mentioned below, the 
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natural history of HF are known. Although there is not an integrative model that is able to 
ensemble the multiple alterations described in HF (Braunwald & Bristow, 2000), due to 
multiple etiologies, the existing data allows us to identify targets for gene therapy. In the 
following sections we describe the different approaches that are being explored to treat 
cardiovascular diseases. 
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alterations on the regulation of the concentrations of Ca2+ during the process of the 
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changes in the levels of the expression of regulatory proteins that act as sensors of the 
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phospholamban (PLB), a regulator of the activity of SERCA2a, causes the activity of 
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been analyzed in vitro and in vivo. Over-expression of SERCA2a improves the contractile 
function and the energy consumption in animal models with HF, improving the thickness of 
the anterior wall, and reducing ventricular arrhythmias. Other studies have also shown a 
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vectors overexpressing SERCA2a in pressure overload induced HF inhibition of ventricular 
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suggests that damaged hearts are capable of recovering lost function (Baba & 
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delivery of AAV1/SERCA2a (MYDICAR®) to 39 patients with HF that started in 2007 was 
completed (Hajjar et al., 2008; Jaski et al., 2009). It was designed to evaluate the safety profile 
and biological effects of SERCA2a gene transfer; after 12 months follow-up, the patients 
showed an acceptable safety profile, and improvement of the functional class. There was no 
increase in adverse effects, disease-related events, laboratory abnormalities or arrhythmias. 
Currently, there are two other ongoing gene therapy clinical trials to express SERCA2a in 
the hearts of patients with HF using AAV6/SERCA2a; one in England and one in France. 
Therefore, the transfer of SERCA2a cDNA into cardiomyocytes is a promising approach to 
treat HF by gene therapy (Table 2). 
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hearts showed no increase in inotropic response compared to the wild type mice 
hypertrophic hearts, suggesting that energy supply may be a limiting factor for the benefit 
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peptide that codifies for a pseudo-phosphorylated mutant of PLB, which imitates the 
conformational changes induced by phosphorylation, and competes with the native form of 
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transference of genes. In animals with HF subjected to gene therapy with the PLB mutant, 
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expressed fetal phenotype observed during HF reverts to the adult phenotype of the normal 
heart, thus improving its metabolism.  
In the last few years, the use of siRNA molecules to down-regulate the expression of PLB, 
and improving the SERCA2 function has been explored with promising results in rat models 
in the short and medium term. As mentioned previously isolated siRNA is of little use in a 
clinical setting, thus it needs to be transferred with a viral vector, AAV9 was used in the 
experimental models with good results. PLB siRNA improves myocardial function by 
means of increasing the activity of SERCA2a in a pressure overload model in rats (Suckau et 
al., 2009; Tsuji et al., 2008). A cautionary note must be made when the choice is made to 
target PLB in HF, it is well documented that the knockout or continuous blocking expression 
of PLB results in cardiomyopathy and HF, thus the use of PLB as a target in gene therapy 
must be strictly controlled so that once the desired effect of restoring the heart to a correct 
function, the inhibition of PLB function and/or expression can be modulated, to avoid 
secondary effects (MacLennan & Kranias, 2003; Shanmugam et al., 2011). 
Another strategy that involves PLB, is the inhibition of PP1, the enzyme responsible of 
dephosphorylate it, keeping SERCA2a in an activated state (Nicolaou et al., 2009). 
Overexpressing the inhibitor-2 gene in a dilated cardiomyopathy hamster model, 
significantly reduced the activity of PP1, increasing the activity of SERCA2a with an 
improvement in the handling of intracellular Ca2+ concentrations, and consequently with an 
improvement of the cardiac function, as well as a diminution of the ventricular remodeling 
diminishing fibrosis significantly (Yamada et al., 2006). The above studies indicate that gene 
therapy directed towards PLB or its regulation, is an area that can in the future be of 
importance, but requires further research with more studies in HF models, to be able to 
reach a phase of clinical investigation. 

4.1.2 The S100A1 protein 
The S100A1 protein is a member of the S100 family, binding Ca2+ and has an “EF-hand” 
domain. The members of this family are involved in several functions, among them signal 
transduction, control of the cellular cycle, interactions with the cytoskeleton, cellular 
differentiation. It has an important role in the function of the striated muscle; it is 
abundantly expressed in muscle tissue, particularly in cardiac muscle, where it co-localizes 
with SR and contractile filaments. Its expression is affected negatively during HF secondary 
to cardiomyopathies (Most et al., 2001; Most et al., 2004a). It has been demonstrated that 
S100A1 has a positive inotropic and lusitropic effect in the heart. The inotropic effects are 
due to the interaction with SR and its components, particularly SERCA2a, increasing its 
activity, thus promoting the recapture of Ca2+ during the relaxation of the myocardium, 
increasing the amount of Ca2+ available to release during the next contraction cycle, which is 
directly related to the contraction force. It also interacts with RyR, stabilizing it and 
diminishing the diastolic leak of Ca2+ (Most et al., 2001; Most et al., 2004a). These data 
indicate that S100A1 is involved in two of the key molecular processes of HF, added to the 
fact that its expression falls in HF, turns it into an objective of great value to explore.  
In vitro tests have demonstrated that the over-expression of S100A1, improves the contractile 
function of the cardiomyocytes by means of the mechanisms before mentioned (Most et al., 
2004b; Pleger et al., 2005). In animal models of HF, the S100A1 over-expression has been 
proven to be enough to preserve the myocardial function after an acute infarction, and to 
prevent the appearance of HF (Most et al., 2004b; Most et al., 2007). Recent reports using 
AAV have followed these models for prolonged periods (20 weeks), where it has been 
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observed that the S100A1 over-expression improves the myocardium function in sustained 
form, and in an independent and synergic effect to the treatment with β-blocker agents 
(Pleger et al., 2007), restoring the sensitivity of the myocardium to β-adrenergic agonists, 
that usually is very decreased in HF. In these models, over-expression of S100A1 is able to 
revert the phenotype of HF expressed by the myocardium, returning after two months to 
the normal pattern of the adult cardiac muscle, in similar form to that observed in patients 
with HF awaiting cardiac transplant, with devices of left ventricular assist, who can be 
weaned from the device after a prolonged period with a significant improvement of cardiac 
function (Entwistle, 2003; Kuhn et al., 2004). The available data, indicate that S100A1 is an 
important therapeutic target, but further research is needed before it can be used in a clinical 
or pre-clinical setting (Rohde et al., 2010). 

4.1.3 Parvalbumin 
Diastolic dysfunction is a component associated to HF, found mainly in patients older than 
65 years; currently specific treatments for this type of dysfunction do not exist. In cardiac 
myocytes obtained of these patients it is observed that the required time to remove Ca2+ 
from the cytoplasm is increased; this slows down the relaxation of the heart and jeopardizes 
the filling of the cardiac chambers for the following beat. Parvalbumin is a soluble 
intracellular protein of low molecular weight, with capacity to bind Ca2+, which is expressed 
importantly in fast-twitch skeletal muscle, but it is not expressed natively in the heart. Its 
main function is to accelerate the rate of decrease of the intracellular Ca2+ in an ATP-
independent manner. The gene therapy interventions that involve parvalbumin, to this time 
have been limited to in vitro studies and to animal models followed by short terms of time 
(one week), these tests have demonstrated that the expression of parvalbumin in the heart, is 
associated with an increase of the speed of relaxation. The data can be used as the basis to 
express parvalbumin in the heart, by means of AAV vectors, to evaluate its effects in the 
long term. Although the effects that are obtained expressing parvalbumin in the heart are 
very similar to the observed ones with over-expression of SERCA2a, the ones obtained with 
parvalbumin do not require of ATP, avoiding compromising even more the energetic needs 
of the heart. Due to this, parvalbumin constitutes a therapeutic target that must be further 
explored in the future (Michele et al., 2004; Szatkowski et al., 2001).  

4.2 -Adrenergic system  
Alterations of the β-adrenergic receptors during HF have been described extensively, 
including a decreased density of receptors in the myocardium, to desensitization to β-
agonists. The desensitization of the receptors explains to a great extent the refractory 
response to the treatments directed to the adrenergic routes. The β-adrenergic receptors are 
coupled to G proteins that are regulated by protein kinases of receptors coupled to G 
proteins, known in the case the adrenergic receptors (Beta Receptor Adrenergic Kinase) 
βARK1 and βARK2, the expression of the two enzymes is up-regulated during HF and it 
plays a key role on the desensitization of the β-receptors (Koch, 2004). Transgenic mice with 
over-expression of the β-receptors develop cardiomyopathy, whereas in animals that over-
express β2-receptors contractility is increased without developing any pathology.  
In animal models it has been demonstrated that the overexpression of β2-receptors directed 
to the cardiac tissue, is associated with an increased contractility and a greater response to 
isoproterenol (Jones et al., 2004a; Maurice et al., 1999; Tevaearai et al., 2002). In mice that 
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expressed fetal phenotype observed during HF reverts to the adult phenotype of the normal 
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over-express βARK1 a contractility-diminished response to isoproterenol is observed. An 
inhibitor of βARK1 has been developed, the transference of adenoviral vectors with 
βARK1ct in rabbits with acute infarct has been demonstrated to prevent the alterations in 
the β-adrenergic system, and improve the myocardial function and prevent the 
development of HF in short term basis (Koch, 2004). This same strategy was tested with 
AAV vectors to assess the long term effects, it improved the contractility, reversed 
ventricular remodeling and normalized the neuroendocrine axis, and intracellular 
adrenergic signaling, interestingly this work shows that addition of adrenergic antagonists, 
was not additive to the gene transfer, but treatment with pharmacological inhibitors yielded 
similar but less effective results (Rengo et al., 2009).  These data suggest that manipulation of 
βARK1 function has an impact on cardiac function, and that is susceptible to be 
manipulated by gene therapy.  
Another strategy used to modify the components of the β-adrenergic system by gene 
therapy, includes over-expression of the protein that re-uptakes norepinephrine in the heart 
(NE uptake-1). This protein is down-regulated during HF, which leads to an increase of 
extracellular catecholamine levels, resulting in a hyper-adrenergic state that it has a central 
role in the desensitization of the receptors. In rabbits with HF with an over-expression of the 
NE-uptake-1, the concentration of norepinephrine was kept near normal levels, and was 
associated with an improvement in cardiac function, and the cardiac hypertrophy was 
reverted, recovering the normal phenotype of the heart (Munch et al., 2005).  

4.3 Intracellular signaling  
In the pathogenesis of HF, the hyper-adrenergic state and the alterations in the intracellular 
concentrations of Ca2+ contribute to alter the activation of different intracellular signaling 
pathways, which turns them into potential targets for gene therapy. To this date, the 
adenylyl cyclase (AC), and the protein kinase C (PKC) have been explored as potential 
targets. The adenylyl cyclase is a key role molecule in the cardiac myocyte, particularly the 
type 6 (AC6) in animal models with HF is demonstrated that over-expression of the AC6 
improves the cardiac function and increase the life span. In pigs with established HF (Gao et 
al., 1999) besides improving the hemodynamic values, the cardiac function, and the 
response to isoproterenol, the over-expression of the AC6 prevents the remodeling of the 
cardiac wall and the appearance of fibrosis (Lai et al., 2004). It is thought that in the 
treatment of the HF response to AC6 is not only elicited due to an increase of the levels of 
cAMP, but it also modifies expression of other genes favoring the expression of useful genes 
for the myocardial contraction (Phan et al., 2007). There is an ongoing clinical trial, in which 
AAV5 encoding human AC6 is being delivered by intracoronary injection to patients with 
congestive HF (Table 2).   
There is evidence that damaged and inflamed tissues produce signals to attract stem cells to 
the injured tissue, and many of these signals have been identified including stromal-derived 
factor (SDF)-1. There has been growing evidence that the receptor of SDF-1 (CXCR4) 
participates in regulating myocardial repair after ischemic injury. SDF-1 has been shown to  
increase after myocardial ischemia, and several studies have shown that enhancing SDF-1 
levels around the infarct improves myocardial remodeling after infarction. Currently, a 
clinical trial is exploring the effects of percutaneous injection of SDF-1 naked DNA directly 
into the myocardium of patients with ischemic heart disease (Agarwal et al., 2010) (Table 2). 
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The other target for gene therapy that has been explored in the intracellular signaling setting 
is the family of the PKC, which is a component of several routes of transduction associated 
to the cellular membrane. The PKCα isoform is the most abundant in the heart where it 
plays a central role regulating the cardiac contractility. The lost of the contractile function in 
HF goes accompanied of an increase in the levels of PKCα in the heart. On this basis, studies 
have been performed in animal models transferring a dominant negative of PKCα by means 
of an adenoviral vector to determine their viability as therapeutic option. In rats with post-
infarction HF, the transference of a PKCα dominant negative improves myocardial 
contractility and improves the hemodynamic values (Hambleton, 2006; Palaniyandi et al., 
2009). While most of the research on the role and susceptibility of PKC as a therapeutic 
target has been done with conventional pharmacological therapy, the data show that at the 
very least is an option to be explored for gene therapy. 

4.4 Apoptosis  
It is well described that during the dilation of heart cavities observed in HF exists a 
remodeling of the myocardial wall, it has been proposed as one of the mechanisms 
responsible for this processes, the apoptosis of the cardiac myocytes. Although the precise 
mechanisms by which the apoptosis contributes to the remodeling of the myocardial wall 
are not understood, several studies have been realized using gene therapy to block apoptotic 
pathways with positive results. The Bcl-2 factor is able to block apoptosis, and it has been 
administered by means of an adenoviral vector after a period of myocardial ischemia in 
rabbits and it was found to avoid deterioration in the short and long term cardiac function, 
and also being able to prevent the dilation of the heart cavities and the remodeling of the 
same (Chatterjee et al., 2002). It was also demonstrated that prevents apoptosis in the border 
of the injured area; although has not determined if the expression of Bcl-2 is required at the 
initial moment of the injury or if it is required in the long term expression (Weisleder et al., 
2004). 
The protein p38 is a member of mitogen-activated protein kinases (MAPK) that is a 
fundamental regulator of growth, life span and cellular death. It has been reported that after 
myocardial infarction the activity of p38 falls, contributing to the development of apoptosis 
in the heart, increasing the downgrading of the function and the remodeling of the 
myocardial wall. When post-infarcted rats are treated with an adenoviral vector to over-
express p38, it prevents the deterioration of the myocardial function, has an anti-apoptotic 
effect, and avoids the fibrosis and remodeling of the ventricular wall (Bassi et al., 2008; 
Tenhunen et al., 2006). 

5. Therapy for heart failure of genetic causes  
Multiple causes of HF have been identified due to genetic mutations; nevertheless, it is 
known that these constitute a minimum percentage of the cases of HF. These causes involve 
several pathological mechanisms, mainly proteins of the sarcomere and the cytoskeleton 
(Bos et al., 2007; Chang et al., 2008; Karkkainen & Peuhkurinen, 2007; Lind et al., 2006; 
Ramaraj, 2008; van Spaendonck-Zwarts et al., 2008; Wiersma et al., 2007). Theoretically these 
causes of HF offer an immediate target for its treatment, since they are monogenic and have 
a direct pathological mechanism, and are isolated from the complicated networks involved 
in the regulation of other elements already mentioned. In this line of research, it has been 
demonstrated that when an exogenous sarcomeric protein is over-expressed it assembles to 
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Trial Target Gene Diseases Route/Vector Stage Num. 
patients 

CUPID 

SERCA2a 
(cardiac 

sarcoplasmic 
reticulum 

Ca2+ ATPase)

HF, ischemic 
and 

nonischemic

Intracoronary/AAV1-
SERCA2a (MYDICAR®) 

Phase 2, 
completed 39 

SERCA2a 
Gene 

Therapy in 
LVAD 

patients 

SERCA2a 

Advanced 
HF with 
LVAD, 

ischemic and 
nonischemic

Intracoronary/AAV6 Phase 2, 
enrolling 16 

AGENT-
HF SERCA2a 

HF, ischemic 
and 

nonischemic
Intracoronary/AAV6 Phase 2, 

enrolling 30 

AC6 Gene 
transfer for 

CHF 

AC6 
(Adenylyl 
Cyclase-6) 

HF, ischemic 
and 

nonischemic
IntracoronaryAdenovirus Phase 1/2, 

enrolling 72 

Study to 
evaluate 

the safety 
of a single 

dose of 
ACRX-100 
in adults 

with 
ischemic 

HF 

SDF-1 
(Stromal-
Derived 
Factor-1) 

HF, ischemic 
only 

Intramyocardial/naked 
DNA 

Phase 1, 
enrolling 16 

Table 2. Gene Therapy Clinical Trials for Heart Failure. 

form organized and stoichiometric complexes in the cytoplasm. The idea of this type of 
therapy is to displace the endogenous protein that has the defect, when changing the 
stoichiometry inside the cell. This type of therapy has not been explored experimentally, 
although it is susceptible to be done with animal models that reproduce hereditary 
cardiomyopathies.  
Mutations of larger proteins like dystrophin have also been identified as responsible in the 
genesis of muscular dystrophy of Duchenne, where several mutations have been described 
and it has even been proved to be caused by mutations that truncate the protein (Rodino-
Klapac et al., 2007). In these cases the possibility of being treated by gene therapy presents 
major technical difficulties, although it has been demonstrated that the transference of a 
mini-gene of dystrophin can improve the symptoms of the disease (Goyenvalle et al., 2004; 
Townsend et al., 2007).  
A phase 1 clinical trial of rAAV2.5-CMV-Mini-Dystrophin Gene Vector in Duchenne 
Muscular Dystrophy is in progress. This study investigates the safety and efficacy of the 
mini-dystrophin gene transferred to the biceps muscle for Duchenne muscular dystrophy 
patients, ages 5 to 12 years of age, using a recombinant AAV. The mini-dystrophin gene or a 
placebo agent (normal saline or empty viral capsids) is injected directly into both biceps 
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muscles while under conscious sedation. Following the gene transfer, patients are admitted 
to the hospital for 48 hours of observation followed by weekly outpatient visits. A bilateral 
muscle biopsy is performed following 6 weeks with long-term follow up will consisting of 
bi-annual visits for the next 2 years. 

6. Ischemic heart disease 
Atherosclerotic cardiovascular diseases continue to be the main cause of morbidity and 
mortality in the world. According to the American Heart Association the direct and indirect 
costs of coronary heart disease (CHD) for the year 2010 add up to 177.1 billion dollars. 
Pharmacologic therapies for CHD and HF have multiple systemic side effects and are pre-
disposed to several adverse drug interactions since polypharmacy is frequently involved in 
the treatment of such patients. Importantly, pharmacologic therapies aim to reduce 
symptoms and halt progression of disease but do not necessarily reverse the 
pathophysiology associated with CHD and HF. While revascularization procedures have a 
significant role in treating CHD, there are problems with this therapies further explained 
later, and frequently patients remain symptomatic despite maximal anti-anginal therapies 
and may require repeat revascularization procedures. While the obvious target for gene 
therapy in CHD is angiogenesis, one must keep in mind that there is a wide spectrum of 
mechanisms in its natural history, such as those of myocardial reperfusion injury during 
and after myocardial infarction (MI) and cell survival and apoptosis after MI, and during 
ventricular remodeling (Lavu et al., 2010). 
A significant part of the research in CHD has been focused on the administration of 
angiogenic growth factors, in the form of recombinant protein or by gene transfer, to 
promote the development of additional collateral blood vessels that would act like 
endogenous conduits of bypass around the occluded native arteries; a strategy known as 
therapeutic angiogenesis. This strategy has demonstrated to increase the tissue perfusion by 
means of neovascularization in a considerable number of preclinical tests of ischemia. In 
patients with critical ischemia of the lower extremities or with coronary terminal arterial 
disease, the clinical tests have demonstrated a symptomatic improvement and have 
contributed new objective evidence of improvement in perfusion, suggesting that this 
strategy can constitute an alternative method for treatment in patients in whom the 
therapies available at the moment have failed or they are not viable. The next targets of the 
research in the field of angiogenesis are going to be to determine the optimal dose, the 
formulation, the route of administration and the combination of growth factors; to 
determine the needs of endothelial progenitor cells or the supplementation with stem cells; 
to provide an effective and safe therapeutic angiogenesis, as well as to adapt the 
angiogenesis to the individual needs of the patients.  
Among the strategies to induce angiogenesis various growth factors have been used 
including the vascular endothelial growth factor (VEGF), the angiopoietines, the fibroblastic 
growth factor (FGF), the hypoxia-inducible factor-1 (HIF-1), the monocyte chemotactic 
protein-1 of (MCP-1), the hepatic growth factor (HGF), and the stimulating factor of colonies 
of granulocytes and macrophages (GM-CSF). The strategy consists of transferring the genes 
that codify for some of the above proteins to the target tissue, favoring the development of 
neovascularization in the ischemic myocardium. In preclinical animal models this approach 
has demonstrated to be effective promoting the growth and generation of new capillaries, 
although the relevance for the myocardial tissue has not been evaluated (Shen & Vatner, 
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muscles while under conscious sedation. Following the gene transfer, patients are admitted 
to the hospital for 48 hours of observation followed by weekly outpatient visits. A bilateral 
muscle biopsy is performed following 6 weeks with long-term follow up will consisting of 
bi-annual visits for the next 2 years. 
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mechanisms in its natural history, such as those of myocardial reperfusion injury during 
and after myocardial infarction (MI) and cell survival and apoptosis after MI, and during 
ventricular remodeling (Lavu et al., 2010). 
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1995; Wijns et al., 1998). It has been shown that with an expression for more than 4 weeks 
the newly formed vessels undergo a tissue remodeling that allows them to remain even 
though the stimulus is no longer present.  
There is increasing evidence that VEGF is the master regulator of angiogenesis and thus is 
the prototype of angiogenic growth factors for gene therapy (Yla-Herttuala & Alitalo, 2003; 
Yla-Herttuala et al., 2007). In animal models with HF secondary to myocardial ischemia, 
administration of gene therapy for angiogenesis using VEGF has been associated with an 
improvement of the myocardial perfusion after 3 weeks of administration, and the 
myocardial function was also improved. The angiogenesis induced by gene therapy, is one 
of the more explored strategies at present, to treat CVD in humans, up to date with more 
than 15 different clinical trials of phase 1 already completed and many clinical trials of phase 
2/3 are ongoing using adenoviral gene therapy in patients with coronary artery disease, 
with different goals, including therapeutic angiogenesis to improve the myocardial 
perfusion, the prevention of re-stenosis of stents, the prevention of the fault of venous grafts 
in revascularization, however, the results obtained are difficult to interpret, mainly due to 
the variation among the used vectors, the therapeutic routes of administration and the 
targets (Zachary & Morgan, 2011). Besides, one of the problems to consider is that the 
efficiency of the transference of genes is reciprocal to the size of the guest, partly by the 
limited diffusion of the vector in a greater amount of tissue. For this reason although several 
studies are promising in animal models, the results could be difficult to reproduce in 
humans.  
Most of the cardiovascular gene therapy trials have been designed to study therapeutic 
blood vessel growth. The use of therapies using recombinant VEGF, FGF-2 and granulocyte 
macrophage colony-stimulating factor proteins has been researched in peripheral and 
myocardial ischemia, but there were no clear improvements in the clinical outcome of the 
patients (Henry et al., 2003; Lederman et al., 2002; Lederman et al., 2001). Several VEGF gene 
therapies using naked DNA have been tested by intramyocardial injection or 
percutaneously into the ischemic myocardium with the NOGA catheter or via thoracotomy 
alleviated angina and reduced the area of ischemic myocardium (Reilly et al., 2005; Vale et 
al., 2001).  
Some gene therapy clinical trials using FGF have been reported. In the phase 1/2 AGENT-1 
trial, intracoronary administration of AdFGF-4 improved exercise time at 4 weeks in stable 
angina pectoris patients (Grines et al., 2002).  Similarly, in the phase 2 AGENT-2 trial, was 
observed a reduction of the myocardial ischemic area (Grines et al., 2003).  Nevertheless, the 
results obtained from the gene therapy clinical trials performed to date verify that gene 
therapy is a strategy with viability to treat patients who are not susceptible to be treated 
with more conventional alternatives. 
Another potential target for gene therapy in CHD is the injury generated by oxidative stress, 
mainly observed in myocardial infarction and ischemia-reperfusion injury. The central point 
is the generation of reactive oxygen species, which produce lipid and protein oxidation, and 
also interact with several calcium handling proteins, leading to an augmented entry of 
calcium into the cell and a secondary elevation of intracellular concentration, which leads to 
cellular injury (Cantor et al., 2003; Dhalla et al., 2000; Maddika et al., 2009). Among the 
targets to prevent oxidative stress, is the over expression of the extracellular superoxide 
dismutase (Ec SOD), which has a central antioxidant role, has been tested pre-emptively in 
animals later subjected to myocardial infarction and it was observed that mimicking 
myocardial ischemic preconditioning, it leads to decreased infarct size (Agrawal et al., 2004; 
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Li et al., 2001). The Thioredoxins (Trx) are proteins that have a potent antioxidant role and 
protect against oxidative stress by decreasing the superoxide anion generation and 
interacting with intracellular signalling pathways as p38MAPK (Tao et al., 2006). In mice 
models of CHD and myocardial infarction, the over-expression of the Trx-1 gene has an 
angiogenic effect, decreases apoptosis and reduces the ventricular remodelling (Adluri et al., 
2011; Samuel et al., 2010), thus the use of Trx as a potential target is exciting and guarantees 
further research. Finally, it has been demonstrated that nitric oxide has a protective role in 
myocardial infarction minimizing oxidative stress, in mice the transfer of adenoviral 
delivered nitric oxide synthase previous to the generation of an infarction, results in reduced 
infarct size, improved contractility and ventricular function. It also decreases the 
inflammation in the infracted area and decreases phosphorylation of the MAPK overall 
improving the outcome of the treated mice (Chen et al., 2010; Jones et al., 2004b). 
As mentioned previously, cell survival and apoptosis plays a key role in the chronic 
evolution of CHD, after a myocardial infarction or chronic ischemia, some surviving cells 
will start apoptosis and lead to ventricular remodeling and deterioration of the function, we 
have previously mentioned the role and potential target of the MAPK pathway and Bcl-2. 
The use of heat shock proteins, specifically HSP72 over-expression, in rats subjected to 
ischemia-reperfusion injury, resulted in decreased levels of apoptosis, increased activity of 
intracellular antioxidant systems, increased levels of Bcl-2, thus showing a cardioprotective 
effect (Suzuki et al., 2002). Also the use of the troponin I type 3 interacting kinase (TNNI3K) 
a member of the MAP kinase family with angiogenic and myogenic roles, has been explored 
combined with cellular therapy, over expressing it on pluripotent progenitor cells, which are 
then transferred into infarcted mice hearts, the results show a decrease infarction injury, 
decreased remodeling, induction of myogenesis and inhibition of p38-JNK mediated 
apoptosis (Lai et al., 2008).  

7. Arrhythmias 
Cardiac arrhythmias constitute a significant cause of morbidity, and sudden cardiac death 
primary o secondary to other cardiac diseases constitutes the main cause of death in CVD.  
While most are susceptible to pharmacological treatment, these therapies have a global 
effect in the heart, meaning that while it has the desired effect on the affected region of the 
heart, it also modifies the behavior of other regions and may even have a pro-arrhythmic 
effect. It must also be mentioned that a number of cardiac arrhythmias are caused by genetic 
causes, and as previously mentioned these constitute the most obvious targets for gene 
therapy, but only a small number of arrhythmias have a monogenic origin. 
While the vectors used in arrhythmia treatment follow the same principles as in other CVD, 
delivery constitutes a significant problem. Direct myocardial injection is limited due to the 
size, location and thickness of the atria. Intracoronary perfusion is suboptimal since the atria 
vasculature is not as well defined as that of the ventricles. At this time the most effective 
method of gene delivery in an experimental setting is known as epicardial gene panting, 
where a solution containing the vector, a polymerization compound and a diluted protease 
are applied over the surface of both atria, obtaining full wall thickness transfer (Kikuchi et 
al., 2005).  
Atrial fibrillation (AF) is the most common arrhythmia encountered. In the United States 
only, AF affects 2-5 million people and it has an increasing incidence. AF may be of primary 
origin, or secondary to structural disease; while in the former case it is due to electrical 
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imbalances, in the latter is mainly to atrial remodeling with fibrosis of the atria and 
remodeling (Benjamin et al., 1998). Thus it is mainly the primary AF which has been 
explored as a potential target for gene therapy. Therapeutic strategies in AF are to 
controlling cardiac rate or restoring sinus rhythm. Primary AF is an abbreviation of action 
potential duration and, therefore, refractory period. This provides the substrate for 
abbreviated reentrant wavelengths, which serve to stabilize the chaotic atrial electrical 
activity. 
One approach that has been explored for restoring sinus rhythm is the use of a dominant 
negative mutant potassium channel KCNH2-G628S that blocks the ion channel pore region. 
The transfer of an adenoviral vector by epicardial painting in a pig model of AF, a 
significant prolongation of the monophasic action potential was observed, with a reversal of 
AF observed (Amit et al., 2010). These results constitute a significant pathway to be 
explored. A second approach researched mimics the rate control; a mutated constitutively 
active inhibitory G protein in a viral vector is transferred to pigs with induced AF, and a 
20% decrease on the maximal ventricular rate is observed (Bauer et al., 2004; Donahue et al., 
2000).  
The ventricular arrhythmias (VT) constitute a significant cause of death in several CVD, they 
have been mainly attributed to the beat-to-beat variation of the action potential. The 
proposed mechanisms underlying these variations are alterations of ionic currents or of the 
calcium cycling, with a slop clearing of calcium during the relaxation. In hearts where a viral 
vector expressing SERCA2 is transferred, the susceptibility of mice hearts to ventricular 
arrhythmias after rapid pacing is decreased (Cutler et al., 2009). One of the most relevant 
groups in the VT spectrum are those secondary to myocardial ischemia and infarction. One 
of the probable mechanisms of this type of VT is the slow conduction due to altered gap 
junction expression and reduced velocity of the action potential. One of the proposed 
mechanisms for velocity is a more positive resting membrane potential in scar border 
myocytes, secondary to an inactivation of some of the sodium current carried by the Nav1.5 
(SCN5A) channel. To correct these alterations, the transfer of a skeletal muscle sodium 
channel has been tested in a canine post-MI model, observing a significant reduction of 
induced VT (Lau et al., 2009). MicroRNAs have also been explored as targets for the 
treatment of VT, in post-MI hearts miR-1 is up-regulated, with a subsequent inhibition of the 
expression of ion channels, when antagomirs are transferred, a decrease of the arrhythmic 
potential is observed (Yang et al., 2007). 
An increasing trend observed in an ageing population is the increasing incidence of bradi-
arrhythmias. An abnormal generation of the electrical impulse in the atria (sinus node 
dysfunction) or its propagation to the ventricles (atrioventricular [AV] block) may result in 
the development of abnormally slow heart rate, and in most of the cases the only 
satisfactory option is the implantation of a definitive pacemaker. Pacemaker implantation 
lacks sufficient physiological feedback parameters to grant greater freedom to the recipient. 
Other disadvantages are the mechanical nature of the treatment and associated risks. The 
experimental approaches for bradi-arrhythmias are focused on altering the function of 
existing cardiomyocytes. 
The basis of the treatment of bradi-arrhythmias, has been focused on reducing the diastolic 
repolarization currents by inhibiting diastolic currents, the approach described  suppresses 
the diastolic entrance of potassium by transferring a mutant inactive channel of Kir2.1, 
afterwards a new ventricular activity is observed (Miake et al., 2002). Another alternative 
researched is the combination on gene and cell therapy, where mesenchymal stem cells were 

 
Gene Therapy in Cardiovascular Disease 

 

113 

electroporated with plasmid DNA of HCN2, and latter injected into the anterior wall of 
dogs who had previously been subjected to ablation of the AV node; after 10 days 
spontaneous ventricular activity was observed (Plotnikov et al., 2007). 
Thus as we have briefly exposed, gene therapy for arrhythmias is an exciting field which has 
shown encouraging and promising results, but it is also true that is probably one of the 
fields in CVD, that is most distanced form a translational setting. With he current pace of 
research it is certainly a field to keep a close watch on the next years. 

8. Vein graft disease 
Myocardial revascularization either by coronary artery bypass graft surgery (CABG) or 
percutaneous transluminal coronary angioplasty (PTCA) has became the standard of care 
for ischemic heart disease; both techniques are highly successful and have significantly 
improved its prognosis. However both have significant long-term issues with their 
durability, in the case of CABG, it is due to the patency of graft used, while arterial grafts 
have an excellent long term patency, saphenous vein graft (SVG) are still widely used due to 
technical considerations. SVG are a useful and valid tool in CABG but their long term 
patency is impaired by what is known as vein graft disease (VGD), where a proliferation of 
smooth cells and endothelial cells lead to intimal hyperplasia, which gradually decreases the 
patent lumen of the graft. Conventional treatments can help to prevent VGD, but still 
constitutes a significant problem in surgically revascularized patients with coronary artery 
disease (Parang & Arora, 2009). 
Thus VGD is another entity which may be susceptible to be treated by gene therapy, one of 
the main advantages when using gene therapy in this disease is the possibility of delivering 
the therapy ex vivo, after the graft has been harvested. The pathogenesis of it, results from 
the graft’s adaptation to high pressure and the loss of inhibition of the endothelial layer, 
there is a proliferation and migration to the intima of smooth muscle cells. These cells 
release cytokines and degrade the surrounding matrix, creating an inflammatory 
environment, highly atherogenic. In the hyperplasia of the intima the E2F transcription 
factors have been identified as key in initiating it. A decoy oligonucleotide for E2F has been 
designed and tested successfully in animal models, a phase 3 clinical trial was designed to 
test its efficacy in preventing vein graft failure, denominated as the PREVENT IV trial. The 
results did not show a significant decrease in the rate of vein graft failure in the treated 
group; while this specific approach was not successful it has proven that gene therapy is a 
possible approach to VGD (Alexander et al., 2005).  
Another potential target which has only been tested experimentally, is the transfer of the 
fibromodullin gene. As previously mentioned the remodelling of the extracellular matrix 
plays a key role in the genesis on intimal hyperplasia, here widely known proteins have 
been identified, one of them is TGF-1, fibromodullin and decorin are leucine rich-
proteoglycans, which possess TGF-1 antagonist activity in vitro and in vivo. Adenoviral 
transfer of the fibromodullin gene to harvested human saphenous veins, revealed 
significantly reduced neointimal thickness (Ranjzad et al., 2009). This proves that while 
clinical trials have been unsuccessful in the past, there are still a number of target that can be 
researched in the future and may result in an effective gene therapy option for VGD. 

8.1 Intra-stent restenosis 
As mentioned PTCA is widely used in the treatment of coronary artery disease, briefly an 
atherosclerotic obstruction of the coronary vessel is identified and dilated with a high 
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8.1 Intra-stent restenosis 
As mentioned PTCA is widely used in the treatment of coronary artery disease, briefly an 
atherosclerotic obstruction of the coronary vessel is identified and dilated with a high 
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pressure balloon, afterwards a metal stent is deployed to prevent new obstructions. As in 
CABG its main drawback it’s the long-term patency of treated lesions, a similar phenomena 
is observed where a neointimal proliferation results in the restenosis of the stent. Currently 
the most used option to prevent this restenosis is the use of drug eluting stents, which are 
covered in different drugs that inhibit the neointimal proliferation. However there is still a 
high number of stents that will develop restenosis. This particular field presents another 
option for the delivery of gene therapy, by deploying gene-delivering stents.  
Intrastent restenosis has been researched in animal models, one of the strategies involves the 
inhibition of cellular proliferation using the CREB binding protein, which is known as a 
regulator of cell proliferation and apoptosis in vascular endothelial and smooth muscle cells. 
Rats were subjected to endothelial injury and denudation of the carotid artery, afterwards 
the injured artery was treated with lentivirus expressing siRNA for CREB binding protein; 
after 4 weeks it significantly decreased the neointimal formation. Thus providing a new 
target to be researched in the future (Yang et al., 2010). Another researched strategy is the 
use of stents delivering the gene of the endothelial nitric oxide synthase (eNOS); it is well 
describe that NO is a critical molecule in the vessel wall as it is responsible for a variety 
functions including inhibition of platelet adhesion and aggregation, inhibition of leukocyte 
chemotaxis, inhibition of smooth muscle cell growth and migration, vasodilatation, and re-
endothelialization, thus making it a very attractive target to prevent neointimal hyperplasia. 
In a rabbit model of intrastent restenosis gene-eluting stents which delivered eNOS had 
significantly less neointimal formation, also it is important to mention, that in this study the 
gene was delivered by a lipid based transfection instead of a viral vector.  

9. Conclusions  
Despite of the therapeutic advances CVD continue to be the main cause of morbidity and 
mortality in the world; gene therapy appears to be a promissory alternative, having the 
capacity to correct the observed fundamental defects in several CVD. Currently gene 
therapy is an area of basic and clinical research of great significance that should produce 
positive results for HF in the next few years. An increase in the knowledge of the underlying 
molecular mechanisms of HF, along with advances in gene therapy technology has led to 
important efforts in in vitro studies and pre-clinical testing of a number of gene targets and 
recently in the successful completion of the first phase 2 gene therapy trial for HF. More-
over, the safety of AAV vectors has been demonstrated for the treatment of HF combined 
with the efficacy of the use of SERCA2a in the treatment of HF, thus opening the field for 
testing new targets to modulate with more advanced vector systems for gene therapy. As 
we have briefly exposed, myocardial ischemia along with HF constitutes one of the most 
researched fields in the CVD spectrum, and probably is the area where gene therapy has 
advanced further, and it even has several pre-clinical and clinical studies, and while the 
results are still non conclusive and even in some cases discouraging, it only shows the many 
difficulties and the need for further research, before gene therapy can be established as an 
everyday available clinical tool. It must also be said that there is a need to diversify the 
efforts in research, since in the case of IHD most of it has focused on angiogenesis, while the 
other pathways as ischemia reperfusion injury and apoptosis have been only scratched in 
the basic setting, thus more research is needed in areas which can offer new and exciting 
promising targets for gene therapy. One of the majors obstacles that presents the basic 
research and clinical application of this and other therapeutic options, is the complexity of 
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the underlying mechanisms, and as such it is required that these along with the indications 
are known and understood so that we can be able to explode to the maximum the new 
capacities that this therapeutic option offers, reason why is necessary to closely follow the 
advances in this field in the near future. 
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1. Introduction  
Degenerative spinal disorders including low back pain are one of the most common and 
costly problems for modern society. It has been recognized that these disorders are directly 
or indirectly associated with intervertebral disc degeneration. The disc is a cartilaginous 
connective tissue, composed of the nucleus pulposus(NP), annulus fibrosus and endplates, 
which connects adjacent vertebrae (the functional spinal unit) and plays major roles in 
promoting the flexibility and stability of the lumbar spine. The NP is comprised of 
chondrocytic cells (nucleus pulposus cells) in an extensive extra-cellular matrix such as 
proteoglycan or collagen. Large molecules of proteoglycan exist in collagen networks and 
the high osmotic pressure produced by proteoglycan can result in inbibing water into the 
encapsulated NP, leading to high positive pressure inside the disc (Nachemson et al., 1970). 
The maintainance of this high positive presure inside of the disc is important in ensuring the 
biomechanical strength of the disc (Figure 1). 
 

 
Fig. 1. Functional spinal unit and the biomechanical stability of the normal disc. 
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costly problems for modern society. It has been recognized that these disorders are directly 
or indirectly associated with intervertebral disc degeneration. The disc is a cartilaginous 
connective tissue, composed of the nucleus pulposus(NP), annulus fibrosus and endplates, 
which connects adjacent vertebrae (the functional spinal unit) and plays major roles in 
promoting the flexibility and stability of the lumbar spine. The NP is comprised of 
chondrocytic cells (nucleus pulposus cells) in an extensive extra-cellular matrix such as 
proteoglycan or collagen. Large molecules of proteoglycan exist in collagen networks and 
the high osmotic pressure produced by proteoglycan can result in inbibing water into the 
encapsulated NP, leading to high positive pressure inside the disc (Nachemson et al., 1970). 
The maintainance of this high positive presure inside of the disc is important in ensuring the 
biomechanical strength of the disc (Figure 1). 
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In the process of disc degeneration, the loss of an important extra-cellular matrix such as 
proteoglycan leading to loss of water from the nucleus pulposus, results in loss of the 
biomechenical stability of the disc. In this process, since the capability for regeneration of the 
degenerated disc is very limited, clinical treatment of degenerative disc disorders, especially 
if there is mechanical instability in this segment, often necessitates removal of the 
degenerated disc and fusion of this segment (spinal fusion) with or without metal 
instruments (Figure 2). Spinal fusion has been one of the main surgical treatments for 
degenerative disc disorders with acceptable clinical results. However, there are several 
problems associated with spinal fusion surgery, such as accerelated degeneration in the disc 
adjacent to the fused segnment (Lee, 1988), breakage of instruments and damage to the 
nerve tissue during the instumentation procedure (West et al., 1991). In addition, the 
procedure is highly invasive, costly, and the risc of infection is comparatively high.  
 

 
Fig. 2. Theoretical disc degeneration process (Kirkaldy & Farfan, 1982). 

To overcome these problems attention has recently turned to biological treatment methods 
in an effort to stimulate the regeneration process of the degenerated discs. Due to the 
relatively well encapsulated and avascular enviroment of the disc, it seems preferable to 
deliver bioactive materials into the disc to obtain positive biological effects which can 
maintain or regenearate disc tissue. Biological treatment for the degenerated disc can be 
divided into three major categories: 1) growth factor injection with or without a carrier, 2) 
cell transplantation including stem cells, and 3) gene therapy. However, it is clear that the 
disc has unique anatomical and physiological properties, which challenge many traditional 
biological approaches. Therefore, we discuss the possiblity of biological treatment 
approaches especially from the view point of delivery of molecular materials to the disc. 
One of the most significant advantages of gene therapy may be the sustained biological 
effect making it potentially suitable in the treatment of chronic diseases such as spinal 
disorders, particularly those disorders associated with disc degeneration.   
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2. Intradiscal gene therapy  
2.1 Previously reported intradiscal gene therapy  
In vitro gene therapy approaches for the disc were first reported in 1997 and in vivo 
approaches in 1998. Attempts at intradiscal gene therapy using viral vectors have been 
made; however, due to the potential risks associated with viral gene therapy, the non-virus 
mediated intradiscal gene transfer method has been developed (see later discussion). 

2.1.1 Virus vector-mediated intradiscal gene therapy 
In 1997, Wehling et al. reported gene transfer to the chondrocytic cells from bovine 
intervertebral endplates using retrovirus vector in vitro (Wehling et al., 1997). This was the 
first report of gene therapy targeting the disc in vitro, and the authors indicated the potential 
use of indirect, ex vivo gene therapy for the degenerated disc by re-injecting genetically 
modified chondrocytic end-plate cells into the disc or surrounding tissue. 
In 1998, Nishida and Kang et al. reported intradiscal direct gene transfer to the disc using an 
adenoviral vector in vivo with a rabbit model. This report was recognised as the first gene 
therapy approach targeting nucleus pulposus cells in vitro and in vivo. In their report, 
reporter gene expression continued in vivo at a seemingly undiminished level for at least 12 
weeks. Later, their follow-up report using two different reporter genes showed the 
longevity of the transgene expression extended over 1 year. The results of these reports 
suggested that the adenoviral vector might be suitable for delivery of therapeutic genes to 
the disc, using an in vivo, direct gene therapy approach for the treatment of spinal disorders.  
In their next study, Nishida and Kang et al. reported an in vivo study using the rabbit model 
once again to determine the feasibility of the adenovirus-mediated transfer of a therapeutic 
gene to the intervertebral disc. They used an adenovirus construct containing a human 
transforming growth factor-beta1 (TGF-beta1) encoding gene (Ad/CMV-TGF beta1). In vivo 
injection of Ad/CMV-TGF beta 1 into the normal nucleus pulposus was revealed to result in 
an approximately six-fold increase in total (i.e., active + latent) TGF- beta 1 production over 
that of the intact control discs. The discs of the therapeutic gene group exhibited a 
statistically significant two-fold increase in proteoglycan synthesis compared to the intact 
control discs. This study demonstrated the efficacy of adenovirus-mediated transfer of a 
therapeutic gene to the intervertebral disc in vivo. The observation of a significant increase in 
proteoglycan synthesis secondary to gene transfer suggested that gene therapy might have 
potential applications in changing the time-course of degenerative disc disease. 
Recently, Liang et al. reported the successful curative effects of gene therapy for the 
treatment of the degenerated disc in a novel mice model by adenoviral mediation of the 
human growth and differentiation factor-5 (GDF-5) gene (Liang et al., 2010). Their study 
confirmed the long-term expression of the target protein in the disc in vivo and also 
demonstrated the physiological improvements occurring in the disc. 
Meanwhile, Lattermann et al. reported adeno-associated virus (AAV) vector-mediated gene 
transfer to intervertebral disc in vivo (Lattermann et al., 2005). AAV vectors are understood 
to be less immunogenic than adenoviral vectors and as yet have not been linked with any 
disease in humans or mammals. The overall transgene expression was approximately half of 
that seen with the adenovirus, and the in vivo gene expression was associated with a 4–6 
week latency period. They concluded that due to safety concerns over the use of adenoviral 
vectors for human gene therapy, the AAV vector might offer a valuable alternative to the 
adenovirus as a delivery vehicle for therapeutic gene transfer into the intervertebral disc. 
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Liu et al. reported the usefulness of baculovirus for the disc (Liu et al., 2006). Baculovirus is 
an insect virus able to deliver exogenous genes to mammalian cells including nondividing 
cells with no cell toxicity in vitro or in vivo. They concluded that baculovirus could transfer 
exogenous genes into rabbit nucleus pulposus cells safely and with high efficiency both in 
vitro and in vivo. 

2.1.1 Nonvirus vector-mediated intradiscal gene therapy 
Although the development of more sophisticated viral vectors such as non-toxic and safer 
vectors is still being investigated, progress in intradiscal gene therapy has been delayed by 
worries over the safety and potential costs of using recombinant viral vectors. Therefore, a 
number of non-virus mediated gene transfer techniques have been developed. However, the 
lower transfection efficiency compared with viral vector-mediated methods has been a 
major limitations of the non-virus mediated method, making the in vivo, direct gene transfer 
approach infeasible.  
In 2006, Nishida et al. reported the efficacy of so-called “microbubble-enhanced ultrasound 
gene therapy” to the disc. More recent evidence suggested an appropriate intensity of 
ultrasound exposure could make a small transient hole on the cell membrane in a 
phenomenon called sonoporation, without causing cell toxicity. Additionally, it was 
reported that a kind of ultrasonography contrast agent called “micro-bubble” makes a 
cavitation with the exposure of ultrasound and this results in the bursting of the 
microbubbles leading to a distribution of material over a specific area of interest. Both these 
phenomenon, sonoporation and cavitation, are thought to have synergistic effects for 
increased transfection efficiency (Lawrie et al., 1999, 2000).  
They demonstrated this micro-bubble enhanced ultrasound gene therapy in the 
intervertebral disc in vivo using a rat model. In their study, two different reporter plasmid 
DNA were used. They discovered that the ultrasound group demonstrated approximately 
an 11-fold increase in transgene expression over the plasmid DNA-only group. Moreover, 
transgene expression mediated by this method was seen, at least up to 24 weeks. These 
results demonstrate that ultrasound-mediated destruction of microbubbles loaded with 
plasmid-DNA is a feasible and efficient technique for local gene delivery within the 
intervertebral disc. 

2.2 New strategy for intradiscal gene therapy 
Despite much research effort, the successful biological treatment of degenerated discs is still 
limited to the injury induced disc degeneration (stub injury) model using relatively small 
animals. There are considerable limitations arising from the unique anatomy and 
physiology of the disc. 

2.2.1 Limitations of biological approaches for degenerated disc 
The lumbar intervertebral disc is known to be the largest avascular organ in the human 
body and the main path of nutrition or oxygen supply is passive diffusion via the endplates, 
resulting in poor nutrition and low oxygen tension, especially near the center of the disc 
(Grunhagen et al., 2006). Therefore, the metabolism in this area has to be relatively 
anaerobic, leading to the production of lactate, which in turn produces low pH inside of the 
disc (Nachemson, 1969). Low nutrition and oxygen tension, low pH, and high positive 
pressure make the interior of the intervertebral disc a harsh biological environment. 
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Therefore, NP cells existing in this environment must be highly differentiated to survive, 
which results in relative stability in terms of cell proliferation. Moreover, probably due to 
the low nutrition supply, the NP has a very low cell number compared with the rich extra-
cellular matrix and a significantly low cellular metabolism.  
Up to now, the main focus of intradiscal gene therapy and growth factor injection or cell 
therapy approaches has been to stimulate matrix synthesis. However, when taking the disc 
environment into consideration, methods requiring more resources or energy to up-regulate 
or stimulate matrix synthesis as well as cell proliferation seem less likely to result in 
successful disc regeneration. For successful biological treatment, taking into consideration of 
the characteristics of the target organ/tissue, and careful selection of the treatment strategy 
is necessary. As such, a different approach requiring less energy or fewer resources may 
have a better chance of promoting disc regeneration.  
One of these approaches is the down-regulation of gene expressions that are potentially 
harmful for the physiological condition of the disc, and thus may induce degenerative 
change in the disc. This kind of approach focuses more on prophylactic treatment of disc 
degeneration. However, theoretically, it could become a regenerative treatment over an 
extended period (Figure 3). RNA interference (RNAi) is known to be a powerful means of 
sequence-specic gene silencing and would thus be a good candidate for this new strategy. 
 

 
Fig. 3. Theoretical effect of continuous down regulation of catabolism by RNAi. 

2.1.2 Potential application of RNA interference for treatment degenerated disc 
associated disorders  
RNAi was rst reported in 1998 by Fire et al. who demonstrated that double-stranded RNA 
induced sequence-specic silencing of gene expression in nematode cells (Fire et al., 1998). 
Elbashir et al. demonstrated that RNAi can be achieved in mammalian cells using 
oligoribonucleotide duplex 21 or 22 bases in length (small interfering RNA; siRNA) 
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(Elbashir et al., 2001). Since then, a numbers of RNAi applications for a variety of 
organs/diseases have been intensively investigated.  
In 2006, Kakutani and Nishida et al. reported for the first time that RNAi targeting 
exogenous reporter gene is effective in silencing transgene expression in nucleus pulposus 
cells in humans and rats in vitro. In their study, two reporter luciferase plasmids (Firey and 
Renilla) were used. These plasmids were co-transfected with siRNA targeting Firey 
luciferase to the nucleus pulposus cells extracted from rats and scoliosis patients. The 
inhibitory effects were evaluated by dual luciferase assay for 3 weeks. The results showed 
the expression of Firey Luciferase was drastically inhibited both in rats (94.7%) and in 
humans (93.7%). These inhibitory effects continued for 3 weeks. The study thus 
demonstrated that siRNA-mediated gene silencing in rat and human disc cells in vitro is 
feasible and effective in down regulating specific gene expression. 
In their follow-up study, Suzuki and Nishida et al. reported the effectiveness of the DNA 
vector-based RNAi technique in vitro for a prolonged RNAi effect. Furthermore, they 
demonstrated the simple unmodied siRNA-mediated RNAi effect in intervertebral discs in 
vivo (rat coccygeal discs) resulted in a prolonged period of up to 24 weeks (168 days). 
Additionally, this study demonstrated long-term down-regulation is possible not only for 
the exogenous reporter gene, but also for the endogenous gene (Fas ligand) expression in rat 
discs in vivo. As a result of the prolonged silencing effect after a single intradiscal 
transduction of unmodied siRNA, this gene delivery method is suitable as a local therapy 
for disc degeneration and associated disorders by down-regulating some harmful genes for 
the normal physiology of the disc, which may cause disc degeneration. (Figure 4) 
 

 
Fig. 4. Long-term RNAi effect mediated by unmodified siRNA in the nucleus pulposus in 
vivo (Modified from Suzuki et al., 2009). 

More recently, Sudo and Minami reported successful RNAi in the degenerative process of 
the disc by down regulating Apotosis related factor caspase 3 (Sudo & Minami, 2011). In 
their report, they investigated the effects of siRNA targeting caspase 3 on rabbit nucleus 
pulposus (NP) cells in vitro. The researchers concluded that these findings indicated caspase 
3 knockdown in intervertebral disc cells is effective in preventing apoptotic cell death, and 
thus could regulate intervertebral disc degeneration. 
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3. Conclusion 
The gene therapy approach for the degenerated disc initially used a viral vector to transfer 
genes to stimulate important matrix synthesis for the disc such as proteoglycan. However, 
due to problems associated with a virus vector, a non-virus mediated gene transfer 
technique has been explored while the  development of more sophisticated virus vectors 
remain a subject of investigation. 
The difficulties of disc regeneration using a biological approach originate from the unique 
anatomical and physiological character of the disc. However, if we disregard these specific 
properties and the associated limitations of the disc, there may be little chance for successful 
regeneration. The successful treatment strategy for osteoporosis patients suggests us that the 
down-regulation of catabolic factors may be a more suitable strategy especially for 
organs/tissues with low cell metabolism and extensive extra-cellular matrix including bone 
or interverteral disc. As such, RNAi has been applied to the disc to down-regulate catabolic 
factors in the disc and correct imbalance between anabolic and catabolic factors with 
minimal nutrition requirements. This kind of approach would focus more on prophylactic 
treatment of disc degeneration. However, the potential exists for it to become a regenerative 
treatment over an extended period.  
There are many issues to be overcome before the clinical use of RNAi can be permitted in 
patients suffering from degenerated discs and associated diseases. However, the 
demonstration that siRNA transfected by a nonvirus-mediated method can effectively 
inhibit specific gene expression in nucleus pulposus cells in vivo for an extended period lead 
the way for the exploration of siRNA as a novel strategy in gene therapy for the treatment of 
disc degeneration and associated diseases. 

4. Acknowledgment  
The authors thank Mrs. Tubby for their help in preparing the manuscript. Partial of this 
work was supported by Grant-in-Aid for Scientic Research (B) (19300184 and 21300189) 
from the Ministry of Education, Culture, Sports, Science and Technology of Japan.  

5. References 
Elbashir, SM., Harborth, J., Lendeckel, W., Yalcin, A., Weber, K., & Tuschl, T. (2001). 

Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured mammalian 
cells. Nature, Vol. 411, pp. 494–8 

Fire, A., Xu, S., Montgomery, MK., Kostas, SA., Driver, SE., & Mello, CC. (1998). Potent and 
specic genetic interference by double-stranded RNA in Caenorhabditis elegans. 
Nature, Vol. 391, pp.806–11 

Grunhagen, T., Wilde, G., Soukane, DM., Shirazi-Adl, SA., & Urban, JP. (2006). Nutrient 
supply and intervertebral disc metabolism. J Bone Joint Surg, Vol. 88-A, pp. 30–35 

Kirkaldy-Willis, W. & Farfan, H. (1982). Instability of the lumbar spine. Clin Orthop Relat Res, 
Vol. 165, pp. 110-23 

Lattermann, C., Oxner, WM., Xiao, X., Li, J., Gilbertson, LG., Robbins, PD., & Kang JD. 
(2005). The adeno associated viral vector as a strategy for intradiscal gene transfer 
in immune competent and pre-exposed rabbits. Spine, Vol. 30, pp. 497–504 

Lawrie, A., Brisken, AF., Francis, SE., Tayler, DI., Chamberlain, J., Crossman, DC., 
Cumberland, DC., & Newman, CM. (1999). Ultrasound enhances reporter gene 



 
Gene Therapy Applications 

 

134 

(Elbashir et al., 2001). Since then, a numbers of RNAi applications for a variety of 
organs/diseases have been intensively investigated.  
In 2006, Kakutani and Nishida et al. reported for the first time that RNAi targeting 
exogenous reporter gene is effective in silencing transgene expression in nucleus pulposus 
cells in humans and rats in vitro. In their study, two reporter luciferase plasmids (Firey and 
Renilla) were used. These plasmids were co-transfected with siRNA targeting Firey 
luciferase to the nucleus pulposus cells extracted from rats and scoliosis patients. The 
inhibitory effects were evaluated by dual luciferase assay for 3 weeks. The results showed 
the expression of Firey Luciferase was drastically inhibited both in rats (94.7%) and in 
humans (93.7%). These inhibitory effects continued for 3 weeks. The study thus 
demonstrated that siRNA-mediated gene silencing in rat and human disc cells in vitro is 
feasible and effective in down regulating specific gene expression. 
In their follow-up study, Suzuki and Nishida et al. reported the effectiveness of the DNA 
vector-based RNAi technique in vitro for a prolonged RNAi effect. Furthermore, they 
demonstrated the simple unmodied siRNA-mediated RNAi effect in intervertebral discs in 
vivo (rat coccygeal discs) resulted in a prolonged period of up to 24 weeks (168 days). 
Additionally, this study demonstrated long-term down-regulation is possible not only for 
the exogenous reporter gene, but also for the endogenous gene (Fas ligand) expression in rat 
discs in vivo. As a result of the prolonged silencing effect after a single intradiscal 
transduction of unmodied siRNA, this gene delivery method is suitable as a local therapy 
for disc degeneration and associated disorders by down-regulating some harmful genes for 
the normal physiology of the disc, which may cause disc degeneration. (Figure 4) 
 

 
Fig. 4. Long-term RNAi effect mediated by unmodified siRNA in the nucleus pulposus in 
vivo (Modified from Suzuki et al., 2009). 

More recently, Sudo and Minami reported successful RNAi in the degenerative process of 
the disc by down regulating Apotosis related factor caspase 3 (Sudo & Minami, 2011). In 
their report, they investigated the effects of siRNA targeting caspase 3 on rabbit nucleus 
pulposus (NP) cells in vitro. The researchers concluded that these findings indicated caspase 
3 knockdown in intervertebral disc cells is effective in preventing apoptotic cell death, and 
thus could regulate intervertebral disc degeneration. 

 
Potential Gene Therapy for Intervertebral Disc Degeneration 

 

135 

3. Conclusion 
The gene therapy approach for the degenerated disc initially used a viral vector to transfer 
genes to stimulate important matrix synthesis for the disc such as proteoglycan. However, 
due to problems associated with a virus vector, a non-virus mediated gene transfer 
technique has been explored while the  development of more sophisticated virus vectors 
remain a subject of investigation. 
The difficulties of disc regeneration using a biological approach originate from the unique 
anatomical and physiological character of the disc. However, if we disregard these specific 
properties and the associated limitations of the disc, there may be little chance for successful 
regeneration. The successful treatment strategy for osteoporosis patients suggests us that the 
down-regulation of catabolic factors may be a more suitable strategy especially for 
organs/tissues with low cell metabolism and extensive extra-cellular matrix including bone 
or interverteral disc. As such, RNAi has been applied to the disc to down-regulate catabolic 
factors in the disc and correct imbalance between anabolic and catabolic factors with 
minimal nutrition requirements. This kind of approach would focus more on prophylactic 
treatment of disc degeneration. However, the potential exists for it to become a regenerative 
treatment over an extended period.  
There are many issues to be overcome before the clinical use of RNAi can be permitted in 
patients suffering from degenerated discs and associated diseases. However, the 
demonstration that siRNA transfected by a nonvirus-mediated method can effectively 
inhibit specific gene expression in nucleus pulposus cells in vivo for an extended period lead 
the way for the exploration of siRNA as a novel strategy in gene therapy for the treatment of 
disc degeneration and associated diseases. 
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1. Introduction 
Osteoarthritis (OA), the most common form of arthritis, is a chronic degenerative joint 
disease that remains a leading cause of chronic disability in the aged population and a 
financial burden on healthcare resources. It affects approximately 15% of the world’s human 
population over 60 years of age (Wolf & Pfleger, 2003) and has even higher prevalence in 
dogs (Johnston, 1997), cats (Godfrey, 2005) and horses (Trumble et al., 2001). It is established 
that OA in dogs and horses has a model character for the human disease since it parallels 
the human form of OA in all aspects (Innes & Clegg, 2010). 
The pathogenesis of OA is characterized by an imbalance in the network of anabolic and 
catabolic processes through complex interactions of mechanical and biochemical forces 
(M.B. Goldring, 2001; Sandell & Aigner, 2001). This imbalance leads, inevitably, to 
progressive articular cartilage destruction, osteophyte formation, subchondral bone 
remodelling and chronic inflammation (M.B. Goldring & S.R. Goldring, 2007; Martel-
Pelletier & Pelletier, 2007). These events are further manifested by a loss of both tissue 
architecture and joint functionality, painful limited movement, disability and an inferior 
quality of life (Abramson & Yazici, 2006; Buckwalter et al., 2006; Pelletier et al., 2001). 
Despite major progress over the last few years, we still have a lot more to understand about 
the aetiology, pathogenesis and progression of OA. 
A complete therapy for OA still remains elusive as manifold efforts made in this direction 
failed to provide a successful long-term remedy. The therapeutic strategies for OA have 
been predominantly directed to (i) alleviate symptomatic pain by suppressing the 
inflammatory process, (ii) reducing the cartilage degenerative process or (iii) enhancing 
cartilage regeneration. However, none has so far been applied to achieve all the three 
objectives.  
Non-pharmacologic and pharmacologic treatments have been employed for early OA while 
surgical interventions for partial or total joint replacement are often indicated in advanced 
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population over 60 years of age (Wolf & Pfleger, 2003) and has even higher prevalence in 
dogs (Johnston, 1997), cats (Godfrey, 2005) and horses (Trumble et al., 2001). It is established 
that OA in dogs and horses has a model character for the human disease since it parallels 
the human form of OA in all aspects (Innes & Clegg, 2010). 
The pathogenesis of OA is characterized by an imbalance in the network of anabolic and 
catabolic processes through complex interactions of mechanical and biochemical forces 
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progressive articular cartilage destruction, osteophyte formation, subchondral bone 
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Pelletier & Pelletier, 2007). These events are further manifested by a loss of both tissue 
architecture and joint functionality, painful limited movement, disability and an inferior 
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Despite major progress over the last few years, we still have a lot more to understand about 
the aetiology, pathogenesis and progression of OA. 
A complete therapy for OA still remains elusive as manifold efforts made in this direction 
failed to provide a successful long-term remedy. The therapeutic strategies for OA have 
been predominantly directed to (i) alleviate symptomatic pain by suppressing the 
inflammatory process, (ii) reducing the cartilage degenerative process or (iii) enhancing 
cartilage regeneration. However, none has so far been applied to achieve all the three 
objectives.  
Non-pharmacologic and pharmacologic treatments have been employed for early OA while 
surgical interventions for partial or total joint replacement are often indicated in advanced 
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OA when the symptoms cannot be controlled by non-invasive means. The long-term use of 
pharmacologics is commonly concomitant with side-effects while surgery contributes little 
to reduce the process of joint destruction and inflammation (Katz et al., 2010; Wei et al., 
1998).  
Articular cartilage destruction is a key pathological characteristic of OA and rheumatoid 
arthritis (RA). Therefore, attempts have been made to repair the OA-related cartilage 
defects. In this context, autologous chondrocyte transplantation (ACT) offers a practical 
solution (Brittberg et al., 1994). Evidence suggests that damaged cartilage plays a pivotal 
role in disease progression and severity (Buckwalter et al., 2006). ACT attempts to build 
hyaline repair tissue, delays total or partial joint replacement, helps to temporarily relieve 
pain and improves the joint function (Minas et al., 2010; Peterson et al., 2002). A further 
developed alternative technique is the matrix associated ACT, where the cultivated cells are 
seeded on a tissue-engineered (biomaterial) scaffold and the cell–scaffold complex is then 
implanted into the defect. The ACT/scaffold coupling paved the way for the use of 
functional tissue substitutes in the treatment of cartilage defects (Tuli et al., 2003). However, 
inflammatory mediators in the arthritic joint could negatively affect the implanted cells, 
potentiating the need to suppress inflammation (Hennerbichler et al., 2008). 
Gene therapy represents another promising approach for OA treatment (Bandara et al., 
1992; Evans et al., 2004; Evans et al., 2009). This concept utilizes viral or non-viral vectors to 
deliver genetic information encoding biological agents into the target tissue for their local 
expression. It appears that viral strategies provide high transfection efficiency and many 
additional assets for a clinical development (Mease et al., 2010) but immunogenicity and 
possible mutagenicity are their main drawbacks. Non-viral strategies, on the other hand, 
have a fascinating preclinical development in arthritis. They are safer but less efficient. Of 
major concern is the regulated expression of the therapeutic genes. Ideally, gene therapy 
outperforms the systemic intake of medicines by only affecting the transfected joint. 
Normally, drugs can be applied in a controlled dosage, while transgene expression is 
switched by intrinsic, normally immutable, regulatory elements. In other words, the 
expression of the therapeutic candidate gene should be limited to the site of OA occurrence 
and only applied in the presence of inflammation or other significant markers of OA arising 
in the affected joint. Moreover, the gene expression should ideally be self-limiting 
(=conditioned) and not constitutive (Geurts et al., 2007; Rachakonda et al., 2008a).  
The information presented above provides evidence for a limited success of several efforts 
towards achieving effective therapeutic strategies for OA. This is mainly because they are 
associated with one or the other limitation. Nonetheless, it is tempting to speculate that gene 
therapy (coupled with tissue-engineering) has great potential for improvement. It is 
therefore very likely that it becomes a leading force for future OA treatment if suitably 
improved. This chapter will provide extended information on this topic and discuss as well 
as suggest some novel ways to improve the current gene therapy procedures for their safe 
application. 

2. Non-pharmacological and pharmacological therapies 
Pain is the presenting symptom in OA. Thus, the therapeutic efforts for OA specifically aim 
at the pain relief through the combination of non-pharmacological and pharmacological 
interventions. Non-pharmacological approaches include exercise therapy, weight loss, social 
support, self-management and awareness of patients to OA (Clouet et al., 2009). These 
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approaches help partially prevent the disease, reduce pain and may delay the degenerative 
process in early-stage OA but do not offer a long-term remedy. Pharmacological therapy 
improves the quality of life of OA patients also through alleviating pain. Acetaminophen 
treatment followed by non-steroidal anti-inflammatory drugs (NSAIDs) inhibits the 
activation of immune cells while NSAIDs suppress the inflammatory process by intervening 
with the prostaglandin synthesis. Long-term usage of NSAIDs is often accompanied by 
adverse side-effects such as gastrointestinal, renal or cardiovascular disorders, as most of 
these compounds inhibit cyclooxygenases (COX)-1 and -2 indiscriminatorily (Hotz-Behofsits 
et al., 2003; Scarpignato & Hunt, 2010; Wolfe et al., 1999). 
Selective COX-2 inhibitors reduce pain through prostaglandin blockade, but owing to their 
harmful effects on cardiovascular events they were recalled from the market (Park et al., 
2006). Later on, the application of some disease-modifying OA drugs (DMOADs) was being 
enhanced by advances in imaging and biomarkers that serve as validated surrogate 
endpoints for key clinical outcomes (Abramson & Yazici, 2006). However, the clinical 
development program for DMOADs is complicated due to the slowly progressive nature of 
OA. 
Intra-articular injections of corticosteroids (Habib et al., 2010) or hyaluronic acid (Liao et al., 
2005) exert pain reducing effects that last for a couple of weeks but do not significantly 
improve the physical function of the joint. Nutritional supplements such as chondrotin 
sulphate and glucosamine are asymptomatic slow-acting safe drugs for the management of 
OA, but their efficacy in OA is questionable (Dougados, 2006) just like avocado, soybean, 
unsaponifiables and Vitamin E (Clouet et al., 2009). 

3. Surgical treatment 
Surgical intervention offers another option for OA therapy after medications have failed to 
restore joint function. Arthroscopic lavage and debridement of the arthritic joint is only 
indicated in cases of superimposed structural lesions in the affected joint such as meniscal 
tear (Katz et al., 2010). Osteotomy is performed by trimming the joint resulting in a spread 
of the mechanical load which relieves the defect area (Parker et al., 2011). Partial or total 
joint replacements are the last resorts in orthopaedic surgery for OA. But these procedures 
are more prone to fail in young and middle-aged patients (Wei et al., 1998). In addition, the 
evidence supporting the use of various surgical approaches is limited mainly by the poor 
study design and relatively small sample size (Katz et al., 2010). 

4. Concept of gene therapy in OA 
The term gene therapy is commonly understood to mean the use of molecular methods to 
replace defective or absent genes or to counteract those that are over-expressed. The key 
technologies needed for gene therapy are the methods by which genes are isolated (cloned), 
manipulated (engineered), and transferred (delivered) into host cells. Since its inception, the 
field of gene therapy in medicine has received much attention, but still remains a great 
challenge for routine clinical applications to treat diseases including OA and RA (Gibbons & 
Hyrich, 2009). 

4.1 In vivo gene delivery in the arthritic joint 
OA is well-suited for local, intra-articular gene delivery because it affects a limited number 
of joints and lacks obvious extra-articular manifestations (Bandara et al., 1992). Thus, the 
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delivery of locally expressed gene products may have therapeutic benefits for localized 
areas of cartilage damage with minimal systemic side-effects. In this approach genes 
encoding biological agents are introduced directly into the intra-articular tissues through 
viral and non-viral vectors. Despite its simplicity, the in vivo route has a number of 
disadvantages that limit its application. For example, targeting the appropriate cells may be 
difficult (Evans et al., 2004). In spite of that there are many published reports in which in 
vivo gene delivery has been the main subject (see Table 1). 
 

Vector Transgene Animal model Reference 
Adenovirus IL-1Ra Dog ACLT Pelletier et al., 1997 
Plasmid IL-1Ra Rabbit meniscectomy Fernandes et al., 1999 
Adenovirus IL-1Ra Horse osteochondral defects Frisbie et al., 2002 
rAAV bFGF Rabbit osteochondral defects Cucchiarini & Madry, 2005 
Plasmid BMP-2 Rabbit cartilage defects Di Cesare et al., 2006 
Plasmid HSP-70 Rat MIA injection Grossin et al., 2006 
Adenovirus TSP-1 Rat ACLT Hsieh et al., 2010 

Table 1. In vivo gene delivery in experimentally induced OA in animal models. 
Abbreviations: IL-1Ra=interleukin-1 receptor antagonist; ACLT=anterior cruciate ligament 
transection; rAAV=recombinant adeno-associated virus; bFGF=basic fibroblast growth 
factor; BMP-2= bone morphogenic protein-2; HSP-70=heat shock protein-70; MIA=mono-
iodoacetate; TSP-1=thrombospondin-1. 

4.2 Ex vivo gene delivery in arthritic joint 
An efficient targeting of specific types of cells in vivo by using vectors is presently not 
possible. Therefore, most applications requiring selective cell transduction involve the 
removal of cells from the body and their genetic manipulation in vitro before re-
implantation. This is known as ex vivo gene delivery. The logic behind such an approach is 
mainly to augment the expression of a therapeutic gene of interest or an inhibition of the 
expression of disease-associated genes (Jorgensen & Apparailly, 2010). Through ex vivo gene 
transfer the amount of genetic material introduced in a target cell can be controlled and 
expression levels monitored before application. A selection of transfection methods used in 
routine lab and clinical studies is listed in Table 2 and a comparison of in vivo and ex vivo 
gene transfer methods is presented in Figure 1. 

4.3 Selective anti-catabolic gene products 
The pro-inflammatory cytokines interleukin-1 beta (IL-1β) and tumour necrosis factor alpha 
(TNFα) secreted by chondrocytes, synovial cells and invading immune cells, are important 
mediators of matrix degeneration and cell apoptosis in OA (M.B. Goldring, 2001). Therefore, 
inhibitors of these cytokines may counteract inflammatory destruction of cartilage. Besides 
cytokines, matrix metalloproteinases (MMPs) and aggrecanases such as ADAMTS-4 (a 
disintegrin and metalloproteinase with thrombospondin-like motif-4) and -5 (ADAMTS-5) 
secreted by the chondrocytes degrade a surplus of matrix in OA (Heinegård & Saxne, 2011). 
In order to diminish the lysis of cartilage and thus to reduce OA progression, tissue 
inhibitors of metalloproteinases (TIMPs) can be over-expressed through gene therapy 
(Celiker et al., 2002; van der Laan et al., 2003). 
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Target cell Transgene Vector Animal model Reference 

Chondrocytes 

LacZ-neo Retrovirus Rabbit Kang et al., 1997 
BMP-7 Adenovirus Horse Hidaka et al., 2003 
IGF-1 Plasmid Rabbit Madry et al., 2005 
bFGF rAAV Rabbit Yokoo et al., 2005 
bFGF Plasmid Rabbit Kaul et al., 2006 

Synovial cells 
LacZ-neo Retrovirus Rabbit Bandara et al., 1992 

IL-1Ra
IL-10 Retrovirus Rabbit Zhang et al., 2004 

Perichondrium-
derived stem cells

BMP-1
IGF-1 Adenovirus Rat Gelse et al., 2003 

Bone-marrow-
derived stem cells CDMP1 Plasmid Rabbit Katayama et al., 2004 

Fibroblasts TGF-β Retrovirus Rabbit Lee et al., 2001 
Muscle-derived cells LacZ Retrovirus Rabbit Adachi et al., 2002 
Table 2. Ex vivo gene delivery to various cell types in animal models for cartilage damage. 
Abbreviations: LacZ-neo=β-galaktosidase-neomycin phosphotransferase; BMP-7=bone 
morphogenic protein-7; IGF-1=insulin-like growth factor-1; bFGF=basic fibroblast growth 
factor; rAAV=recombinant adeno-associated virus; IL-1Ra=interleukin-1 receptor 
antagonist; IL-10=interleukin-10; CDMP1=cartilage-derived morphogenic protein 1; TGF-
β=transforming growth factor β. 

 

 
Fig. 1. In vivo and ex vivo gene transfers to the arthritic joint. In vivo gene delivery involves a 
direct injection of the transgenic vector, in the form of a naked DNA or coupled with a virus 
vehicle into the joint. In an ex vivo approach, gene transfer includes an intermediate step of 
transfection of the explanted, allogeneic cells (chondrocytes/synoviocytes) with the 
transgenic vector (a). The transfected cells can be injected directly into the joint 
(synoviocytes) or to the cartilage defect (chondrocytes) (b) or be embedded into a scaffold 
followed by the reimplantation into the cartilage lesion (c). 
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Abbreviations: IL-1Ra=interleukin-1 receptor antagonist; ACLT=anterior cruciate ligament 
transection; rAAV=recombinant adeno-associated virus; bFGF=basic fibroblast growth 
factor; BMP-2= bone morphogenic protein-2; HSP-70=heat shock protein-70; MIA=mono-
iodoacetate; TSP-1=thrombospondin-1. 

4.2 Ex vivo gene delivery in arthritic joint 
An efficient targeting of specific types of cells in vivo by using vectors is presently not 
possible. Therefore, most applications requiring selective cell transduction involve the 
removal of cells from the body and their genetic manipulation in vitro before re-
implantation. This is known as ex vivo gene delivery. The logic behind such an approach is 
mainly to augment the expression of a therapeutic gene of interest or an inhibition of the 
expression of disease-associated genes (Jorgensen & Apparailly, 2010). Through ex vivo gene 
transfer the amount of genetic material introduced in a target cell can be controlled and 
expression levels monitored before application. A selection of transfection methods used in 
routine lab and clinical studies is listed in Table 2 and a comparison of in vivo and ex vivo 
gene transfer methods is presented in Figure 1. 

4.3 Selective anti-catabolic gene products 
The pro-inflammatory cytokines interleukin-1 beta (IL-1β) and tumour necrosis factor alpha 
(TNFα) secreted by chondrocytes, synovial cells and invading immune cells, are important 
mediators of matrix degeneration and cell apoptosis in OA (M.B. Goldring, 2001). Therefore, 
inhibitors of these cytokines may counteract inflammatory destruction of cartilage. Besides 
cytokines, matrix metalloproteinases (MMPs) and aggrecanases such as ADAMTS-4 (a 
disintegrin and metalloproteinase with thrombospondin-like motif-4) and -5 (ADAMTS-5) 
secreted by the chondrocytes degrade a surplus of matrix in OA (Heinegård & Saxne, 2011). 
In order to diminish the lysis of cartilage and thus to reduce OA progression, tissue 
inhibitors of metalloproteinases (TIMPs) can be over-expressed through gene therapy 
(Celiker et al., 2002; van der Laan et al., 2003). 
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Target cell Transgene Vector Animal model Reference 

Chondrocytes 

LacZ-neo Retrovirus Rabbit Kang et al., 1997 
BMP-7 Adenovirus Horse Hidaka et al., 2003 
IGF-1 Plasmid Rabbit Madry et al., 2005 
bFGF rAAV Rabbit Yokoo et al., 2005 
bFGF Plasmid Rabbit Kaul et al., 2006 

Synovial cells 
LacZ-neo Retrovirus Rabbit Bandara et al., 1992 

IL-1Ra
IL-10 Retrovirus Rabbit Zhang et al., 2004 

Perichondrium-
derived stem cells

BMP-1
IGF-1 Adenovirus Rat Gelse et al., 2003 

Bone-marrow-
derived stem cells CDMP1 Plasmid Rabbit Katayama et al., 2004 

Fibroblasts TGF-β Retrovirus Rabbit Lee et al., 2001 
Muscle-derived cells LacZ Retrovirus Rabbit Adachi et al., 2002 
Table 2. Ex vivo gene delivery to various cell types in animal models for cartilage damage. 
Abbreviations: LacZ-neo=β-galaktosidase-neomycin phosphotransferase; BMP-7=bone 
morphogenic protein-7; IGF-1=insulin-like growth factor-1; bFGF=basic fibroblast growth 
factor; rAAV=recombinant adeno-associated virus; IL-1Ra=interleukin-1 receptor 
antagonist; IL-10=interleukin-10; CDMP1=cartilage-derived morphogenic protein 1; TGF-
β=transforming growth factor β. 

 

 
Fig. 1. In vivo and ex vivo gene transfers to the arthritic joint. In vivo gene delivery involves a 
direct injection of the transgenic vector, in the form of a naked DNA or coupled with a virus 
vehicle into the joint. In an ex vivo approach, gene transfer includes an intermediate step of 
transfection of the explanted, allogeneic cells (chondrocytes/synoviocytes) with the 
transgenic vector (a). The transfected cells can be injected directly into the joint 
(synoviocytes) or to the cartilage defect (chondrocytes) (b) or be embedded into a scaffold 
followed by the reimplantation into the cartilage lesion (c). 
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4.4 Selective anabolic gene products 
While inhibition of catabolic pathways will diminish OA damage, it will not enhance repair 
of already degraded matrix. Therefore, gene products with anabolic functions are of special 
interest. These gene products comprise anabolic enzymes and growth factors that promote 
matrix synthesis and morphogenic mediators for chondrogenic differentiation. Matrix 
synthesis can be enhanced by expressing enzymes required for the synthesis of precursors of 
matrix constituents (J.N. Gouze et al., 2004). An overview of genes employed for OA gene 
therapy is provided in Table 3. 
 

Candidate 
transgene Effect Reference 

Anti-catabolic 

IL-1Ra Blocks IL-1R on articular 
cells Evans & Robbins, 1994 

sIL-1R Neutralizes secreted IL-1 Ghivizzani et al., 1998 
sTNFR Neutralizes secreted TNFα Ghivizzani et al., 1998 

IL-4 Down-regulates IL-1 and 
TNFα expression 

Geurts et al., 2007; Rachakonda et al., 
2008a; Woods et al., 2001 

IL-10 Down-regulates IL-1 and 
TNFα expression 

Amos et al., 2006; Müller et al., 2008; Zhang 
et al., 2004 

IL-13 Anti-inflammatory action Nabbe et al., 2005 
TIMPs Matrix proteinase inhibitor Celiker et al., 2002; van der Laan et al., 2003 
Anabolic 
IGF-1 Chondrocyte growth factor Madry et al., 2002 
TGF-β Chondrocyte growth factors Lafeber et al., 1997; Watson et al., 2010 
BMPs Chondrocyte growth factors Hidaka et al., 2003 
bFGF Chondrocyte growth factor Madry et al., 2004 
SOX-9 Transcription factor  Cucchiarini et al., 2007 
GFAT Enhances matrix synthesis J.N. Gouze et al., 2004 
GlcAT-I Enhances matrix synthesis Venkatesan et al., 2004 

Table 3. Examples of candidate transgenes for OA gene therapy. Abbreviations: IL-
1Ra=Interleukin-1 receptor antagonist; sIL-1R=soluble IL-1 receptor; sTNFR=soluble tumour 
necrosis factor-α receptor; IL-4, -10, -13=interleukin-4,-10,-13; TIMPs=tissue inhibitors of 
metalloproteinases; IGF-1=insulin like growth factor 1; TGF-β=transforming growth factor 
β; BMPs=bone morphogenic proteins; bFGF = basic fibroblast growth factor; SOX-9=sex-
determining region Y box 9; GFAT=glutamine fructose-6 phosphate aminotransferase; 
GlcAT-I= β1,3-glucuronosyltransferase-I. 

4.5 Viral gene transfer 
Viruses provide a natural system for horizontal gene transfer into a variety of cells. Several 
virus types (given below) infect mammalian cells and are adopted as vehicles for gene 
transfer. Retroviral transfection systems derived from Moloney murine leukaemia 
oncoretrovirus and others require dividing cells for infection and integration and have 
therefore been used mainly in ex vivo transfection (Evans et al., 2005) and occasionally in vivo 
(Ghivizzani et al., 1997). Retroviruses insert parts of their genome non-specifically into the 
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host cell DNA, thus enabling stable transfection of the cells but carry the risk of insertional 
mutagenesis. 
Lentiviruses, derived from the human immunodeficiency virus, are able to infect resting-
state cells with high efficiency, show low immunogenicity and can integrate transgenes 
into the cell DNA. To avoid possible insertion mutagenesis, non-integrating lentiviruses 
have been developed which maintain the high transduction efficiency (Philpott & 
Thrasher, 2007) and can be used for in vivo and ex vivo transduction of articular cells (E. 
Gouze et al., 2007). 
Adenoviruses readily transduce dividing and non-dividing cells. The integration frequency 
of adenoviral genome into host DNA is very low (Harui et al., 1999), and engineered 
replication deficient adenoviruses enhance biosafety. Many adenoviruses, however, elicit 
immune responses from the patient, which excludes them from in vivo approaches. To 
circumvent their immunogenicity, either adenovirus strains which normally infect different 
host species are used, or immunogenic viral proteins are deleted from the constructs (Evans 
et al., 2001). Adeno-associated viruses have low immunogenicity, are small in size and can 
carry only small gene constructs. They possibly penetrate the cartilage matrix and could 
therefore transduce chondrocytes in vivo (Madry et al., 2003). 
In general, viral gene transfer is highly efficient. Synovial cells can be transduced in vivo, 
and chondrocytes ex vivo with high transduction rates. Drawbacks of viral systems are 
biosafety issues, the need of extra cell lines for virus generation and propagation, and 
special plasmids for viral delivery. Therefore, several non-viral methods are used parallel to 
viral approaches (Capito & Spector, 2007; Thomas et al., 2003). 

4.6 Non-viral gene transfer 
Non-viral gene transfer delivers plasmid DNA into the target cells with selected chemical 
and physical methods. In general, non-viral methods are less elaborate than the generation 
of transduction viruses. All non-viral methods achieve transient transfection (Welter et al., 
2004). 
The most common method uses non-ionic or cationic lipids to form DNA-lipid particles. 
These particles are taken up by the cell and transcribed after transfer into the nucleus. 
Several compounds are available, which transfect cells with variable efficiencies (Madry et 
al., 2000). Many protocols for ex vivo gene transfer with lipofection are established despite of 
the drawback of relatively low transfection efficiency. The cytotoxicity of most transfection 
agents causes limited damage to target cells and thus this method is not suitable for in vivo 
use. Intra-articular injection of naked DNA plasmids without addition of liposomal agents is 
also feasible for synoviocyte transfection (Sant et al., 1998). On the other hand, 
electroporation achieves high transfection rate and does not need cytotoxic chemicals 
(Welter et al., 2004). By applying intra-articular DNA injection and external electric pulses to 
knee joints, in vivo transfection of articular chondrocytes can be achieved (Grossin et al., 
2003). Binding plasmid DNA to magnetic microparticles allows the complexes to be forced 
into cells by strong directional magnetic fields and does not require cytotoxic transfection 
reagents. This approach has been used on chondrocytes in monolayer (Plank et al., 2003), 
but its feasibility in vivo has not been tested yet. A selection of viral and non-viral gene 
transfer procedures are compiled in Table 4.  
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4.4 Selective anabolic gene products 
While inhibition of catabolic pathways will diminish OA damage, it will not enhance repair 
of already degraded matrix. Therefore, gene products with anabolic functions are of special 
interest. These gene products comprise anabolic enzymes and growth factors that promote 
matrix synthesis and morphogenic mediators for chondrogenic differentiation. Matrix 
synthesis can be enhanced by expressing enzymes required for the synthesis of precursors of 
matrix constituents (J.N. Gouze et al., 2004). An overview of genes employed for OA gene 
therapy is provided in Table 3. 
 

Candidate 
transgene Effect Reference 

Anti-catabolic 

IL-1Ra Blocks IL-1R on articular 
cells Evans & Robbins, 1994 

sIL-1R Neutralizes secreted IL-1 Ghivizzani et al., 1998 
sTNFR Neutralizes secreted TNFα Ghivizzani et al., 1998 

IL-4 Down-regulates IL-1 and 
TNFα expression 

Geurts et al., 2007; Rachakonda et al., 
2008a; Woods et al., 2001 

IL-10 Down-regulates IL-1 and 
TNFα expression 

Amos et al., 2006; Müller et al., 2008; Zhang 
et al., 2004 

IL-13 Anti-inflammatory action Nabbe et al., 2005 
TIMPs Matrix proteinase inhibitor Celiker et al., 2002; van der Laan et al., 2003 
Anabolic 
IGF-1 Chondrocyte growth factor Madry et al., 2002 
TGF-β Chondrocyte growth factors Lafeber et al., 1997; Watson et al., 2010 
BMPs Chondrocyte growth factors Hidaka et al., 2003 
bFGF Chondrocyte growth factor Madry et al., 2004 
SOX-9 Transcription factor  Cucchiarini et al., 2007 
GFAT Enhances matrix synthesis J.N. Gouze et al., 2004 
GlcAT-I Enhances matrix synthesis Venkatesan et al., 2004 

Table 3. Examples of candidate transgenes for OA gene therapy. Abbreviations: IL-
1Ra=Interleukin-1 receptor antagonist; sIL-1R=soluble IL-1 receptor; sTNFR=soluble tumour 
necrosis factor-α receptor; IL-4, -10, -13=interleukin-4,-10,-13; TIMPs=tissue inhibitors of 
metalloproteinases; IGF-1=insulin like growth factor 1; TGF-β=transforming growth factor 
β; BMPs=bone morphogenic proteins; bFGF = basic fibroblast growth factor; SOX-9=sex-
determining region Y box 9; GFAT=glutamine fructose-6 phosphate aminotransferase; 
GlcAT-I= β1,3-glucuronosyltransferase-I. 

4.5 Viral gene transfer 
Viruses provide a natural system for horizontal gene transfer into a variety of cells. Several 
virus types (given below) infect mammalian cells and are adopted as vehicles for gene 
transfer. Retroviral transfection systems derived from Moloney murine leukaemia 
oncoretrovirus and others require dividing cells for infection and integration and have 
therefore been used mainly in ex vivo transfection (Evans et al., 2005) and occasionally in vivo 
(Ghivizzani et al., 1997). Retroviruses insert parts of their genome non-specifically into the 
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host cell DNA, thus enabling stable transfection of the cells but carry the risk of insertional 
mutagenesis. 
Lentiviruses, derived from the human immunodeficiency virus, are able to infect resting-
state cells with high efficiency, show low immunogenicity and can integrate transgenes 
into the cell DNA. To avoid possible insertion mutagenesis, non-integrating lentiviruses 
have been developed which maintain the high transduction efficiency (Philpott & 
Thrasher, 2007) and can be used for in vivo and ex vivo transduction of articular cells (E. 
Gouze et al., 2007). 
Adenoviruses readily transduce dividing and non-dividing cells. The integration frequency 
of adenoviral genome into host DNA is very low (Harui et al., 1999), and engineered 
replication deficient adenoviruses enhance biosafety. Many adenoviruses, however, elicit 
immune responses from the patient, which excludes them from in vivo approaches. To 
circumvent their immunogenicity, either adenovirus strains which normally infect different 
host species are used, or immunogenic viral proteins are deleted from the constructs (Evans 
et al., 2001). Adeno-associated viruses have low immunogenicity, are small in size and can 
carry only small gene constructs. They possibly penetrate the cartilage matrix and could 
therefore transduce chondrocytes in vivo (Madry et al., 2003). 
In general, viral gene transfer is highly efficient. Synovial cells can be transduced in vivo, 
and chondrocytes ex vivo with high transduction rates. Drawbacks of viral systems are 
biosafety issues, the need of extra cell lines for virus generation and propagation, and 
special plasmids for viral delivery. Therefore, several non-viral methods are used parallel to 
viral approaches (Capito & Spector, 2007; Thomas et al., 2003). 

4.6 Non-viral gene transfer 
Non-viral gene transfer delivers plasmid DNA into the target cells with selected chemical 
and physical methods. In general, non-viral methods are less elaborate than the generation 
of transduction viruses. All non-viral methods achieve transient transfection (Welter et al., 
2004). 
The most common method uses non-ionic or cationic lipids to form DNA-lipid particles. 
These particles are taken up by the cell and transcribed after transfer into the nucleus. 
Several compounds are available, which transfect cells with variable efficiencies (Madry et 
al., 2000). Many protocols for ex vivo gene transfer with lipofection are established despite of 
the drawback of relatively low transfection efficiency. The cytotoxicity of most transfection 
agents causes limited damage to target cells and thus this method is not suitable for in vivo 
use. Intra-articular injection of naked DNA plasmids without addition of liposomal agents is 
also feasible for synoviocyte transfection (Sant et al., 1998). On the other hand, 
electroporation achieves high transfection rate and does not need cytotoxic chemicals 
(Welter et al., 2004). By applying intra-articular DNA injection and external electric pulses to 
knee joints, in vivo transfection of articular chondrocytes can be achieved (Grossin et al., 
2003). Binding plasmid DNA to magnetic microparticles allows the complexes to be forced 
into cells by strong directional magnetic fields and does not require cytotoxic transfection 
reagents. This approach has been used on chondrocytes in monolayer (Plank et al., 2003), 
but its feasibility in vivo has not been tested yet. A selection of viral and non-viral gene 
transfer procedures are compiled in Table 4.  
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Gene transfer 
 method Efficiency Reference 

Viral 

Retrovirus Low transduction efficiency in vivo, 
integrating Evans et al., 2005 

Lentivirus 
High transduction efficiency of 
dividing and non-dividing cells, 
integrating 

E. Gouze et al., 2002 

Adenovirus Immunogenic, high transduction 
efficiency Ghivizzani et al., 1998 

AAV Moderate transduction efficiency in 
vivo, only small ORFs as transgenes 

Jorgensen & Apparailly, 
2010 

Non-viral 

Lipofection Cytotoxic, varying transfection 
 efficiency, low cost Madry et al., 2005 

Electroporation Efficient, high equipment costs Welter et al., 2004 

Matrix bound DNA Long lasting, low transfection 
efficiency Capito & Spector, 2007 

Table 4. Comparison of gene transfer methods for articular gene therapy. Abbreviations: 
AAV=adeno-associated viruses; ORFs=open reading frames. 

5. Tissue-engineered scaffolds for ACT 
In the context of OA, repair of cartilage surface defects through biological regeneration and 
transplantation of various tissues or cells have been investigated (Goehring et al., 2010; 
Stoop, 2008). The technology of scaffold-free ACT pioneered by Brittberg and colleagues has 
been widely applied to repair small cartilage lesions. Herein, a biopsy is taken from non-
weight-bearing regions of cartilage; the chondrocytes are enzymatically extracted, expanded 
in monolayer culture, and then injected beneath a periosteal flap sutured over the cartilage 
lesion (Brittberg et al., 1994). This strategy has been used to treat thousands of patients 
worldwide and offers a transient but practical solution for cartilage repair. 
Porous 3-dimensional scaffolds are increasingly used to facilitate cellular attachment and at 
the same time provide superior mechanical properties. This technique is particularly useful 
given the lack of cell retention when cell suspensions are directly transplanted at the 
cartilage defect site. It also reduces potential donor site morbidity associated with 
procedures that utilize a periosteal flap to increase cellular retention (Brittberg et al., 1994). 
A wide range of materials have been produced to serve as scaffolds for cartilage repair. 
Generally they can be classified into three categories: natural, synthetic and biosynthetic 
materials (Goehring et al., 2010; Langer & Tirrell, 2004; Stoop, 2008). In the following 
paragraphs, we will highlight some of the important scaffolds from these categories. 

5.1 Natural scaffold materials 
Natural materials are composed of native biocompounds which mimick the natural surface 
for cell adhesion and maintain the required physiological environment. In addition, these 
materials (i) are non-toxic, (ii) follow a physiological biodegrading mechanism and (iii) are 
used to produce scaffolds for cartilage tissue-engineering (Hunziker, 2002; Stoop, 2008). 
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Collagen-based biomaterials are widely used in clinical practice and have been employed as 
carriers for chondrocytes (Wakitani et al., 1998) and mesenchymal stem cells (MSCs) (Im et 
al., 2001). Collagen type I hydrogels resemble hyaline cartilage. They are biodegradable, 
elicit no inflammation and can be metabolized by MSCs through the action of endogenous 
collagenases. Rat-tail extracted, collagen type I has been recently developed to construct 
scaffolds termed cartilage regeneration system (CaReS; Amedrix, Esslingen, Germany). It 
has been reported that patellofemoral transplantation of CaReS scaffolds for two years 
showed a significant improvement in cartilage repair in patients (Andereya et al., 2007) 
resulting in complete defect filling with superior quality repair tissue (Welsch et al., 2010). 
Both fibrinogen and its polymer fibrin have been shown to play major roles in healing 
osteochondral defects (Shapiro et al., 1993), but owing to the exceedingly high 
concentrations and protein densities, the glue impeded rather than facilitated cell invasion, 
thus limiting its use (Brittberg et al., 1994). Hyaluronic acid is a non-sulphated 
glycosaminoglycan (GAG) that makes up a large part of cartilage extracellular matrix. In its 
unmodified form, it has a high biocompatibility and plays an important role in determining 
the biophysical microenvironment for chondrocyte growth and proliferation (Poole et al., 
1990).  
Cell-seeded agarose hydrogels enhance the matrix elaboration upon dynamic deformational 
loading (Häuselmann et al., 1994). Despite its suitability for implantation, the non-
degradable nature of the gel limits its application in tissue-engineering. Alginate, a naturally 
derived polysaccharide gel, has been successfully shown to support cell retention and the 
chondrocytic phenotype by maintaining cell shape through encapsulation (Guo et al., 1989; 
Häuselmann et al., 1994; Rai et al., 2009). On the other hand, its inferior biomechanical 
properties as well as concerns over its immunogenicity have raised biocompatibility issues 
(Kulseng et al., 1999). Alginates are easy to use and suitable for the repair of small cartilage 
defects but fragile during surgery.  

5.2 Synthetic scaffold materials 
Many synthetic scaffolds commonly used in cartilage tissue-engineering are fabricated using 
poly(α-hydroxy acid) polymers such as poly-L-lactide, polyglycolic acid and their 
copolymers poly-DL-lactide-co-glycolide and poly-є-caprolactone (Li et al., 2006; Nöth et al., 
2002). They offer optimal fibre diameter, pore size, degradation time and reproducibility in 
production. The major advantages associated with the use of synthetic polymers are their 
design flexibility and elimination of disease transmission. Disadvantages of some synthetic 
polymers are the potential increase in local pH resulting from acidic degradation products, 
excessive inflammatory responses and poor clearance and chronic inflammation associated 
with these high molecular weight polymers (Stoop, 2008). 

5.3 Biosynthetic scaffold materials 
In recent years, a wide array of novel biosynthetic materials has been developed based on 
natural materials such as silk or cellulose and synthetic materials such as poly(1,8-octanediol 
citrate) or poly(ether ester) copolymer scaffolds. In addition, numerous attempts have been 
sought to optimize scaffold properties by combining several different materials. For 
example, scaffolds have been produced from gelatine, hyaluronic acid and chondroitin-6-
sulphate and mixed with fibrin glue or polylactic-co-glycolic acid. To support bone as well 
as cartilage formation, hydroxyapatite was combined with chitosan to produce scaffolds 
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Gene transfer 
 method Efficiency Reference 

Viral 

Retrovirus Low transduction efficiency in vivo, 
integrating Evans et al., 2005 

Lentivirus 
High transduction efficiency of 
dividing and non-dividing cells, 
integrating 

E. Gouze et al., 2002 

Adenovirus Immunogenic, high transduction 
efficiency Ghivizzani et al., 1998 

AAV Moderate transduction efficiency in 
vivo, only small ORFs as transgenes 

Jorgensen & Apparailly, 
2010 

Non-viral 

Lipofection Cytotoxic, varying transfection 
 efficiency, low cost Madry et al., 2005 

Electroporation Efficient, high equipment costs Welter et al., 2004 

Matrix bound DNA Long lasting, low transfection 
efficiency Capito & Spector, 2007 

Table 4. Comparison of gene transfer methods for articular gene therapy. Abbreviations: 
AAV=adeno-associated viruses; ORFs=open reading frames. 
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weight-bearing regions of cartilage; the chondrocytes are enzymatically extracted, expanded 
in monolayer culture, and then injected beneath a periosteal flap sutured over the cartilage 
lesion (Brittberg et al., 1994). This strategy has been used to treat thousands of patients 
worldwide and offers a transient but practical solution for cartilage repair. 
Porous 3-dimensional scaffolds are increasingly used to facilitate cellular attachment and at 
the same time provide superior mechanical properties. This technique is particularly useful 
given the lack of cell retention when cell suspensions are directly transplanted at the 
cartilage defect site. It also reduces potential donor site morbidity associated with 
procedures that utilize a periosteal flap to increase cellular retention (Brittberg et al., 1994). 
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paragraphs, we will highlight some of the important scaffolds from these categories. 
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Natural materials are composed of native biocompounds which mimick the natural surface 
for cell adhesion and maintain the required physiological environment. In addition, these 
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elicit no inflammation and can be metabolized by MSCs through the action of endogenous 
collagenases. Rat-tail extracted, collagen type I has been recently developed to construct 
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showed a significant improvement in cartilage repair in patients (Andereya et al., 2007) 
resulting in complete defect filling with superior quality repair tissue (Welsch et al., 2010). 
Both fibrinogen and its polymer fibrin have been shown to play major roles in healing 
osteochondral defects (Shapiro et al., 1993), but owing to the exceedingly high 
concentrations and protein densities, the glue impeded rather than facilitated cell invasion, 
thus limiting its use (Brittberg et al., 1994). Hyaluronic acid is a non-sulphated 
glycosaminoglycan (GAG) that makes up a large part of cartilage extracellular matrix. In its 
unmodified form, it has a high biocompatibility and plays an important role in determining 
the biophysical microenvironment for chondrocyte growth and proliferation (Poole et al., 
1990).  
Cell-seeded agarose hydrogels enhance the matrix elaboration upon dynamic deformational 
loading (Häuselmann et al., 1994). Despite its suitability for implantation, the non-
degradable nature of the gel limits its application in tissue-engineering. Alginate, a naturally 
derived polysaccharide gel, has been successfully shown to support cell retention and the 
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Häuselmann et al., 1994; Rai et al., 2009). On the other hand, its inferior biomechanical 
properties as well as concerns over its immunogenicity have raised biocompatibility issues 
(Kulseng et al., 1999). Alginates are easy to use and suitable for the repair of small cartilage 
defects but fragile during surgery.  

5.2 Synthetic scaffold materials 
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2002). They offer optimal fibre diameter, pore size, degradation time and reproducibility in 
production. The major advantages associated with the use of synthetic polymers are their 
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as cartilage formation, hydroxyapatite was combined with chitosan to produce scaffolds 



 
Gene Therapy Applications 

 

146 

that allow the treatment of osteochondral defects. Conversely, most of these developments 
show promise for future clinical application, so far they have mainly been investigated 
using in vitro systems or at the most, in animal models. Translation of these developments to 
the clinical and commercial setting will take longer (Stoop, 2008).  

6. Obstacles and challenges in clinical application of gene therapy 
Gene therapy for OA has been described extensively for the last twenty years and a large 
body of impressive preclinical safety and efficacy information has been documented 
(Bandara et al., 1992; Trippel et al., 2004). Despite this fact, only a few clinical trials of this 
therapeutic strategy have been conducted mainly due to scientific, technological, financial 
and sociological hurdles (Evans et al., 2011). A single phase II study has been reported 
recently and this slow pace indicates the unlikelihood of gene therapy to become clinically 
available in the near future (Mease et al., 2010). One of the most serious reason for the 
current slow progress in gene therapy research in OA (and RA) lies in the widespread 
public scepticism with anything relating to genes. The term gene is simply not understood 
by the average citizen and any genetic intervention in research has a priori a negative 
connotation. Fitting with this general attitude, regulatory bodies demand extremely hard 
safety precautions with any genetic intervention with patients which leads to an explosion 
of cost and duration for the development of these very promising therapies.  
Nonetheless, this should not disappoint gene therapy researchers. Despite its slow progress, 
gene therapy promises to fulfil unmet needs in the treatment of OA and allied joint 
disorders and therefore has a bright future in the long run. It will eventually offer a 
focussed, local and perhaps personalized therapy avenue which may well cover the non-
responders to the conventional treatment of joint disorders which in the case of RA amount 
to a substantial percentage (Gibbons & Hyrich, 2009). Furthermore, by applying local gene 
therapy it will certainly be possible to avoid the widely observed side-effects that occur with 
the present therapeutics. 
Another leading challenge facing gene therapy today is the improvement of current vectors 
and this area continues to be another limiting factor in gene therapy applications. Even in 
the field of viral vectors, attempts have been made to combine their application with 
immunomodulating agents (Ikeda et al., 2000), still obvious problems exist with this 
approach (Zhou et al., 2004). Similarly, in the area of non-viral gene transfer, researchers are 
generating new transfection methods/strategies with a number of new products becoming 
commercially available every year (Donkuru et al., 2010; Haag et al., 2009; Madeira et al., 
2011). Yet, an ideal agent that satisfies the requirements for application with the relevant 
target cells for OA gene therapy is not in sight. 
Although the tissue-engineering scaffolds described above are becoming increasingly 
popular due to the high standards of cellular attachment and mechanical stability, their role 
in a pro-inflammatory environment in arthritic condition raises some doubts and has not 
been completely evaluated. An effective therapy of OA in the context of inflammation, 
however, may be achieved through genetic modification of suitable target cells present in 
the scaffolds to deliver therapeutic transgenes to the site of disease. Below we elaborate on 
the choice of cells that can be utilized in this approach and on the question which are the 
best vehicles for gene delivery mechanism as well as the type of scaffolds for engineering 
cartilage defects. 
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7. Controlled expression from “Smart Transplants” 
As we all know that the conventional gene therapy has many potential limitations and 
therefore the need of customized gene therapy arises. The customized form of gene therapy 
could be defined as a therapy in which autologous cells are genetically modified by species-
specific genes under the control of endogenous and disease-responsive elements and made 
clinically applicable by seeding in the scaffolds. As these scaffolds harbour cells that deliver 
therapeutic proteins in a fine-tuned manner to the defect site based on the severity of 
inflammation in the joint, we termed them smart transplants. Each component of smart 
transplants has been summarized below and is depicted in Figure 2. 
 

 
Fig. 2. A diagrammatic sketch showing the components of the smart transplant approach 
favoured by our research unit for future clinical application in veterinary as well as human 
medicine. Through recombinant DNA technology, (a) anti-inflammatory (IL-4) and/or 
anabolic (IGF-1) genes (a) are cloned with non-viral vectors (b) and endogenous responsive 
elements like COX-2 (c). Then the gene/vector cassette is introduced into autologous 
chondrocytes or MSCs (d) through an efficient transfection approach. The conditioned cells 
are finally seeded into collagen scaffolds (e) and finally implanted into the defected joint. 
Here it should secure a fine-tuned and regulated expression (f) of therapeutic proteins at the 
time when they are needed, i.e. when inflammatory mediators dominate the surrounding 
milieu. 

7.1 Selection of genes for OA gene therapy 
Though various biological factors have been independently identified as necessary for 
reducing inflammation or promoting regeneration in the diseased joint, the most promising 
therapeutic agents are those that modulate the activities of the pro-inflammatory cytokines 
IL-1β and TNF (Fukui et al., 2003; M.B. Goldring, 1999; Martel-Pelletier et al., 1999). Several 
(anti-inflammatory) agents have been tested that suppress the production of pro-
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inflammatory mediators (Fernandes et al., 2002). Among these IL-4 (Woods et al., 2001), IL-
10 (Amos et al., 2006), and IL-13 (Jovanovic et al., 1998) are of utmost significance in the 
context of OA. IL-4 compared to IL-10, has a higher potential to inhibit IL-1β (Rachakonda et 
al., 2008a, 2008b) and only IL-4 (not IL-10) can induce the production of IL-1Ra (Relic et al., 
2001). Further, IL-4 can antagonize the effects of TNF by inducing down-regulation and 
shedding of both forms of TNF receptors while IL-13 failed to produce such effects (Manna 
& Aggarwal 1998) and unlike IL-4, it does not appear to directly regulate the growth of TH2-
type cells (Chomarat & Banchereau, 1998).  
OA – particularly in its later stages – is characterized by inflammation and catabolism going 
side by side (M.B. Goldring & S.R. Goldring, 2007; Pelletier et al., 2001). Therefore, 
simultaneous expression of both anti-inflammatory and regenerative (anabolic) genes 
should be taken into consideration. One of the main anabolic mediators, which naturally 
aids in the protection of cartilage from regular wear and tear, is insulin-like growth factor-1 
(IGF-1). IGF-1 is known to maintain homeostasis in articular cartilage by stimulating the 
synthesis of cartilage matrix proteins noted by an increased production of aggrecan and 
type II collagen (Manning et al., 2010). IL-4 and IGF-1 would offer a more complete therapy 
to combat the different aspects of the disease. We consider the dual expression of both 
proteins and surmise that an effective therapy should comprise the expression of both anti-
inflammatory cytokines and cartilage anabolic factors to counteract the effects of catabolic 
mediators. 

7.2 Selection of non-viral vectors 
The most worrisome weakness of gene therapy is that many of the immunological defence 
systems which normally tackle wild-type infections are activated against the vectors and 
new transgene products might be recognized as foreign. In the past, great advances have 
been made to create new systems for the efficient production of gene-deleted less 
immunogenic vectors. These include the improvements such as expansion of the repertoire 
of vector tropisms and the evasion of pre-existing immune responses through the 
development of alternative viral serotypes (Hill et al., 1999; Thomas et al., 2003). Non-viral 
gene delivery is potentially safer than virus-mediated delivery with the exception of a few 
promising applications, such as vaccines. However, non-viral systems are, at the present, 
limited by their relatively low transfer efficiency (Thomas et al., 2003). Nevertheless, we 
prefer the use of non-viral vectors because of their higher safety level. 
There is still a tremendous amount of work to be done in gene therapy research. We have 
encountered many obstacles so far, and will probably encounter more, but these obstacles 
are not insurmountable. By continuing to identify and address potential hurdles and by 
maintaining a strong focus on improving vectors and delivery protocols, gene therapy will 
eventually play a significant role in the treatment of severe inflammatory joint diseases. 

7.3 Selection of suitable target cells 
The most obvious source for cells that can regenerate cartilage is the tissue itself. 
Chondrocytes are the cells which reside within and retain and remodel this tissue (M.B. 
Goldring, 2006). They represent a homogenous population with limited (cell) number and 
tend to rapidly de-differentiate upon expansion in vitro with a complete loss of phenotype. 
Adequate tissue repair strategies may require specific cellular targeting to the site of injury 
as retention and engraftment of transplanted cells are inadequate. Besides clinically applied 
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tissue-specific chondrocytes, undifferentiated bone-marrow origin MSCs are of special 
interest as promising candidates due to multiple advantages over the conventional 
chondrocytes (Pittenger et al., 1999). These advantages include, for instance, the trophic 
production of bioactive factors to initiate endogenous regenerative activities in OA (Nöth et 
al., 2008), their anti-inflammatory and immunosuppressive properties (Jorgensen& 
Apparailly, 2010) and their capacity to differentiate into chondrocytes. 

7.4 Regulation of gene expression 
Most gene therapy protocols involve constitutive delivery of therapeutic genes due to the 
transient nature of expression. In such instances, efficient gene transfer, expression, or 
stability have encountered limitations in preclinical and clinical applications mainly due to 
pleiotropic effects of the inducer, low-level basal expression and toxicity of the inducing 
agents. However, a non-toxic regulation of transgene expression may offer an effective 
means to control the expression levels of proteins with a narrow therapeutic index such as 
cytokines and hormones. Obviously, it would be most desirable to control the expression of 
therapeutic proteins in a disease-dependent manner. This would add considerably to the 
safety level of the gene therapy application. Incidentally, constitutive over-expression of 
transgenes typically would lead to detrimental effects under disease conditions. Therefore, 
regulation of gene expression is warranted. We have previously designed and reported a 
self-limiting promoter construct that expresses an anti-inflammatory gene only in the 
presence of inflammation (Patent: PCT/EP 2008/061408 published as US-2010-0255572-A1). 
The use of this construct for the expression of anti-inflammatory genes allows the 
production of a therapeutic gene product that is controlled by the severity of the disease. 
The effectiveness of this promoter construct for combating inflammation makes it a suitable 
candidate for the development of a new local gene therapy strategy for the treatment of OA 
(Rachakonda et al., 2008a). Furthermore, the ability to effectively control gene expression 
should also facilitate gene therapy studies because it will permit the expression of 
therapeutic genes and subsequently proteins to be regulated within the host. Thus, the 
application of inflammation-regulated therapeutic gene expression in arthritis conditions 
increases the efficiency of gene therapy by self-limiting the transgene. 
Such elegant approaches have been adopted by applying disease-regulated promoters in a 
number of published reports (Cui et al., 2006; Godbey & Atala, 2003; Meynier de Salinelles 
et al., 2002; Miagkov et al., 2002; Rygg et al., 2001; Uhlar et al., 1997; Varley et al., 1995). 
Elements of the IL-1 and IL-6 promoter or of the COX-2 promoter, which are activated 
under inflammatory conditions, should up-regulate the transcription of transgenes such as 
IL-4 during acute OA and decrease expression rates after cessation of inflammation (Geurts 
et al., 2007; Rachakonda et al., 2008a). These self-regulating approaches may lead to safer 
stable transplants, which smartly react to the OA status of the joint.  

7.5 Selection of suitable scaffolds 
The selection of suitable scaffolds represents an important step to restore the damaged 
cartilage. Therefore, the selection of a suitable matrix composition may stabilize the 
transplant and support the regenerative process. Furthermore, the delivery of 
therapeutic genes will be more effective in a matrix that provides suitable protection, 
since the target cell population must often be exposed to factors throughout the entire 
course of repair, or at least for an extended period of time. An increased retention at 
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treatment sites could also enable regenerative tissue-forming cells to migrate to the area 
of injury and to proliferate and differentiate. In addition, the materials should be 
biodegradable and remodel as the new cartilage forms and replaces the original 
construct. These matrix materials could be combined with other types of carriers, which 
release active factors into the environment as they disperse or are degraded without 
providing any matrix function.  
In this regard, the matrix should be non-toxic, non-adhesive and non-stimulatory for 
inflammatory cells such as lymphocytes, macrophages and neutrophils. Furthermore, any 
matrix material needs to be non-immunogenic since immunological attack to this material 
(then serving as an antigen) would be detrimental to tissue regeneration. The topography 
and material properties of natural scaffolds should also support the differentiation of MSCs. 
Finally, the scaffolds should be easy to handle during surgery thereby allowing the fixation 
of the transplant into the implant site with ease. From our experience rat tail collagen-based 
scaffolds have a number of advantages along these lines. 

8. Preliminary data on “Smart Transplants” 
It has been shown previously that chondrocytes in scaffolds are susceptible to inflammatory 
mediators (Kuroki et al., 2005; Rai et al., 2008). This scenario indirectly raises a question on 
the validity of ACT into cartilage lesions surrounded by progressive inflammation 
(Hennerbichler et al., 2008). In order to address this problem, we validated the inducible 
expression of IL-4 in chondrocytes (Rachakonda et al., 2008a, 2008b) and in a chondrocyte-
based, 3-dimensional inflammation model (Rai et al., 2011). The main objective was to 
examine whether IL-4 produced within scaffolds can down-regulate inflammation and 
recoup extracellular matrix synthesis in the face of inflammation. We believe that this was 
the first study of its type to assess the use of cytokine-therapy devoid of viral vectors in a 3-
dimensional in vitro inflammation model. 
Mature canine chondrocytes were conditioned through transient transfection using 
pcDNA3.1.IL-4 (constitutive) or pCOX-2.IL-4 (cytokine-responsive) plasmids. Conditioned 
cells were seeded in alginate microspheres and rat-tail collagen type I matrix (CaReS) to 
generate two types of tissue-engineered scaffolds, alginate beads and CaReS-matrices 
containing engineered chondrocytes. Inflammation was induced in the packed chondrocytes 
through addition of recombinant IL-1β plus TNF into the culture medium. Harvested cells 
and culture media were analysed by various assays to monitor the anti-inflammatory and 
regulatory (anabolic) properties of IL-4 (Rai et al., 2011). 
The data obtained proved that IL-4 was expressed at sufficient levels to effectively down-
regulate inflammation in both types of scaffolds. This indicated that both scaffolds 
containing conditioned chondrocytes allowed unrestricted diffusion of cytokines in and out 
of the cells and through the matrix network into the surrounding culture medium. It was 
shown that IL-4 was able to successfully down-regulate several pro-inflammatory cytokines, 
matrix degrading enzymes and various catabolic end products such as nitric oxide and 
prostaglandin. Further, the biochemical assessment of the levels of collagen and sulphated 
GAG also indicated the anabolic net effect of IL-4 on chondrocytes. 
One of the important characteristics of our approach is the ability of the pCOX-2.IL-4 
construct to deliver the therapeutic gene (in this case IL-4) only upon stimulation with 
exogenous IL-1β and TNFα. Thereby the expression of IL-4 is controlled through the 
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severity of inflammation as defined by the presence of pro-inflammatory cytokines  
(Figure 3). 
 

 
Fig. 3. Control of IL-4 expression through inflammatory mediators via the COX-2 promoter. 
Experimental setup: Conditioned chondrocytes (transfected with COX-2.IL-4) in scaffolds 
(CaReS) were stimulated by a 96 h exogenous treatment with IL-1 and TNF. Thereafter 
the cells were re-isolated from the scaffolds and the expression levels of IL-4 assessed by 
qRT-PCR over time. The results show that after inflammatory induction IL-4 reaches peak 
levels at 24 hours followed by downregulation. Interpretation: Since endogenous pro-
inflammatory mediators IL-1 and TNF are both reduced under the influence of the 
regulatory action of IL-4 (data not shown, compare Manning et al., 2010 & Rai et al., 2011), 
the induction of the inflammation sensitive COX-2 promoter will also be attenuated. Since 
the IL-4 gene is transcribed under the control of this promoter, its own expression will 
eventually fade out. Take home: In smart transplants therapeutic genes under the control of 
the COX-2 promoter will only be expressed when inflammatory mediators are present close 
to the defective joint area. Thus, local therapy occurs only when it is needed – it is simply 
smart.  

Since chondrocytes were conditioned by transfection prior to the generation of scaffolds, we 
coined a new term for this type of approach: ACCT (autologous conditioned cell therapy). 
Thus, therapeutic expression only occurs in a clearly defined condition, i.e. when the 
“conditioned” cells present in the scaffold “sense” inflammation in their surroundings.  
We have also worked on the dual expression of IL-4 and IGF-1 in chondrocytes (Manning 
et al., 2010) because this approach potentially offers a more complete therapy to combat 
the different aspects of OA. The use of multiple genes could better alleviate the signs and 
symptoms characteristic for the disease process. Extension of this strategy to other 
suitable genes or combination of genes could in the future provide a better outlook to 
effectively heal OA. Ideally, if the cytokine-responsive matrices described above do work 
in the patient as they do in vitro, a promising strategy for the treatment of OA may emerge 
in the future.  
Without any doubt, future therapy trials will have to occur to validate this novel approach. 
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“conditioned” cells present in the scaffold “sense” inflammation in their surroundings.  
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9. Summary and future perspectives 
OA affects a huge population of elderly. Recent progress in the understanding of OA 
pathophysiology has facilitated the development of therapeutic strategies aimed specifically 
at effectively retarding the disease process. Unfortunately most therapeutic efforts appear to 
have been directed either to temporal pain relief, or to the repair of OA-related cartilage 
lesions. As a final resort total joint replacement through surgery will be necessary. Gene 
therapy still has many pitfalls. The use of viral vectors and the unrestricted expression of 
transgenes are still subject to unanswered safety questions posed by the regulatory 
authorities. Nevertheless, it is tempting to speculate that an effective stimulation of cartilage 
regeneration paralleled by an inhibition of inflammation must be the key objectives of new 
therapeutic approaches. The negative impact of gene therapy can be overcome if it is 
suitably improved in each of its components. The first and foremost component of gene 
therapy is the vector. Viral vectors can be replaced by non-viral vectors regardless of which 
therapeutic genes they orchestrate and what expression levels may be achieved. Further, the 
promoter placed upstream of the therapeutic gene should be disease-dependent. In OA it 
should be inflammation dependent – like a COX-2 promoter that is always up-regulated 
when IL-1β and TNFα are up in the joint. Because IL-1β and TNFα drive OA progression 
and cartilage degradation, they become an important target in OA. Thus, genes like IL-4 and 
IGF-1 not only can coup with these pro-inflammatory cytokines, they also help to rebuild 
the normal cartilage tissue architecture. 
For the delivery of suitable therapeutic genes in a non-viral approach, the selection of target 
cells is very important. Nature has provided the cartilage with only one cell type i.e. 
chondrocytes. In our opinion they are the best choice for transplantation in cartilage-related 
problems. But owing to their rapid differentiation into fibroblasts and lower cell number 
from a limited area of cartilage, stem cells may offer an important alternative in the future. 
Cell transplantation will require assembly for their implantation in the joint for which a 
wide-array of scaffolds is available. Whenever conditioned cells are involved that produce 
therapeutic proteins the best scaffolds are those that provide free diffusion of biological 
agents in and out. 
To this end, we have established the applicability and usefulness of cell-seeded scaffolds in 
vitro. We cloned IL-4 downstream of a COX-2 promoter and transfected chondrocytes with 
the COX-2.IL-4 construct. The chondrocytes were then seeded into collagen type I scaffolds. 
To test the regulated expression of IL-4, a model of inflammatory arthritis was simulated by 
adding IL-1β and TNFα to the culture medium overlaying chondrocytes that were 
previously transfected (conditioned). Through the nuclear factor kappa B (NFκB) pathway 
IL-1β and TNFα up-regulated COX-2 which drove the expression of downstream IL-4. IL-4 
in turn down-regulated multiple pro-inflammatory cytokines (e.g. IL-1β and TNFα), enzyme 
mediators and their catabolites and up-regulated the matrix molecules. Once the expression 
of IL-1β and TNFα dropped, COX-2 stopped the expression of IL-4 through a negative 
feedback loop mechanism (compare Figure 3). In this way the cells which were conditioned 
and incorporated within the scaffold, delivered the therapeutic effects of proteins in a 
coordinated and controlled manner. Our preliminary data form in vitro experiments are 
promising in many respects. It is realized that future therapy trials will have to reveal, 
whether ACCT with scaffolds containing conditioned cells will satisfy expectations as an 
effective approach. 
The future of gene therapy as a viable medical application can be summarized in the words 
phrased by French Anderson in 1998: “Despite our present lack of knowledge, gene therapy 
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will almost certainly revolutionize the practice of medicine over the next 25 years. In every 
field of medicine, the ability to give the patient therapeutic genes offers extraordinary 
opportunities to treat, cure and ultimately prevent a vast range of diseases that now plague 
mankind”(Anderson, 1998). Impressive progress has been made thus far, but nevertheless it 
seems we need the remaining 12 years to see where we stand. 

10. References 
Abramson, S.B. & Yazici, Y. (2006). Biologics in Development for Rheumatoid Arthritis: 

Relevance to Osteoarthritis. Advanced Drug Delivery Reviews, Vol.58, No.2, (May 
2006), pp. 212-225, ISSN 0169-409X 

Adachi, N., Sato, K., Usas, A., Fu, F.H., Ochi, M., Han, C.W., Niyibizi, C. & Huard, J. (2002). 
Muscle-derived, Cell-based Ex Vivo Gene Therapy for Treatment of Full-thickness 
Articular Cartilage Defects. Journal of Rheumatology, Vol.29, No.9, (September 2002), 
pp. 1920-1930, ISSN 0315-162X 

Amos, N., Lauder, S., Evans, A., Feldmann, M. & Bondeson, J. (2006). Adenoviral Gene 
Transfer into Osteoarthritis Synovial Cells using the Endogenous Inhibitor IB 
Reveals that most, but not all, Inflammatory and Destructive Mediators are NFB 
Dependent. Rheumatology, Vol.45, No.10, (October 2006), pp. 1201-1209, ISSN 1462-
0324 

Andereya, S., Maus, U., Gavenis, K., Müller-Rath, R., Miltner, O., Mumme, T. & Schneider, 
U. (2007). First Clinical Experiences with a Novel 3D Collagen Gel (CaReS) for the 
Treatment of Focal Cartilage Defects in the Knee. Zeitschrift für Orthopädie und Ihrer 
Grenzgebiete, Vol.144, No.3, (May-June 2007), pp. 272-280, ISSN 0044-3220 

Anderson, W.F. (1998). Human Gene Therapy. Nature, Vol.392, No.S6679, (April 1998), pp. 
25-30, ISSN 1476-4687 

Bandara, G., Robbins, P.D., Georgescu, H.I., Mueller, G.M., Glorioso, J.C. & Evans, C.H. 
(1992). Gene Transfer to Synoviocytes: Prospects for Gene Treatment of Arthritis. 
DNA & Cell Biology, Vol.11, No.3, (April 1992), pp. 227-231, ISSN 1044-5498  

Brittberg, M., Lindahl, A., Nilsson, A., Ohlsson, C., Isaksson, O. & Peterson, L. (1994). 
Treatment of Deep Cartilage Defects in the Knee with Autologous Chondrocyte 
Transplantation. New England Journal of Medicine, Vol.331, No.14, (October 1994),
 pp. 889-895, ISSN 0028-4793 

Buckwalter, J.A., Martin, J.A. & Brown, T.D. (2006). Perspectives on Chondrocyte 
Mechanobiology and Osteoarthritis. Biorheology, Vol.43, No.3-4, (September 2006), 
pp. 603-609, ISSN 0006-355X 

Capito, R.M. & Spector, M. (2007). Collagen Scaffolds for Non-viral IGF-1 Gene Delivery in 
Articular Cartilage Tissue-engineering. Gene Therapy, Vol.14, No.9, (May 2007), pp. 
721-732, ISSN 0969-7128  

Celiker, M.Y., Ramamurthy, N., Xu, J.W., Wang, M., Jiang, Y., Greenwald, R. & Shi, Y.E. 
(2002). Inhibition of Adjuvant-induced Arthritis by Systemic Tissue Inhibitor of 
Metalloproteinases-4 Gene Delivery. Arthritis & Rheumatism, Vol.46, No.12, 
(December 2002), pp. 3361-3368, ISSN 0004-3591 



 
Gene Therapy Applications 

 

152 

9. Summary and future perspectives 
OA affects a huge population of elderly. Recent progress in the understanding of OA 
pathophysiology has facilitated the development of therapeutic strategies aimed specifically 
at effectively retarding the disease process. Unfortunately most therapeutic efforts appear to 
have been directed either to temporal pain relief, or to the repair of OA-related cartilage 
lesions. As a final resort total joint replacement through surgery will be necessary. Gene 
therapy still has many pitfalls. The use of viral vectors and the unrestricted expression of 
transgenes are still subject to unanswered safety questions posed by the regulatory 
authorities. Nevertheless, it is tempting to speculate that an effective stimulation of cartilage 
regeneration paralleled by an inhibition of inflammation must be the key objectives of new 
therapeutic approaches. The negative impact of gene therapy can be overcome if it is 
suitably improved in each of its components. The first and foremost component of gene 
therapy is the vector. Viral vectors can be replaced by non-viral vectors regardless of which 
therapeutic genes they orchestrate and what expression levels may be achieved. Further, the 
promoter placed upstream of the therapeutic gene should be disease-dependent. In OA it 
should be inflammation dependent – like a COX-2 promoter that is always up-regulated 
when IL-1β and TNFα are up in the joint. Because IL-1β and TNFα drive OA progression 
and cartilage degradation, they become an important target in OA. Thus, genes like IL-4 and 
IGF-1 not only can coup with these pro-inflammatory cytokines, they also help to rebuild 
the normal cartilage tissue architecture. 
For the delivery of suitable therapeutic genes in a non-viral approach, the selection of target 
cells is very important. Nature has provided the cartilage with only one cell type i.e. 
chondrocytes. In our opinion they are the best choice for transplantation in cartilage-related 
problems. But owing to their rapid differentiation into fibroblasts and lower cell number 
from a limited area of cartilage, stem cells may offer an important alternative in the future. 
Cell transplantation will require assembly for their implantation in the joint for which a 
wide-array of scaffolds is available. Whenever conditioned cells are involved that produce 
therapeutic proteins the best scaffolds are those that provide free diffusion of biological 
agents in and out. 
To this end, we have established the applicability and usefulness of cell-seeded scaffolds in 
vitro. We cloned IL-4 downstream of a COX-2 promoter and transfected chondrocytes with 
the COX-2.IL-4 construct. The chondrocytes were then seeded into collagen type I scaffolds. 
To test the regulated expression of IL-4, a model of inflammatory arthritis was simulated by 
adding IL-1β and TNFα to the culture medium overlaying chondrocytes that were 
previously transfected (conditioned). Through the nuclear factor kappa B (NFκB) pathway 
IL-1β and TNFα up-regulated COX-2 which drove the expression of downstream IL-4. IL-4 
in turn down-regulated multiple pro-inflammatory cytokines (e.g. IL-1β and TNFα), enzyme 
mediators and their catabolites and up-regulated the matrix molecules. Once the expression 
of IL-1β and TNFα dropped, COX-2 stopped the expression of IL-4 through a negative 
feedback loop mechanism (compare Figure 3). In this way the cells which were conditioned 
and incorporated within the scaffold, delivered the therapeutic effects of proteins in a 
coordinated and controlled manner. Our preliminary data form in vitro experiments are 
promising in many respects. It is realized that future therapy trials will have to reveal, 
whether ACCT with scaffolds containing conditioned cells will satisfy expectations as an 
effective approach. 
The future of gene therapy as a viable medical application can be summarized in the words 
phrased by French Anderson in 1998: “Despite our present lack of knowledge, gene therapy 

Conditioning and Scaffolding of Chondrocytes:  
Smart Steps Towards Osteoarthritis Gene Therapy 

 

153 

will almost certainly revolutionize the practice of medicine over the next 25 years. In every 
field of medicine, the ability to give the patient therapeutic genes offers extraordinary 
opportunities to treat, cure and ultimately prevent a vast range of diseases that now plague 
mankind”(Anderson, 1998). Impressive progress has been made thus far, but nevertheless it 
seems we need the remaining 12 years to see where we stand. 

10. References 
Abramson, S.B. & Yazici, Y. (2006). Biologics in Development for Rheumatoid Arthritis: 

Relevance to Osteoarthritis. Advanced Drug Delivery Reviews, Vol.58, No.2, (May 
2006), pp. 212-225, ISSN 0169-409X 

Adachi, N., Sato, K., Usas, A., Fu, F.H., Ochi, M., Han, C.W., Niyibizi, C. & Huard, J. (2002). 
Muscle-derived, Cell-based Ex Vivo Gene Therapy for Treatment of Full-thickness 
Articular Cartilage Defects. Journal of Rheumatology, Vol.29, No.9, (September 2002), 
pp. 1920-1930, ISSN 0315-162X 

Amos, N., Lauder, S., Evans, A., Feldmann, M. & Bondeson, J. (2006). Adenoviral Gene 
Transfer into Osteoarthritis Synovial Cells using the Endogenous Inhibitor IB 
Reveals that most, but not all, Inflammatory and Destructive Mediators are NFB 
Dependent. Rheumatology, Vol.45, No.10, (October 2006), pp. 1201-1209, ISSN 1462-
0324 

Andereya, S., Maus, U., Gavenis, K., Müller-Rath, R., Miltner, O., Mumme, T. & Schneider, 
U. (2007). First Clinical Experiences with a Novel 3D Collagen Gel (CaReS) for the 
Treatment of Focal Cartilage Defects in the Knee. Zeitschrift für Orthopädie und Ihrer 
Grenzgebiete, Vol.144, No.3, (May-June 2007), pp. 272-280, ISSN 0044-3220 

Anderson, W.F. (1998). Human Gene Therapy. Nature, Vol.392, No.S6679, (April 1998), pp. 
25-30, ISSN 1476-4687 

Bandara, G., Robbins, P.D., Georgescu, H.I., Mueller, G.M., Glorioso, J.C. & Evans, C.H. 
(1992). Gene Transfer to Synoviocytes: Prospects for Gene Treatment of Arthritis. 
DNA & Cell Biology, Vol.11, No.3, (April 1992), pp. 227-231, ISSN 1044-5498  

Brittberg, M., Lindahl, A., Nilsson, A., Ohlsson, C., Isaksson, O. & Peterson, L. (1994). 
Treatment of Deep Cartilage Defects in the Knee with Autologous Chondrocyte 
Transplantation. New England Journal of Medicine, Vol.331, No.14, (October 1994),
 pp. 889-895, ISSN 0028-4793 

Buckwalter, J.A., Martin, J.A. & Brown, T.D. (2006). Perspectives on Chondrocyte 
Mechanobiology and Osteoarthritis. Biorheology, Vol.43, No.3-4, (September 2006), 
pp. 603-609, ISSN 0006-355X 

Capito, R.M. & Spector, M. (2007). Collagen Scaffolds for Non-viral IGF-1 Gene Delivery in 
Articular Cartilage Tissue-engineering. Gene Therapy, Vol.14, No.9, (May 2007), pp. 
721-732, ISSN 0969-7128  

Celiker, M.Y., Ramamurthy, N., Xu, J.W., Wang, M., Jiang, Y., Greenwald, R. & Shi, Y.E. 
(2002). Inhibition of Adjuvant-induced Arthritis by Systemic Tissue Inhibitor of 
Metalloproteinases-4 Gene Delivery. Arthritis & Rheumatism, Vol.46, No.12, 
(December 2002), pp. 3361-3368, ISSN 0004-3591 



 
Gene Therapy Applications 

 

154 

Chomarat, P. & Banchereau, J. (1998). Interleukin-4 and Interleukin-13: Their Similarities 
and Discrepancies. International Reviews of Immunology, Vol.17, No.1-4, (January 
1998), pp. 1-52, ISSN 0883-0185 

Clouet, J., Vinatier, C., Merceron, C., Pot-vaucel, M., Maugars, Y., Weiss, P., Grimandi, G. & 
Guicheux, J. (2009). From Osteoarthritis Treatments to Future Regenerative 
Therapies for Cartilage. Drug Discovery Today, Vol.14, No.19-20, (October 2009), pp. 
913-925, ISSN 1359-6446 

Cucchiarini, M. & Madry, H. (2005). Gene Therapy for Cartilage Defects. Journal of Gene 
Medicine, Vol.7, No.12, (December 2005), pp. 1495-1509, ISSN 1099-498X 

Cucchiarini, M., Thurn, T., Weimer, A., Kohn, D., Terwilliger, E.F. & Madry, H. (2007). 
Restoration of the Extracellular Matrix in Human Osteoarthritic Articular Cartilage 
by Over-expression of the Transcription Factor SOX-9. Arthritis & Rheumatism, 
Vol.56, No.1, (January 2007), pp. 158-167, ISSN 0004-3591 

Cui, X., Yang, S.C., Sharma, S., Heuze-Vourc'h, N. & Dubinett, S.M. (2006). IL-4 Regulates 
COX-2 and PGE2 Production in Human Non-small Cell Lung Cancer. Biochemical & 
Biophysical Research Communications, Vol.343, No.4, (May 2006), pp. 995-1001, ISSN 
0006-291X 

Di Cesare, P.E., Frenkel, S.R., Carlson, C.S., Fang, C. & Liu, C. (2006). Regional Gene 
Therapy for Full-thickness Articular Cartilage Lesions using Naked DNA with a 
Collagen Matrix. Journal of Orthopaedic Research, Vol.24, No.5, (May 2006), pp. 1118-
1127, ISSN 0736-0266 

Donkuru, M., Badea, I., Wettig, S., Verrall, R., Elsabahy, M. & Foldvari, M. (2010). 
Advancing Nonviral Gene Delivery: Lipid- and Surfactant-based Nanoparticle 
Design Strategies. Nanomedicine, Vol.5, No.7, (September 2010), pp. 1103-1127, ISSN 
1743-5889 

Dougados, M. (2006). Symptomatic Slow-acting Drugs for Osteoarthritis: What are the 
Facts? Joint Bone Spine, Vol.73, No.6, (December 2006), pp. 606-609, ISSN 1297-319X 

Evans, C.H. & Robbins, P.D. (1994). The Interleukin-1 Receptor Antagonist and its Delivery 
by Gene Transfer. Receptor, Vol.4, No.1, (Spring 1994), pp. 9-15, ISSN 1052-8040 

Evans, C.H., Ghivizzani, S.C., Oligino, T.A. & Robbins, P.D. (2001). Future of Adenoviruses 
in the Gene Therapy of Arthritis. Arthritis Research, Vol.3, No.3, (n.d. 2001), pp. 142-
146, ISSN 1465-9905 

Evans, C.H., Gouze, J.N., Gouze, E., Robbins, P.D. & Ghivizzani, S.C. (2004). Osteoarthritis 
Gene Therapy. Gene Therapy, Vol.11, No.4, (February 2004), pp. 379-389, ISSN 0969-
7128  

Evans, C.H., Robbins, P.D., Ghivizzani, S.C., Wasko, M.C., Tomaino, M.M., Kang, R., 
Muzzonigro, T.A., Vogt, M., Elder, E.M., Whiteside, T.L., Watkins, S.C. & Herndon, 
J.H. (2005). Gene Transfer to Human Joints: Progress toward a Gene Therapy of 
Arthritis. Proceedings of the National Academy of Sciences of the United States of 
America, Vol.102, No.24, (June 2005), pp. 8698-8703, ISSN 0027-8424 

Evans, C.H., Ghivizzani, S.C. & Robbins, P.D. (2009). Gene Therapy of the Rheumatic 
Diseases: 1998 to 2008. Arthritis Research & Therapy, Vol.11, No.1, (January 2009), pp. 
209, ISSN 1478-6354 

Conditioning and Scaffolding of Chondrocytes:  
Smart Steps Towards Osteoarthritis Gene Therapy 

 

155 

Evans, C.H., Ghivizzani, S.C. & Robbins, P.D. (2011).  Getting Arthritis Gene Therapy into 
the Clinic. Nature Reviews Rheumatology, Vol.7, No.4, (April 2011), pp. 244-249, ISSN 
1759-4790 

Fernandes, J.C., Tardif, G., Martel-Pelletier, J., Lascau-Coman, V., Dupuis, M., Moldovan, F., 
Sheppard, M., Krishnan, B.R. & Pelletier, J.P. (1999). In Vivo Transfer of Interleukin-
1 Receptor Antagonist Gene in Osteoarthritic Rabbit Knee Joints. Prevention of 
Osteoarthritis Progression. American Journal of Pathology, Vol.154, No.4, (April 1999), 
pp. 1159-1169, ISSN 0002-9440  

Fernandes, J.C., Martel-Pelletier, J. & Pelletier, J.P. (2002). The Role of Cytokines in 
Osteoarthritis Pathophysiology. Biorheology, Vol.39, No.1-2, (January 2002), pp. 237-
246, ISSN 0006-355X 

Frisbie, D.D., Ghivizzani, S.C., Robbins, P.D., Evans, C.H. & McIlwraith, C.W. (2002). 
Treatment of Experimental Equine Osteoarthritis by In Vivo Delivery of the Equine 
Interleukin-1 Receptor Antagonist Gene. Gene Therapy, Vol.9, No.1, (January 2002), 
pp. 12-20, ISSN 0969-7128  

Fukui, N., Zhu, Y., Maloney, W.J., Clohisy, J. & Sandell, L.J. (2003). Stimulation of BMP-2 
Expression by Pro-inflammatory Cytokines IL-1 and TNFα in Normal and 
Osteoarthritic Chondrocytes. The Journal of Bone & Joint Surgery (America), Vol.85, 
No.3, (August 2003), pp. 59-66, ISSN 1535-1386 

Gelse, K., von der Mark, K., Aigner, T., Park, J. & Schneider, H. (2003). Articular Cartilage 
Repair by Gene Therapy using Growth Factor–producing Mesenchymal Cells. 
Arthritis & Rheumatism, Vol.48, No.2, (February 2003), pp. 430-441, ISSN 0004-3591 

Geurts, J., Arntz, O.J., Bennink, M.B., Joosten, L.A., van den Berg, W.B. & van de Loo, F.A. 
(2007). Application of a Disease-regulated Promoter is a Safer Mode of Local IL-4 
Gene Therapy for Arthritis. Gene Therapy, Vol.14, No.23, (December 2007), pp.1632-
1638, ISSN 0969-7128 

Ghivizzani, S.C., Lechman, E.R., Tio, C., Mulé, K.M., Chada, S., McCormack, J.E., Evans, 
C.H. & Robbins, P.D. (1997). Direct Retrovirus-mediated Gene Transfer to the 
Synovium of the Rabbit Knee: Implications for Arthritis Gene Therapy. Gene 
Therapy, Vol.4, No.9, (September 1997), pp. 977-982, ISSN 0969-7128 

Ghivizzani, S.C., Lechman, E.R., Kang, R., Tio, C., Kolls, J., Evans, C.H. & Robbins, 
P.D.(1998). Direct Adenovirus-mediated Gene Transfer of Interleukin-1 and 
Tumour Necrosis Factor-alpha Soluble Receptors to Rabbit Knees with 
Experimental Arthritis hasLocal and Distal Anti-arthritic Effects. Proceedings of the 
National Academy of Sciences of the United States of America, Vol.95, No.8, (April 1998), 
pp. 4613-4618, ISSN 0027-8424 

Gibbons, L.J. & Hyrich, K.L. (2009). Biologic Therapy for Rheumatoid Arthritis: Clinical 
Efficacy and Predictors of Response. BioDrugs, Vol.23, No.2, (April 2009), pp. 111-
124, ISSN 1173-8804 

Godbey, W.T. & Atala, A. (2003). Directed Apoptosis in COX-2-overexpressing Cancer Cells 
through Expression-targeted Gene Delivery. Gene Therapy, Vol.10, No.17, (August 
2003), pp. 1519-1527, ISSN 0969-7128 

Godfrey, D.R. (2005). Osteoarthritis in Cats: ARetrospective Radiological Study. The Journal 
of Small Animal Practice,Vol.46, No.9, (September 2005), pp. 425-429, ISSN 0022-4510 



 
Gene Therapy Applications 

 

154 

Chomarat, P. & Banchereau, J. (1998). Interleukin-4 and Interleukin-13: Their Similarities 
and Discrepancies. International Reviews of Immunology, Vol.17, No.1-4, (January 
1998), pp. 1-52, ISSN 0883-0185 

Clouet, J., Vinatier, C., Merceron, C., Pot-vaucel, M., Maugars, Y., Weiss, P., Grimandi, G. & 
Guicheux, J. (2009). From Osteoarthritis Treatments to Future Regenerative 
Therapies for Cartilage. Drug Discovery Today, Vol.14, No.19-20, (October 2009), pp. 
913-925, ISSN 1359-6446 

Cucchiarini, M. & Madry, H. (2005). Gene Therapy for Cartilage Defects. Journal of Gene 
Medicine, Vol.7, No.12, (December 2005), pp. 1495-1509, ISSN 1099-498X 

Cucchiarini, M., Thurn, T., Weimer, A., Kohn, D., Terwilliger, E.F. & Madry, H. (2007). 
Restoration of the Extracellular Matrix in Human Osteoarthritic Articular Cartilage 
by Over-expression of the Transcription Factor SOX-9. Arthritis & Rheumatism, 
Vol.56, No.1, (January 2007), pp. 158-167, ISSN 0004-3591 

Cui, X., Yang, S.C., Sharma, S., Heuze-Vourc'h, N. & Dubinett, S.M. (2006). IL-4 Regulates 
COX-2 and PGE2 Production in Human Non-small Cell Lung Cancer. Biochemical & 
Biophysical Research Communications, Vol.343, No.4, (May 2006), pp. 995-1001, ISSN 
0006-291X 

Di Cesare, P.E., Frenkel, S.R., Carlson, C.S., Fang, C. & Liu, C. (2006). Regional Gene 
Therapy for Full-thickness Articular Cartilage Lesions using Naked DNA with a 
Collagen Matrix. Journal of Orthopaedic Research, Vol.24, No.5, (May 2006), pp. 1118-
1127, ISSN 0736-0266 

Donkuru, M., Badea, I., Wettig, S., Verrall, R., Elsabahy, M. & Foldvari, M. (2010). 
Advancing Nonviral Gene Delivery: Lipid- and Surfactant-based Nanoparticle 
Design Strategies. Nanomedicine, Vol.5, No.7, (September 2010), pp. 1103-1127, ISSN 
1743-5889 

Dougados, M. (2006). Symptomatic Slow-acting Drugs for Osteoarthritis: What are the 
Facts? Joint Bone Spine, Vol.73, No.6, (December 2006), pp. 606-609, ISSN 1297-319X 

Evans, C.H. & Robbins, P.D. (1994). The Interleukin-1 Receptor Antagonist and its Delivery 
by Gene Transfer. Receptor, Vol.4, No.1, (Spring 1994), pp. 9-15, ISSN 1052-8040 

Evans, C.H., Ghivizzani, S.C., Oligino, T.A. & Robbins, P.D. (2001). Future of Adenoviruses 
in the Gene Therapy of Arthritis. Arthritis Research, Vol.3, No.3, (n.d. 2001), pp. 142-
146, ISSN 1465-9905 

Evans, C.H., Gouze, J.N., Gouze, E., Robbins, P.D. & Ghivizzani, S.C. (2004). Osteoarthritis 
Gene Therapy. Gene Therapy, Vol.11, No.4, (February 2004), pp. 379-389, ISSN 0969-
7128  

Evans, C.H., Robbins, P.D., Ghivizzani, S.C., Wasko, M.C., Tomaino, M.M., Kang, R., 
Muzzonigro, T.A., Vogt, M., Elder, E.M., Whiteside, T.L., Watkins, S.C. & Herndon, 
J.H. (2005). Gene Transfer to Human Joints: Progress toward a Gene Therapy of 
Arthritis. Proceedings of the National Academy of Sciences of the United States of 
America, Vol.102, No.24, (June 2005), pp. 8698-8703, ISSN 0027-8424 

Evans, C.H., Ghivizzani, S.C. & Robbins, P.D. (2009). Gene Therapy of the Rheumatic 
Diseases: 1998 to 2008. Arthritis Research & Therapy, Vol.11, No.1, (January 2009), pp. 
209, ISSN 1478-6354 

Conditioning and Scaffolding of Chondrocytes:  
Smart Steps Towards Osteoarthritis Gene Therapy 

 

155 

Evans, C.H., Ghivizzani, S.C. & Robbins, P.D. (2011).  Getting Arthritis Gene Therapy into 
the Clinic. Nature Reviews Rheumatology, Vol.7, No.4, (April 2011), pp. 244-249, ISSN 
1759-4790 

Fernandes, J.C., Tardif, G., Martel-Pelletier, J., Lascau-Coman, V., Dupuis, M., Moldovan, F., 
Sheppard, M., Krishnan, B.R. & Pelletier, J.P. (1999). In Vivo Transfer of Interleukin-
1 Receptor Antagonist Gene in Osteoarthritic Rabbit Knee Joints. Prevention of 
Osteoarthritis Progression. American Journal of Pathology, Vol.154, No.4, (April 1999), 
pp. 1159-1169, ISSN 0002-9440  

Fernandes, J.C., Martel-Pelletier, J. & Pelletier, J.P. (2002). The Role of Cytokines in 
Osteoarthritis Pathophysiology. Biorheology, Vol.39, No.1-2, (January 2002), pp. 237-
246, ISSN 0006-355X 

Frisbie, D.D., Ghivizzani, S.C., Robbins, P.D., Evans, C.H. & McIlwraith, C.W. (2002). 
Treatment of Experimental Equine Osteoarthritis by In Vivo Delivery of the Equine 
Interleukin-1 Receptor Antagonist Gene. Gene Therapy, Vol.9, No.1, (January 2002), 
pp. 12-20, ISSN 0969-7128  

Fukui, N., Zhu, Y., Maloney, W.J., Clohisy, J. & Sandell, L.J. (2003). Stimulation of BMP-2 
Expression by Pro-inflammatory Cytokines IL-1 and TNFα in Normal and 
Osteoarthritic Chondrocytes. The Journal of Bone & Joint Surgery (America), Vol.85, 
No.3, (August 2003), pp. 59-66, ISSN 1535-1386 

Gelse, K., von der Mark, K., Aigner, T., Park, J. & Schneider, H. (2003). Articular Cartilage 
Repair by Gene Therapy using Growth Factor–producing Mesenchymal Cells. 
Arthritis & Rheumatism, Vol.48, No.2, (February 2003), pp. 430-441, ISSN 0004-3591 

Geurts, J., Arntz, O.J., Bennink, M.B., Joosten, L.A., van den Berg, W.B. & van de Loo, F.A. 
(2007). Application of a Disease-regulated Promoter is a Safer Mode of Local IL-4 
Gene Therapy for Arthritis. Gene Therapy, Vol.14, No.23, (December 2007), pp.1632-
1638, ISSN 0969-7128 

Ghivizzani, S.C., Lechman, E.R., Tio, C., Mulé, K.M., Chada, S., McCormack, J.E., Evans, 
C.H. & Robbins, P.D. (1997). Direct Retrovirus-mediated Gene Transfer to the 
Synovium of the Rabbit Knee: Implications for Arthritis Gene Therapy. Gene 
Therapy, Vol.4, No.9, (September 1997), pp. 977-982, ISSN 0969-7128 

Ghivizzani, S.C., Lechman, E.R., Kang, R., Tio, C., Kolls, J., Evans, C.H. & Robbins, 
P.D.(1998). Direct Adenovirus-mediated Gene Transfer of Interleukin-1 and 
Tumour Necrosis Factor-alpha Soluble Receptors to Rabbit Knees with 
Experimental Arthritis hasLocal and Distal Anti-arthritic Effects. Proceedings of the 
National Academy of Sciences of the United States of America, Vol.95, No.8, (April 1998), 
pp. 4613-4618, ISSN 0027-8424 

Gibbons, L.J. & Hyrich, K.L. (2009). Biologic Therapy for Rheumatoid Arthritis: Clinical 
Efficacy and Predictors of Response. BioDrugs, Vol.23, No.2, (April 2009), pp. 111-
124, ISSN 1173-8804 

Godbey, W.T. & Atala, A. (2003). Directed Apoptosis in COX-2-overexpressing Cancer Cells 
through Expression-targeted Gene Delivery. Gene Therapy, Vol.10, No.17, (August 
2003), pp. 1519-1527, ISSN 0969-7128 

Godfrey, D.R. (2005). Osteoarthritis in Cats: ARetrospective Radiological Study. The Journal 
of Small Animal Practice,Vol.46, No.9, (September 2005), pp. 425-429, ISSN 0022-4510 



 
Gene Therapy Applications 

 

156 

Goehring, A.R., Lübke, C., Kaps, C., Häupl, T., Pruss, A., Perka, C., Sittinger, M. & Ringe, J. 
(2010). Tissue-engineered Cartilage of Porcine and Human Origin as In Vitro Test 
System in Arthritis Research. Biotechnology Progress, Vol.26, No.4, (July-August 
2010), pp. 1116-1125, ISSN 1520-6033 

Goldring, M.B. (1999). The Role of Cytokines as Inflammatory Mediators in Osteoarthritis: 
Lessons from Animal Models. Connective Tissue Research, Vol.40, No.1, (January 
1999), pp. 1-11, ISSN 0300-8207 

Goldring, M.B. (2001). Anticytokine Therapy for Osteoarthritis. Expert Opinion on Biological 
Therapy, Vol.1, No.5, (September 2001), pp. 817-829, ISSN 1471-2598 

Goldring, M.B. (2006). Update on the Biology of the Chondrocyte and New Approaches to 
Treating Cartilage Diseases. Best Practice & Research: Clinical Rheumatology, Vol.20, 
No.5, (October 2006), pp. 1003-1025, ISSN 1521-6942 

Goldring, M.B. & Goldring, S.R.(2007). Osteoarthritis. Journal of Cellular Physiology, Vol.21, 
No.3, (December 2007), pp. 626-634, ISSN 0021-9541 

Gouze, E., Pawliuk, R., Pilapil, C., Gouze, J.N., Fleet, C., Palmer, G.D., Evans, C.H., 
Leboulch, P. & Ghivizzani, S.C. (2002). In Vivo Gene Delivery to Synovium by 
Lentiviral Vectors. Molecular Therapy, Vol.5, No.4, (April 2002), pp. 397-404, ISSN 
1525-0016 

Gouze, E., Gouze, J.N., Palmer, G.D., Pilapil, C., Evans, C.H. & Ghivizzani S.C. (2007). 
Transgene Persistence and Cell Turnover in the Diarthrodial Joint: Implications for 
Gene Therapy of Chronic Joint Diseases. Molecular Therapy, Vol.15, No.6, (June 
2007), pp. 1114-1120, ISSN 1525-0016 

Gouze, J.N., Gouze, E., Palmer, G.D., Kaneto, H., Ghivizzani, S.C., Grodzinsky, A.J. & Evans, 
C.H. (2004). Adenovirus-mediated Gene Transfer of Glutamine: Fructose-6-
phosphate Amidotransferase Antagonizes the Effects of Interleukin-1β on Rat 
Chondrocytes. Osteoarthritis & Cartilage, Vol.12, No.3, (March 2004), pp. 217-224, 
ISSN 1063-4584 

Grossin, L., Cournil-Henrionnet, C., Mir, L.M., Liagre, B., Dumas, D., Etienne, S., Guingamp, 
C., Netter, P. & Gillet, P. (2003). Direct Gene Transfer into Rat Articular Cartilage by 
In Vivo Electroporation. The FASEB Journal, Vol.17, No.8, (May 2003), pp. 829-835, 
ISSN 0892-6638  

Grossin, L., Cournil-Henrionnet, C., Pinzano, A., Gaborit, N., Dumas, D., Etienne, S., Stoltz, 
J.F., Terlain, B., Netter, P., Mir, L.M. & Gillet, P. (2006). Gene Transfer with HSP 70 
in Rat Chondrocytes Confers Cytoprotection In Vitro and during Experimental 
Osteoarthritis. The FASEB Journal, Vol.20, No.1, (January 2006), pp. 65-75, ISSN 0892 
6638 

Guo, J., Jourdian, G. & Maccallum, D.K. (1989). Culture and Growth Characteristic of 
Chondrocytes Encapsulated in Alginate Beads. Connective Tissue Research, Vol.19, 
No.2-4, (n.d. 1989), pp. 277-285, ISSN 1607-8438 

Haag, J., Voigt, R., Soeder, S. & Aigner, T. (2009). Efficient Non-viral Transfection of Primary 
Human Adult Chondrocytes in a High-throughput Format. Osteoarthritis & 
Cartilage, Vol. 17, No.6, (June 2009), pp. 813-817, ISSN 1063-4584 

Conditioning and Scaffolding of Chondrocytes:  
Smart Steps Towards Osteoarthritis Gene Therapy 

 

157 

Habib, G.S., Saliba, W. & Nashashibi, M. (2010). Local Effects of Intra-articular 
Corticosteroids. Clinical Rheumatology, Vol.29, No.4, (April 2010), pp. 347-356, ISSN 
0770-3198 

Harui, A., Suzuki, S., Kochanek, S. & Mitani, K. (1999). Frequency and Stability of 
Chromosomal Integration of Adenovirus Vectors. Journal of Virology, Vol.73, No.7, 
(July 1999), pp. 6141-6146, ISSN 0022-538X 

Häuselmann, H.J., Fernandes, R.J., Mok, S.S., Schmid, T.M., Block, J.A., Aydelotte, M.B., 
Kuettner, K.E., Eugene, J.M. & Thonar, E.J. (1994). Phenotypic Stability of Bovine 
Articular Chondrocytes after Long-term Culture in Alginate Beads. Journal of Cell 
Science, Vol.107, No.1, (January 1994), pp. 17-27, ISSN 1477-9137 

Heinegård, D. & Saxne, T. (2011). The Role of the Cartilage Matrix in Osteoarthritis. Nature 
Reviews Rheumatology, Vol.7, No.1, (January 2011), pp. 50-56, ISSN 1759-4790 

Hennerbichler, A., Rosenberger, R., Arora, R., Hennerbichler, D. (2008). Biochemical, 
Biomechanical and Histological Properties of Osteoarthritic Porcine Knee Cartilage: 
Implications for Osteochondral Transplanation. Archives of Orthopaedeic & Trauma 
Surgery,Vol.128, No.1, (January 2008), pp. 61-70, ISSN 0936-8051 

Hidaka, C., Goodrich, L.R., Chen, C.T., Warren, R.F., Crystal, R.G. & Nixon, A.J. (2003). 
Acceleration of Cartilage Repair by Genetically Modified Chondrocytes Over-
expressing Bone Morphogenetic Protein-7. Journal of Orthopaedic Research, Vol.21, 
No.4, (July 2003), pp. 573-583, ISSN 0736-0266 

Hill, C.L., Bieniasz, P.D. & McClure, M.O. (1999). Properties of Human Foamy Virus 
Relevant to its Development as a Vector for Gene Therapy. The Journal of General 
Virology, Vol.80, No.8, (August 1999), pp. 2003-2009, ISSN 0022-1317 

Hotz-Behofsits, C.M., Walley, M.J, Simpson, R. & Bjarnason, I.T. (2003). COX-1, COX-2 and 
the Topical Effect in NSAID-induced Enteropathy. Inflammopharmacology, Vol.11, 
No.4 (n.d. 2003), pp. 363-370, ISSN 0925-4692 

Hsieh, J.L., Shen, P.C., Shiau, A.L., Jou, I.M., Lee, C.H., Wang, C.R., Teo, M.L. & Wu, C.L. 
(2010). Intra-articular Gene Transfer of Thrombospondin-1 Suppresses the Disease 
Progression of Experimental Osteoarthritis. Journal of Orthopaedic Research, Vol.28, 
No.10, (October 2010), pp. 1300-1306, ISSN 0736-0266 

Hunziker, E.B. (2002). Articular Cartilage Repair: Basic Science and Clinical Progress. A 
Review of the Current Status and Prospects. Osteoarthritis & Cartilage, Vol.10, No.6, 
(June 2002), pp. 432-463, ISSN 1063-4584. 

Ikeda, K., Wakimoto, H., Ichikawa, T., Jhung, S., Hochberg, F.H., Louis, D.N. & Chiocca, 
E.A. (2000). Complement Depletion Facilitates the Infection of Multiple Brain 
Tumors by an Intravascular, Replication-Conditional Herpes Simplex Virus 
Mutant. Journal of Virology, Vol.74, No.10, (May 2000), pp. 4765-4775, ISSN 0022-
538X 

Im, G.I., Kim, D.Y., Shin, J.H., Hyun, C.W.& Cho, W.H. (2001). Repair of Cartilage Defect in 
the Rabbit with Cultured Mesenchymal Stem Cells from Bone-marrow. The Journal 
of Bone & Joint Surgery (British), Vol.83, No.2, (March 2001), pp. 289-294, ISSN 0301-
620X 



 
Gene Therapy Applications 

 

156 

Goehring, A.R., Lübke, C., Kaps, C., Häupl, T., Pruss, A., Perka, C., Sittinger, M. & Ringe, J. 
(2010). Tissue-engineered Cartilage of Porcine and Human Origin as In Vitro Test 
System in Arthritis Research. Biotechnology Progress, Vol.26, No.4, (July-August 
2010), pp. 1116-1125, ISSN 1520-6033 

Goldring, M.B. (1999). The Role of Cytokines as Inflammatory Mediators in Osteoarthritis: 
Lessons from Animal Models. Connective Tissue Research, Vol.40, No.1, (January 
1999), pp. 1-11, ISSN 0300-8207 

Goldring, M.B. (2001). Anticytokine Therapy for Osteoarthritis. Expert Opinion on Biological 
Therapy, Vol.1, No.5, (September 2001), pp. 817-829, ISSN 1471-2598 

Goldring, M.B. (2006). Update on the Biology of the Chondrocyte and New Approaches to 
Treating Cartilage Diseases. Best Practice & Research: Clinical Rheumatology, Vol.20, 
No.5, (October 2006), pp. 1003-1025, ISSN 1521-6942 

Goldring, M.B. & Goldring, S.R.(2007). Osteoarthritis. Journal of Cellular Physiology, Vol.21, 
No.3, (December 2007), pp. 626-634, ISSN 0021-9541 

Gouze, E., Pawliuk, R., Pilapil, C., Gouze, J.N., Fleet, C., Palmer, G.D., Evans, C.H., 
Leboulch, P. & Ghivizzani, S.C. (2002). In Vivo Gene Delivery to Synovium by 
Lentiviral Vectors. Molecular Therapy, Vol.5, No.4, (April 2002), pp. 397-404, ISSN 
1525-0016 

Gouze, E., Gouze, J.N., Palmer, G.D., Pilapil, C., Evans, C.H. & Ghivizzani S.C. (2007). 
Transgene Persistence and Cell Turnover in the Diarthrodial Joint: Implications for 
Gene Therapy of Chronic Joint Diseases. Molecular Therapy, Vol.15, No.6, (June 
2007), pp. 1114-1120, ISSN 1525-0016 

Gouze, J.N., Gouze, E., Palmer, G.D., Kaneto, H., Ghivizzani, S.C., Grodzinsky, A.J. & Evans, 
C.H. (2004). Adenovirus-mediated Gene Transfer of Glutamine: Fructose-6-
phosphate Amidotransferase Antagonizes the Effects of Interleukin-1β on Rat 
Chondrocytes. Osteoarthritis & Cartilage, Vol.12, No.3, (March 2004), pp. 217-224, 
ISSN 1063-4584 

Grossin, L., Cournil-Henrionnet, C., Mir, L.M., Liagre, B., Dumas, D., Etienne, S., Guingamp, 
C., Netter, P. & Gillet, P. (2003). Direct Gene Transfer into Rat Articular Cartilage by 
In Vivo Electroporation. The FASEB Journal, Vol.17, No.8, (May 2003), pp. 829-835, 
ISSN 0892-6638  

Grossin, L., Cournil-Henrionnet, C., Pinzano, A., Gaborit, N., Dumas, D., Etienne, S., Stoltz, 
J.F., Terlain, B., Netter, P., Mir, L.M. & Gillet, P. (2006). Gene Transfer with HSP 70 
in Rat Chondrocytes Confers Cytoprotection In Vitro and during Experimental 
Osteoarthritis. The FASEB Journal, Vol.20, No.1, (January 2006), pp. 65-75, ISSN 0892 
6638 

Guo, J., Jourdian, G. & Maccallum, D.K. (1989). Culture and Growth Characteristic of 
Chondrocytes Encapsulated in Alginate Beads. Connective Tissue Research, Vol.19, 
No.2-4, (n.d. 1989), pp. 277-285, ISSN 1607-8438 

Haag, J., Voigt, R., Soeder, S. & Aigner, T. (2009). Efficient Non-viral Transfection of Primary 
Human Adult Chondrocytes in a High-throughput Format. Osteoarthritis & 
Cartilage, Vol. 17, No.6, (June 2009), pp. 813-817, ISSN 1063-4584 

Conditioning and Scaffolding of Chondrocytes:  
Smart Steps Towards Osteoarthritis Gene Therapy 

 

157 

Habib, G.S., Saliba, W. & Nashashibi, M. (2010). Local Effects of Intra-articular 
Corticosteroids. Clinical Rheumatology, Vol.29, No.4, (April 2010), pp. 347-356, ISSN 
0770-3198 

Harui, A., Suzuki, S., Kochanek, S. & Mitani, K. (1999). Frequency and Stability of 
Chromosomal Integration of Adenovirus Vectors. Journal of Virology, Vol.73, No.7, 
(July 1999), pp. 6141-6146, ISSN 0022-538X 

Häuselmann, H.J., Fernandes, R.J., Mok, S.S., Schmid, T.M., Block, J.A., Aydelotte, M.B., 
Kuettner, K.E., Eugene, J.M. & Thonar, E.J. (1994). Phenotypic Stability of Bovine 
Articular Chondrocytes after Long-term Culture in Alginate Beads. Journal of Cell 
Science, Vol.107, No.1, (January 1994), pp. 17-27, ISSN 1477-9137 

Heinegård, D. & Saxne, T. (2011). The Role of the Cartilage Matrix in Osteoarthritis. Nature 
Reviews Rheumatology, Vol.7, No.1, (January 2011), pp. 50-56, ISSN 1759-4790 

Hennerbichler, A., Rosenberger, R., Arora, R., Hennerbichler, D. (2008). Biochemical, 
Biomechanical and Histological Properties of Osteoarthritic Porcine Knee Cartilage: 
Implications for Osteochondral Transplanation. Archives of Orthopaedeic & Trauma 
Surgery,Vol.128, No.1, (January 2008), pp. 61-70, ISSN 0936-8051 

Hidaka, C., Goodrich, L.R., Chen, C.T., Warren, R.F., Crystal, R.G. & Nixon, A.J. (2003). 
Acceleration of Cartilage Repair by Genetically Modified Chondrocytes Over-
expressing Bone Morphogenetic Protein-7. Journal of Orthopaedic Research, Vol.21, 
No.4, (July 2003), pp. 573-583, ISSN 0736-0266 

Hill, C.L., Bieniasz, P.D. & McClure, M.O. (1999). Properties of Human Foamy Virus 
Relevant to its Development as a Vector for Gene Therapy. The Journal of General 
Virology, Vol.80, No.8, (August 1999), pp. 2003-2009, ISSN 0022-1317 

Hotz-Behofsits, C.M., Walley, M.J, Simpson, R. & Bjarnason, I.T. (2003). COX-1, COX-2 and 
the Topical Effect in NSAID-induced Enteropathy. Inflammopharmacology, Vol.11, 
No.4 (n.d. 2003), pp. 363-370, ISSN 0925-4692 

Hsieh, J.L., Shen, P.C., Shiau, A.L., Jou, I.M., Lee, C.H., Wang, C.R., Teo, M.L. & Wu, C.L. 
(2010). Intra-articular Gene Transfer of Thrombospondin-1 Suppresses the Disease 
Progression of Experimental Osteoarthritis. Journal of Orthopaedic Research, Vol.28, 
No.10, (October 2010), pp. 1300-1306, ISSN 0736-0266 

Hunziker, E.B. (2002). Articular Cartilage Repair: Basic Science and Clinical Progress. A 
Review of the Current Status and Prospects. Osteoarthritis & Cartilage, Vol.10, No.6, 
(June 2002), pp. 432-463, ISSN 1063-4584. 

Ikeda, K., Wakimoto, H., Ichikawa, T., Jhung, S., Hochberg, F.H., Louis, D.N. & Chiocca, 
E.A. (2000). Complement Depletion Facilitates the Infection of Multiple Brain 
Tumors by an Intravascular, Replication-Conditional Herpes Simplex Virus 
Mutant. Journal of Virology, Vol.74, No.10, (May 2000), pp. 4765-4775, ISSN 0022-
538X 

Im, G.I., Kim, D.Y., Shin, J.H., Hyun, C.W.& Cho, W.H. (2001). Repair of Cartilage Defect in 
the Rabbit with Cultured Mesenchymal Stem Cells from Bone-marrow. The Journal 
of Bone & Joint Surgery (British), Vol.83, No.2, (March 2001), pp. 289-294, ISSN 0301-
620X 



 
Gene Therapy Applications 

 

158 

Innes, J.F. & Clegg, P. (2010). Comparative Rheumatology: What can be Learnt from 
Naturally Occurring Musculoskeletal Disorders in Domestic Animals? 
Rheumatology,Vol.49, No.6, (June 2010), pp. 1030-1039, ISSN 1462-0324 

Johnston, S.A. (1997). Osteoarthritis. Joint Anatomy, Physiology, and Pathobiology. The 
Veterinary Clinics of North America: Small Animal Practice, Vol.27, No.4, (July 1997), 
pp. 699-723, ISSN 0195-5616 

Jorgensen, C. & Apparailly, F. (2010). Prospects for Gene Therapy in Inflammatory Arthritis. 
Best Practice & Research: Clinical Rheumatology, Vol.24, No.4, (August 2010), pp. 541-
552, ISSN 1521-6942 

Jovanovic, D., Pelletier, J.P., Alaaeddine, N., Mineau, F., Geng, C., Ranger, P. & Martel-
Pelletier, J. (1998). Effect of IL-13 on Cytokines, Cytokine Receptors and Inhibitors 
on Human Osteoarthritis Synovium and Synovial Fibroblasts. Osteoarthritis & 
Cartilage, Vol.6, No.1, (January 1998), pp. 40-49, ISSN 1063-4584 

Kang, R., Marui, T., Ghivizzani, S.C., Nita, I.M., Georgescu, H.I., Suh, J.K., Robbins, P.D. & 
Evans, C.H. (1997). Ex Vivo Gene Transfer to Chondrocytes in Full-thickness 
Articular Cartilage Defects: A Feasibility Study. Osteoarthritis & Cartilage, Vol.5, 
No.2, (March 1997), pp. 139-143, ISSN 1063-4584 

Katayama, R., Wakitani, S., Tsumaki, N., Morita, Y., Matsushita, I., Gejo, R. & Kimura, T. 
(2004). Repair of Articular Cartilage Defects in Rabbits using CDMP1 Gene 
Transfected Autologous Mesenchymal Cells Derived from Bone Marrow.
 Rheumatology, Vol.43, No.8, (August 2004), pp. 980-985, ISSN 1462-0324 

Katz, J.N., Brandon, E.E. & Gomoll, A.H.(2010). Surgical Management of Osteoarthritis. 
Arthritis Care & Research, Vol.62, No.9, (September 2010), pp. 1220-1228, ISSN 2151-
464X 

Kaul, G., Cucchiarini, M., Arntzen, D., Zurakowski, D., Menger, M.D., Kohn, D., Trippel, 
S.B. & Madry, H. (2006). Local Stimulation of Articular Cartilage Repair by 
Transplantationof Encapsulated Chondrocytes Over-expressing Human Fibroblast 
Growth Factor-2 (FGF-2) In Vivo. Journal of Gene Medicine, Vol.8, No.1, (January 
2006), pp. 100-111, ISSN 1099-498X 

Kulseng, B., Skjak-Braek, G., Ryan, L., Andersson, A., King, A., Faxvaag, A. & Espevik, T. 
(1999). Transplantation of Alginate Microcapsules: Generation of Antibodies 
against Alginates and Encapsulated Porcine Islet-like Cell Clusters. Transplantation, 
Vol.67, No.7, (April 1999), pp. 978-984, ISSN 1534-0608 

Kuroki, K., Stoker, A.M. & Cook, J.L. (2005). Effects of Proinflammatory Cytokines on 
Canine Articular Chondrocytes in a Three-dimensional Culture. American Journal of 
Veterinary Research, Vol.66, No.7, (July 2005), pp. 187-196, ISSN 0002-9645 

Lafeber, F.P., van Roy, H.L., van der Kraan, P.M., van den Berg, W.B. & Bijlsma, J.W. (1997). 
Transforming Growth Factor-beta Predominantly Stimulates Phenotypically 
Changed Chondrocytes in Osteoarthritic Human Cartilage. The Journal of 
Rheumatology, Vol.24, No.3, (March 1997), pp. 536-542, ISSN 0315-162X 

Langer, R. & Tirrell, D.A. (2004). Designing Materials for Biology and Medicine. Nature, 
Vol.428, No.6982, (April 2004), pp. 487-492, ISSN 1476-4687 

Lee, K.H., Song, S.U., Hwang, T.S., Yi, Y., Oh, I.S., Lee, J.Y., Choi, K.B. & Kim, S.J. (2001). 
Regeneration of Hyaline Cartilage by Cell-mediated Gene Therapy using 

Conditioning and Scaffolding of Chondrocytes:  
Smart Steps Towards Osteoarthritis Gene Therapy 

 

159 

Transforming Growth Factor-β1-producing Fibroblasts. Human Gene Therapy, 
Vol.12, No.14, (September 2001), pp. 1805-1813, ISSN 1043-0342 

Li, W.J., Jiang Y.J. & Tuan, R.S. (2006). Chondrocyte Phenotype in Engineered Fibrous 
Matrix is Regulated by Fiber Size. Tissue Engineering, Vol.12, No.7, (July 2006), pp. 
1775-1785, ISSN 2152-4955 

Liao, Y.H., Jones, S.A., Forbes, B., Martin, G.P. & Brown, M.B. (2005). Hyaluronan: 
Pharmaceutical Characterization and Drug Delivery. Drug Delivery, Vol.12, No.6, 
(November-December 2005), pp. 327-342, ISSN 1071-7544 

Madeira, C., Ribeiro, S.C., Pinheiro, I.S., Martins, S.A., Andrade, P.Z., da Silva, C.L. & 
Cabral, J.M. (2011). Gene delivery to human bone marrow mesenchymal stem cells 
by microporation. Journal of Biotechnology, Vol.151, No.1, (January 2011), pp. 130-
136, ISSN 0168-1656 

Madry, H. & Trippel, S.B. (2000). Efficient Lipid-mediated Gene Transfer to Articular 
Chondrocytes. Gene Therapy, Vol.7, No.4, (February 2000), pp. 286-291, ISSN 0969-
7128 

Madry, H., Padera, R., Seidel, J., Langer, R., Freed, L.E., Trippel, S.B. & Vunjak-Novakovic, 
G. (2002). Gene Transfer of a Human Insulin-like Growth Factor 1 cDNA Enhances 
Tissue-engineering of Cartilage. Human Gene Therapy, Vol.13, No.13, (September 
2002), pp. 1621-1630, ISSN 1043-0342 

Madry, H., Cucchiarini, M., Terwilliger, E.F. & Trippel, S.B. (2003). Recombinant Adeno-
associated Virus Vectors Efficiently and Persistently Transduce Chondrocytes in 
Normal and Osteoarthritic Human Articular Cartilage. Human Gene Therapy, Vol.14, 
No.4, (March 2003), pp. 393-402, ISSN 1043-0342 

Madry, H., Emkey, G., Zurakowski, D. & Trippel, S.B. (2004). Over-expression of Human 
Fibroblast Growth Factor-2 Stimulates Cell Proliferation in an Ex Vivo Model of 
Articular Chondrocyte Transplantation. The Journal of Gene Medicine, Vol.6, No.2, 
(February 2004), pp. 238-245, ISSN 1099-498X 

Madry, H., Kaul, G., Cucchiarini, M., Stein, U., Zurakowski, D., Remberger, K., Menger, 
M.D., Kohn, D. & Trippel, S.B. (2005). Enhanced Repair of Articular Cartilage 
Defects In Vivo by Transplanted Chondrocytes Over-expressing Insulin-like 
Growth Factor-1 (IGF-1). Gene Therapy, Vol.12, No.15, (August 2005), pp. 1171-1179, 
ISSN 0969-7128 

Manna, S.K. & Aggarwal, B.B. (1998). Interleukin-4 Down-regulates both Forms of 
TumourNecrosis Factor Receptor and Receptor-mediated Apoptosis, NF-kappa B, 
AP-1, and c-Jun N-terminal Kinase. Comparison with Interleukin-13. Journal of 
Biological Chemistry, Vol.273, No.50, (December 1998), pp. 33333-33341, ISSN 1083-
351X 

Manning, K., Rachakonda, P.S., Rai, M.F. & Schmidt, M.F. (2010). Co-expression of Insulin-
like Growth Factor-1 and Interleukin-4 in an In Vitro Inflammatory Model. Cytokine, 
Vol.50, No.3, (June 2010), pp. 297-305, ISSN 1043-4666 

Martel-Pelletier, J., Alaaeddine, N. & Pelletier, J.P. (1999). Cytokines and their Role in the 
Pathophysiology of Osteoarthritis. Frontiersin Bioscience, Vol.4, No.D, (October 
1999), pp. 694-703, ISSN 1093-9946 



 
Gene Therapy Applications 

 

158 

Innes, J.F. & Clegg, P. (2010). Comparative Rheumatology: What can be Learnt from 
Naturally Occurring Musculoskeletal Disorders in Domestic Animals? 
Rheumatology,Vol.49, No.6, (June 2010), pp. 1030-1039, ISSN 1462-0324 

Johnston, S.A. (1997). Osteoarthritis. Joint Anatomy, Physiology, and Pathobiology. The 
Veterinary Clinics of North America: Small Animal Practice, Vol.27, No.4, (July 1997), 
pp. 699-723, ISSN 0195-5616 

Jorgensen, C. & Apparailly, F. (2010). Prospects for Gene Therapy in Inflammatory Arthritis. 
Best Practice & Research: Clinical Rheumatology, Vol.24, No.4, (August 2010), pp. 541-
552, ISSN 1521-6942 

Jovanovic, D., Pelletier, J.P., Alaaeddine, N., Mineau, F., Geng, C., Ranger, P. & Martel-
Pelletier, J. (1998). Effect of IL-13 on Cytokines, Cytokine Receptors and Inhibitors 
on Human Osteoarthritis Synovium and Synovial Fibroblasts. Osteoarthritis & 
Cartilage, Vol.6, No.1, (January 1998), pp. 40-49, ISSN 1063-4584 

Kang, R., Marui, T., Ghivizzani, S.C., Nita, I.M., Georgescu, H.I., Suh, J.K., Robbins, P.D. & 
Evans, C.H. (1997). Ex Vivo Gene Transfer to Chondrocytes in Full-thickness 
Articular Cartilage Defects: A Feasibility Study. Osteoarthritis & Cartilage, Vol.5, 
No.2, (March 1997), pp. 139-143, ISSN 1063-4584 

Katayama, R., Wakitani, S., Tsumaki, N., Morita, Y., Matsushita, I., Gejo, R. & Kimura, T. 
(2004). Repair of Articular Cartilage Defects in Rabbits using CDMP1 Gene 
Transfected Autologous Mesenchymal Cells Derived from Bone Marrow.
 Rheumatology, Vol.43, No.8, (August 2004), pp. 980-985, ISSN 1462-0324 

Katz, J.N., Brandon, E.E. & Gomoll, A.H.(2010). Surgical Management of Osteoarthritis. 
Arthritis Care & Research, Vol.62, No.9, (September 2010), pp. 1220-1228, ISSN 2151-
464X 

Kaul, G., Cucchiarini, M., Arntzen, D., Zurakowski, D., Menger, M.D., Kohn, D., Trippel, 
S.B. & Madry, H. (2006). Local Stimulation of Articular Cartilage Repair by 
Transplantationof Encapsulated Chondrocytes Over-expressing Human Fibroblast 
Growth Factor-2 (FGF-2) In Vivo. Journal of Gene Medicine, Vol.8, No.1, (January 
2006), pp. 100-111, ISSN 1099-498X 

Kulseng, B., Skjak-Braek, G., Ryan, L., Andersson, A., King, A., Faxvaag, A. & Espevik, T. 
(1999). Transplantation of Alginate Microcapsules: Generation of Antibodies 
against Alginates and Encapsulated Porcine Islet-like Cell Clusters. Transplantation, 
Vol.67, No.7, (April 1999), pp. 978-984, ISSN 1534-0608 

Kuroki, K., Stoker, A.M. & Cook, J.L. (2005). Effects of Proinflammatory Cytokines on 
Canine Articular Chondrocytes in a Three-dimensional Culture. American Journal of 
Veterinary Research, Vol.66, No.7, (July 2005), pp. 187-196, ISSN 0002-9645 

Lafeber, F.P., van Roy, H.L., van der Kraan, P.M., van den Berg, W.B. & Bijlsma, J.W. (1997). 
Transforming Growth Factor-beta Predominantly Stimulates Phenotypically 
Changed Chondrocytes in Osteoarthritic Human Cartilage. The Journal of 
Rheumatology, Vol.24, No.3, (March 1997), pp. 536-542, ISSN 0315-162X 

Langer, R. & Tirrell, D.A. (2004). Designing Materials for Biology and Medicine. Nature, 
Vol.428, No.6982, (April 2004), pp. 487-492, ISSN 1476-4687 

Lee, K.H., Song, S.U., Hwang, T.S., Yi, Y., Oh, I.S., Lee, J.Y., Choi, K.B. & Kim, S.J. (2001). 
Regeneration of Hyaline Cartilage by Cell-mediated Gene Therapy using 

Conditioning and Scaffolding of Chondrocytes:  
Smart Steps Towards Osteoarthritis Gene Therapy 

 

159 

Transforming Growth Factor-β1-producing Fibroblasts. Human Gene Therapy, 
Vol.12, No.14, (September 2001), pp. 1805-1813, ISSN 1043-0342 

Li, W.J., Jiang Y.J. & Tuan, R.S. (2006). Chondrocyte Phenotype in Engineered Fibrous 
Matrix is Regulated by Fiber Size. Tissue Engineering, Vol.12, No.7, (July 2006), pp. 
1775-1785, ISSN 2152-4955 

Liao, Y.H., Jones, S.A., Forbes, B., Martin, G.P. & Brown, M.B. (2005). Hyaluronan: 
Pharmaceutical Characterization and Drug Delivery. Drug Delivery, Vol.12, No.6, 
(November-December 2005), pp. 327-342, ISSN 1071-7544 

Madeira, C., Ribeiro, S.C., Pinheiro, I.S., Martins, S.A., Andrade, P.Z., da Silva, C.L. & 
Cabral, J.M. (2011). Gene delivery to human bone marrow mesenchymal stem cells 
by microporation. Journal of Biotechnology, Vol.151, No.1, (January 2011), pp. 130-
136, ISSN 0168-1656 

Madry, H. & Trippel, S.B. (2000). Efficient Lipid-mediated Gene Transfer to Articular 
Chondrocytes. Gene Therapy, Vol.7, No.4, (February 2000), pp. 286-291, ISSN 0969-
7128 

Madry, H., Padera, R., Seidel, J., Langer, R., Freed, L.E., Trippel, S.B. & Vunjak-Novakovic, 
G. (2002). Gene Transfer of a Human Insulin-like Growth Factor 1 cDNA Enhances 
Tissue-engineering of Cartilage. Human Gene Therapy, Vol.13, No.13, (September 
2002), pp. 1621-1630, ISSN 1043-0342 

Madry, H., Cucchiarini, M., Terwilliger, E.F. & Trippel, S.B. (2003). Recombinant Adeno-
associated Virus Vectors Efficiently and Persistently Transduce Chondrocytes in 
Normal and Osteoarthritic Human Articular Cartilage. Human Gene Therapy, Vol.14, 
No.4, (March 2003), pp. 393-402, ISSN 1043-0342 

Madry, H., Emkey, G., Zurakowski, D. & Trippel, S.B. (2004). Over-expression of Human 
Fibroblast Growth Factor-2 Stimulates Cell Proliferation in an Ex Vivo Model of 
Articular Chondrocyte Transplantation. The Journal of Gene Medicine, Vol.6, No.2, 
(February 2004), pp. 238-245, ISSN 1099-498X 

Madry, H., Kaul, G., Cucchiarini, M., Stein, U., Zurakowski, D., Remberger, K., Menger, 
M.D., Kohn, D. & Trippel, S.B. (2005). Enhanced Repair of Articular Cartilage 
Defects In Vivo by Transplanted Chondrocytes Over-expressing Insulin-like 
Growth Factor-1 (IGF-1). Gene Therapy, Vol.12, No.15, (August 2005), pp. 1171-1179, 
ISSN 0969-7128 

Manna, S.K. & Aggarwal, B.B. (1998). Interleukin-4 Down-regulates both Forms of 
TumourNecrosis Factor Receptor and Receptor-mediated Apoptosis, NF-kappa B, 
AP-1, and c-Jun N-terminal Kinase. Comparison with Interleukin-13. Journal of 
Biological Chemistry, Vol.273, No.50, (December 1998), pp. 33333-33341, ISSN 1083-
351X 

Manning, K., Rachakonda, P.S., Rai, M.F. & Schmidt, M.F. (2010). Co-expression of Insulin-
like Growth Factor-1 and Interleukin-4 in an In Vitro Inflammatory Model. Cytokine, 
Vol.50, No.3, (June 2010), pp. 297-305, ISSN 1043-4666 

Martel-Pelletier, J., Alaaeddine, N. & Pelletier, J.P. (1999). Cytokines and their Role in the 
Pathophysiology of Osteoarthritis. Frontiersin Bioscience, Vol.4, No.D, (October 
1999), pp. 694-703, ISSN 1093-9946 



 
Gene Therapy Applications 

 

160 

Martel-Pelletier, J. & Pelletier, J.P. (2007). Inflammatory Factors Involved in Osteoarthritis, 
In: Osteoarthritis, Inflammation & Degradation: A Continuum, J. Buckwalter, M. Lotz & 
J.F. Stolz, (Eds.), 3-13, IOS Press, ISBN 978-1-58603-773-4, Amsterdam, Netherlands  

Mease, P.J., Wei, N., Fudman, E.J., Kivitz, A.J., Schechtman, J., Trapp, R.G., Hobbs, K.F., 
Greenwald, M., Hou, A., Bookbinder, S.A., Graham, G.E., Wiesenhutter, C.W., 
Willis, L., Ruderman, E.M., Forstot, J.Z., Maricic, M.J., Dao, K.H., Pritchard, C.H., 
Fiske, D.N., Burch, F.X., Prupas, H.M.,Anklesaria, P. & Heald, A.E. (2010). Safety, 
Tolerability, and Clinical Outcomes after Intra-articular Injection of a Recombinant 
Adeno-associated Vector Containing a Tumour Necrosis Factor Antagonist Gene: 
Results of a Phase 1/2 Study. The Journal of Rheumatology, Vol.37, No.4, (April 2010) 
pp. 692-703, ISSN 1499-2752 

Meynier de Salinelles, V., Berenbaum, F., Jacques, C., Salvat, C., Olivier, J.L., Béréziat, G., 
Raymondjean, M. & Massaad, C. (2002). Design of a Chimeric Promoter induced by 
Pro-inflammatory Mediators in Articular Chondrocytes. FEBS Letters, Vol.518, 
No.1-3, (May 2002), pp. 67-71, ISSN 0014-5793 

Miagkov, A.V., Varley, A.W., Munford, R.S. & Makarov, S.S. (2002). Endogenous Regulation 
of a Therapeutic Transgene Restores Homeostasis in Arthritic Joints. Journal of 
Clinical Investigation, Vol.109, No.9, (May 2002), pp. 1223-1229, ISSN 0021-9738 

Minas, T., Gomoll, A.H., Solhpour, S., Rosenberger, R., Probst, C., Bryant, T. (2010). 
Autologous Chondrocyte Implantation for Joint Preservation in Patients with Early 
Osteoarthritis. Clinical Orthopaedic & Related Research,Vol.468, No.1, (January 2010), 
pp. 147-157, ISSN 0009-921X 

Müller, R.D., John, T., Kohl, B., Oberholzer, A., Gust, T., Hostmann, A., Hellmuth, M., 
Laface, D., Hutchins, B., Laube, G., Veh, R.W., Tschoeke, S.K., Ertel, W. & Schulze-
Tanzil, G. (2008). IL-10 Over-expression Differentially Affects Cartilage Matrix 
Gene Expression in Response to TNF-alpha in Human Articular ChondrocytesIn 
Vitro. Cytokine, Vol.44, No.3, (December 2008), pp. 377-385, ISSN 1043-4666 

Nabbe, K.C., van Lent, P.L., Holthuysen, A.E., Sloëtjes, A.W., Koch, A.E., Radstake, T.R. & 
van den Berg, W.B. (2005). Local IL-13 Gene Transfer Prior to Immune-complex 
Arthritis Inhibits Chondrocyte Death and Matrix-metalloproteinase-mediated 
Cartilage Matrix Degradation Despite Enhanced Joint Inflammation. Arthritis 
Research & Therapy, Vol.7, No.2, (January 2005), pp. R392-R401, ISSN 1478-6362 

Nöth, U., Tuli, R., Osyczka, A.M., Danielson, K.G. & Tuan, R.S. (2002).In VitroEngineered 
Cartilage Constructs Produced by Press-coating Biodegradable Polymer with 
Human Mesenchymal Stem Cells. Tissue Engineering, Vol.8, No.1, (n.d. 2002), 
pp.131-144, ISSN 2152-4955 

Nöth, U., Steinert, A.F. & Tuan, R.S. (2008). Technology Insight: Adult Mesenchymal Stem 
Cells for Osteoarthritis Therapy. Nature Clinical Practice: Rheumatology, Vol.4, No.7, 
(July 2008), pp. 371-380, ISSN 1745-8382 

Park, J.Y., Pillinger, M.H. & Abramson, S.B. (2006). Prostaglandin E2 Synthesis and 
Secretion: The Role of PGE2 Synthases. Clinical Immunology, Vol.119, No.3, (June 
2006), pp. 229-240, ISSN 1521-6616 

Conditioning and Scaffolding of Chondrocytes:  
Smart Steps Towards Osteoarthritis Gene Therapy 

 

161 

Parker, D.A., Beatty, K.T., Giuffre, B., Scholes, C.J.&Coolican, M.R. (2011). Articular 
Cartilage Changes in Patients with Osteoarthritis after Osteotomy. The American 
Journal of Sports Medicine, Vol.39, No.5, (May 2011), ISSN 0363-5465 

Pelletier, J.P., Caron, J.P., Evans, C., Robbins, P.D., Georgescu, H.I., Jovanovic, D., 
Fernandes, J.C. & Martel-Pelletier, J. (1997). In Vivo Suppression of Early 
Experimental Osteoarthritis by Interleukin-1 Receptor Antagonist using Gene 
Therapy. Arthritis & Rheumatism, Vol.40S, No.6, (June 1997), pp. 1012-1019, ISSN 
0004-3591 

Pelletier, J.P., Martel-Pelletier, J. & Abramson, S.B. (2001). Osteoarthritis, an Inflammatory 
Disease: Potential Implication for the Selection of New Therapeutic Targets. 
Arthritis & Rheumatism, Vol.44, No.6, (June 2001), pp. 1237-1247, ISSN 00043591 

Peterson, L., Brittberg, M., Kiviranta, I., Akerlund, E.L.& Lindahl, A. (2002). Autologous 
Chondrocyte Transplantation. Biomechanics and Long-term Durability. The 
American Journal of Sports Medicine, Vol.30, No.1,(January-February 2002), pp. 2-12, 
ISSN 0363-5465 

Philpott, N.J. & Thrasher, A.J. (2007). Use of Non-integrating Lentiviral Vectors for Gene 
Therapy. Human Gene Therapy, Vol.18, No.6, (June 2007), pp. 483-489, ISSN 1043-
0342 

Pittenger, M.F., Mackay, A.M., Beck, S.C., Jaiswal, R.K., Douglas, R., Mosca, J.D., Moorman, 
M.A., Simonetti, D.W., Craig, S. & Marshak, D.R. (1999). Multilineage Potential of 
Adult Human Mesenchymal Stem Cells. Science, Vol.284, No.5411, (April 1999), pp. 
143-147, ISSN 1095-9203 

Plank, C., Schillinger, U., Scherer, F., Bergemann, C., Rémy, J.S., Krötz, F., Anton, M.,Lausier, 
J. & Rosenecker, J. (2003). The Magnetofection Method: Using Magnetic Force to 
Enhance Gene Delivery. Biological Chemistry,Vol.384, No.5, (May 2003), pp. 737-747, 
ISSN 0021-9258. 

Poole, C.A., Honda, T., Skinner, S.J., Schofield, J.R., Hyde, K.F. & Shinkai, H. (1990). 
Chondrons from Articular Cartilage (II): Analysis of the Glycosaminoglycans in the 
Cellular Microenvironment of Isolated Canine Chondrons. Connective Tissue 
Research, Vol.24, No.3-4, (n.d. 1990), pp. 319-330, ISSN 1607-8438 

Rachakonda, P.S., Rai, M.F. & Schmidt, M.F. (2008a). Application of Inflammation 
Responsive Promoter for an In Vitro Arthritis Model. Arthritis & Rheumatism,Vol. 
58, No. 7, (July 2008), pp. 2088-2097, ISSN 0004-3591 

Rachakonda, P.S., Rai, M.F., Manning, K. & Schmidt, M.F. (2008b). Expression of Canine 
Interleukin-4 in Canine Chondrocytes Inhibits Inflammatory Cascade through 
STAT6. Cytokine, Vol.44, No.1, (October 2008), pp. 179-184, ISSN 1043-4666 

Rai, M.F., Rachakonda, P.S., Manning, K., Vorwerk, B., Brunnberg, L., Kohn, B. & Schmidt 
M.F. (2008). Quantification of Cytokines and Inflammatory Mediators in a Three-
dimensional Model of Inflammatory Arthritis. Cytokine, Vol.42, No.1, (April 2008), 
pp. 8–17,ISSN 1043-4666 

Rai, M.F., Rachakonda, P.S., Manning, K., Palissa, C., Sittinger, M., Ringe, J. & Schmidt, M.F. 
(2009). Molecular and Phenotypic Modulation of Primary and Immortalized Canine 
Chondrocytes in Different Culture Systems. Research in Veterinary Science, Vol.87, 
No.3, (December 2009), pp. 399-407,ISSN 0034-5288 



 
Gene Therapy Applications 

 

160 

Martel-Pelletier, J. & Pelletier, J.P. (2007). Inflammatory Factors Involved in Osteoarthritis, 
In: Osteoarthritis, Inflammation & Degradation: A Continuum, J. Buckwalter, M. Lotz & 
J.F. Stolz, (Eds.), 3-13, IOS Press, ISBN 978-1-58603-773-4, Amsterdam, Netherlands  

Mease, P.J., Wei, N., Fudman, E.J., Kivitz, A.J., Schechtman, J., Trapp, R.G., Hobbs, K.F., 
Greenwald, M., Hou, A., Bookbinder, S.A., Graham, G.E., Wiesenhutter, C.W., 
Willis, L., Ruderman, E.M., Forstot, J.Z., Maricic, M.J., Dao, K.H., Pritchard, C.H., 
Fiske, D.N., Burch, F.X., Prupas, H.M.,Anklesaria, P. & Heald, A.E. (2010). Safety, 
Tolerability, and Clinical Outcomes after Intra-articular Injection of a Recombinant 
Adeno-associated Vector Containing a Tumour Necrosis Factor Antagonist Gene: 
Results of a Phase 1/2 Study. The Journal of Rheumatology, Vol.37, No.4, (April 2010) 
pp. 692-703, ISSN 1499-2752 

Meynier de Salinelles, V., Berenbaum, F., Jacques, C., Salvat, C., Olivier, J.L., Béréziat, G., 
Raymondjean, M. & Massaad, C. (2002). Design of a Chimeric Promoter induced by 
Pro-inflammatory Mediators in Articular Chondrocytes. FEBS Letters, Vol.518, 
No.1-3, (May 2002), pp. 67-71, ISSN 0014-5793 

Miagkov, A.V., Varley, A.W., Munford, R.S. & Makarov, S.S. (2002). Endogenous Regulation 
of a Therapeutic Transgene Restores Homeostasis in Arthritic Joints. Journal of 
Clinical Investigation, Vol.109, No.9, (May 2002), pp. 1223-1229, ISSN 0021-9738 

Minas, T., Gomoll, A.H., Solhpour, S., Rosenberger, R., Probst, C., Bryant, T. (2010). 
Autologous Chondrocyte Implantation for Joint Preservation in Patients with Early 
Osteoarthritis. Clinical Orthopaedic & Related Research,Vol.468, No.1, (January 2010), 
pp. 147-157, ISSN 0009-921X 

Müller, R.D., John, T., Kohl, B., Oberholzer, A., Gust, T., Hostmann, A., Hellmuth, M., 
Laface, D., Hutchins, B., Laube, G., Veh, R.W., Tschoeke, S.K., Ertel, W. & Schulze-
Tanzil, G. (2008). IL-10 Over-expression Differentially Affects Cartilage Matrix 
Gene Expression in Response to TNF-alpha in Human Articular ChondrocytesIn 
Vitro. Cytokine, Vol.44, No.3, (December 2008), pp. 377-385, ISSN 1043-4666 

Nabbe, K.C., van Lent, P.L., Holthuysen, A.E., Sloëtjes, A.W., Koch, A.E., Radstake, T.R. & 
van den Berg, W.B. (2005). Local IL-13 Gene Transfer Prior to Immune-complex 
Arthritis Inhibits Chondrocyte Death and Matrix-metalloproteinase-mediated 
Cartilage Matrix Degradation Despite Enhanced Joint Inflammation. Arthritis 
Research & Therapy, Vol.7, No.2, (January 2005), pp. R392-R401, ISSN 1478-6362 

Nöth, U., Tuli, R., Osyczka, A.M., Danielson, K.G. & Tuan, R.S. (2002).In VitroEngineered 
Cartilage Constructs Produced by Press-coating Biodegradable Polymer with 
Human Mesenchymal Stem Cells. Tissue Engineering, Vol.8, No.1, (n.d. 2002), 
pp.131-144, ISSN 2152-4955 

Nöth, U., Steinert, A.F. & Tuan, R.S. (2008). Technology Insight: Adult Mesenchymal Stem 
Cells for Osteoarthritis Therapy. Nature Clinical Practice: Rheumatology, Vol.4, No.7, 
(July 2008), pp. 371-380, ISSN 1745-8382 

Park, J.Y., Pillinger, M.H. & Abramson, S.B. (2006). Prostaglandin E2 Synthesis and 
Secretion: The Role of PGE2 Synthases. Clinical Immunology, Vol.119, No.3, (June 
2006), pp. 229-240, ISSN 1521-6616 

Conditioning and Scaffolding of Chondrocytes:  
Smart Steps Towards Osteoarthritis Gene Therapy 

 

161 

Parker, D.A., Beatty, K.T., Giuffre, B., Scholes, C.J.&Coolican, M.R. (2011). Articular 
Cartilage Changes in Patients with Osteoarthritis after Osteotomy. The American 
Journal of Sports Medicine, Vol.39, No.5, (May 2011), ISSN 0363-5465 

Pelletier, J.P., Caron, J.P., Evans, C., Robbins, P.D., Georgescu, H.I., Jovanovic, D., 
Fernandes, J.C. & Martel-Pelletier, J. (1997). In Vivo Suppression of Early 
Experimental Osteoarthritis by Interleukin-1 Receptor Antagonist using Gene 
Therapy. Arthritis & Rheumatism, Vol.40S, No.6, (June 1997), pp. 1012-1019, ISSN 
0004-3591 

Pelletier, J.P., Martel-Pelletier, J. & Abramson, S.B. (2001). Osteoarthritis, an Inflammatory 
Disease: Potential Implication for the Selection of New Therapeutic Targets. 
Arthritis & Rheumatism, Vol.44, No.6, (June 2001), pp. 1237-1247, ISSN 00043591 

Peterson, L., Brittberg, M., Kiviranta, I., Akerlund, E.L.& Lindahl, A. (2002). Autologous 
Chondrocyte Transplantation. Biomechanics and Long-term Durability. The 
American Journal of Sports Medicine, Vol.30, No.1,(January-February 2002), pp. 2-12, 
ISSN 0363-5465 

Philpott, N.J. & Thrasher, A.J. (2007). Use of Non-integrating Lentiviral Vectors for Gene 
Therapy. Human Gene Therapy, Vol.18, No.6, (June 2007), pp. 483-489, ISSN 1043-
0342 

Pittenger, M.F., Mackay, A.M., Beck, S.C., Jaiswal, R.K., Douglas, R., Mosca, J.D., Moorman, 
M.A., Simonetti, D.W., Craig, S. & Marshak, D.R. (1999). Multilineage Potential of 
Adult Human Mesenchymal Stem Cells. Science, Vol.284, No.5411, (April 1999), pp. 
143-147, ISSN 1095-9203 

Plank, C., Schillinger, U., Scherer, F., Bergemann, C., Rémy, J.S., Krötz, F., Anton, M.,Lausier, 
J. & Rosenecker, J. (2003). The Magnetofection Method: Using Magnetic Force to 
Enhance Gene Delivery. Biological Chemistry,Vol.384, No.5, (May 2003), pp. 737-747, 
ISSN 0021-9258. 

Poole, C.A., Honda, T., Skinner, S.J., Schofield, J.R., Hyde, K.F. & Shinkai, H. (1990). 
Chondrons from Articular Cartilage (II): Analysis of the Glycosaminoglycans in the 
Cellular Microenvironment of Isolated Canine Chondrons. Connective Tissue 
Research, Vol.24, No.3-4, (n.d. 1990), pp. 319-330, ISSN 1607-8438 

Rachakonda, P.S., Rai, M.F. & Schmidt, M.F. (2008a). Application of Inflammation 
Responsive Promoter for an In Vitro Arthritis Model. Arthritis & Rheumatism,Vol. 
58, No. 7, (July 2008), pp. 2088-2097, ISSN 0004-3591 

Rachakonda, P.S., Rai, M.F., Manning, K. & Schmidt, M.F. (2008b). Expression of Canine 
Interleukin-4 in Canine Chondrocytes Inhibits Inflammatory Cascade through 
STAT6. Cytokine, Vol.44, No.1, (October 2008), pp. 179-184, ISSN 1043-4666 

Rai, M.F., Rachakonda, P.S., Manning, K., Vorwerk, B., Brunnberg, L., Kohn, B. & Schmidt 
M.F. (2008). Quantification of Cytokines and Inflammatory Mediators in a Three-
dimensional Model of Inflammatory Arthritis. Cytokine, Vol.42, No.1, (April 2008), 
pp. 8–17,ISSN 1043-4666 

Rai, M.F., Rachakonda, P.S., Manning, K., Palissa, C., Sittinger, M., Ringe, J. & Schmidt, M.F. 
(2009). Molecular and Phenotypic Modulation of Primary and Immortalized Canine 
Chondrocytes in Different Culture Systems. Research in Veterinary Science, Vol.87, 
No.3, (December 2009), pp. 399-407,ISSN 0034-5288 



 
Gene Therapy Applications 

 

162 

Rai, M.F., Graeve, T., Twardziok, S. & Schmidt, M.F. (2011). Evidence for Regulated 
Interleukin-4 Expression in Chondrocyte-scaffolds Under In Vitro Inflammatory 
Conditions. (submitted) 

Relic, B., Guicheux, J., Mezin, F., Lubberts, E., Togninalli, D., Garcia, I., van den Berg, W.B. & 
Guerne, P.A. (2001). IL-4 and IL-13, but not IL-10, Protect Human Synoviocytes 
from Apoptosis. The Journal of Immunology, Vol.166, No.4, (February 2001), pp. 2775-
2782, ISSN 0022-1767 

Rygg, M., Uhlar, C.M., Thorn, C., Jensen, L.E., Gaughan, D.J., Varley, A.W., Munford, R.S., 
Göke, R., Chen, Y. & Whitehead, A.S. (2001). In Vitro Evaluation of an Enhanced 
Human Serum Amyloid A (SAA2) Promoter-regulated Soluble TNF Receptor 
Fusion Protein for Anti-inflammatory Gene Therapy. Scandinavian Journal of 
Immunology, Vol.53, No.6, (June 2001), pp. 588-595, ISSN 1365-3083 

Sandell, L.J. & Aigner, T. (2001). Articular Cartilage and Changes in Arthritis. An 
Introduction: Cell Biology of Osteoarthritis. Arthritis Research, Vol.3, No.2, (January 
2001), pp.107-113, ISSN 1465-9905 

Sant, S.M., Suarez, T.M., Moalli, M.R., Wu, B.Y., Blaivas, M., Laing, T.J. & Roessler, B.J. 
(1998). Molecular Lysis of Synovial Lining Cells by In Vivo Herpes Simplex Virus-
thymidine Kinase Gene Transfer. Human Gene Therapy, Vol.9, No.18, (December 
1998), pp. 2735-2743, ISSN 1043-0342 

Scarpignato, C. & Hunt, R.H. (2010). Nonsteroidal Antiinflammatory Drug-related Injury to 
the Gastrointestinal Tract: Clinical Picture, Pathogenesis, and Prevention. 
Gastroenterology Clinics of North America, Vol.39, No.3, (September 2010), pp. 433-
464, ISSN 0889-8553 

Shapiro, F., Koide, S. & Glimcher, M.J. (1993). Cell Origin and Differentiation in the Repair 
of Full-thickness Defects of Articular Cartilage. The Journal of Bone & Joint Surgery 
(America), Vol.75, No.4, (April 1993), pp. 532-553, ISSN 1535-1386 

Stoop, R. (2008). Smart Biomaterials for Tissue-engineering. Injury, Vol.39, No.S1, (April 
2008), pp. S77-S87, ISSN 0020-1383 

Thomas, C.E., Ehrhardt, A. & Kay, M.A. (2003).Progress and Problems with the Use of Viral 
Vectors for Gene Therapy. Nature Review Genetics, Vol.4, No.5, (May 2003), pp. 346-
358, ISSN 1471-0064 

Trippel, S.B., Ghivizzani, S.C. & Nixon, A.J. (2004).Gene-based Approaches for the Repair of 
Articular Cartilage. Gene Therapy,Vol.11, No.4, (February 2004), pp. 351-359, ISSN 
1476-5462 

Trumble, T.N., Trotter, G.W., Oxford, J.R., McIlwraith, C.W., Cammarata, S., Goodnight, JL., 
Billinghurst, R.C. & Frisbie, D.D. (2001). Synovial Fluid Gelatinase Concentrations 
and Matrix Metalloproteinase and Cytokine Expression in Naturally Occurring 
Joint Disease in Horses. American Journal of Veterinary Research,Vol.62, No.9, 
(September 2001), pp. 1467-1477, ISSN 0002-9645 

Tuli, R., Li, W.J. & Tuan, R.S. (2003). Current State of Cartilage Tissue-engineering. Arthritis 
Research & Therapy, Vol.5, No.5, (August 2003), pp. 235-238, ISSN 1478-6354 

Uhlar, C.M., Grehan, S., Steel, D.M., Steinkasserer, A. & Whitehead, A.S. (1997). Use of the 
Acute Phase Serum Amyloid A2 (SAA2) Gene Promoter in the Analysis of Pro- and 
Anti-inflammatory Mediators: Differential Kinetics of SAA2 Promoter Induction by 

Conditioning and Scaffolding of Chondrocytes:  
Smart Steps Towards Osteoarthritis Gene Therapy 

 

163 

IL-1 beta and TNF-alpha Compared to IL-6. Journal of Immunological Methods, 
Vol.203, No.2, (April 1997), pp. 123-130, ISSN 0022-1759 

van der Laan, W.H., Quax, P.H., Seemayer, C.A., Huisman, L.G., Pieterman, E.J., 
Grimbergen, J.M., Verheijen, J.H., Breedveld, F.C., Gay, R.E., Gay, S., Huizinga, 
T.W. & Pap, T. (2003). Cartilage Degradation and Invasion by Rheumatoid Synovial 
Fibroblasts is Inhibited by Gene Transfer of TIMP-1 and TIMP-3. Gene Therapy, 
Vol.10, No.3, (February 2003), pp. 234-242, ISSN 0969-7128 

Varley, A.W., Coulthard, M.G., Meidell, R.S., Gerard, R.D. & Munford, R.S. (1995). 
Inflammation-induced Recombinant Protein Expression In Vivo Using Promoters 
from Acute-phase Protein Genes. Proceedings of the National Academy of Sciences of the 
United States of America, Vol.92, No.12, (June 1995), pp. 5346-5350, ISSN 0027-8424 

Venkatesan, N., Barré, L., Benani, A., Netter, P., Magdalou, J., Fournel-Gigleux, S. & 
Ouzzine, M. (2004). Stimulation of Proteoglycan Synthesis by 
Glucuronosyltransferase-I Gene Delivery: A Strategy to Promote Cartilage Repair. 
Proceedings of the National Academy of Sciences of the United States of America, Vol.101, 
No.52, (December 2004), pp. 18087-18092, ISSN 0027-8424  

Wakitani, S., Goto, T., Young, R.G., Mansour, J.M., Goldberg, V.M. & Caplan, A.I. (1998). 
Repair of Large Full-thickness Articular Cartilage Defects with Allograft Articular 
Chondrocytes Embedded in a Collagen Gel.Tissue Engineering, Vol.4, No.4, (Winter 
1998), pp. 429-444, ISSN 2152-4955 

Watson, R.S., Gouze, E., Levings, P.P., Bush, M.L., Kay, J.D., Jorgensen, M.S., Dacanay, E.A., 
Reith, J.W., Wright, T.W. & Ghivizzani, S.C. (2010). Gene Delivery of TGF-β1 
Induces Arthrofibrosis and Chondrometaplasia of Synovium In Vivo. Laboratory 
Investigation, Vol.90, No.11, (November 2010), pp. 1615-1627, ISSN 0023-6837 

Wei, L., de Bri, E., Lundberg, A. & Svensson, O. (1998). Mechanical Load and Primary 
Guinea Pig Osteoarthrosis. Acta OrthopaedicaScandinavica,Vol.69, No.4, (August 
1998), pp. 351-357, ISSN 0001-6470 

Welsch, G.H., Mamisch, T.C., Zak, L., Blanke, M., Olk, A., Marlovits, S. & Trattnig, S. (2010). 
Evaluation of Cartilage Repair Tissue after Matrix-associated Autologous 
Chondrocyte Transplantation Using a Hyaluronic-based or a Collagen-based 
Scaffold with Morphological MOCART Scoring and Biochemical T2Mapping: 
Preliminary Results. The American Journal of Sports Medicine, Vol.38, No.5, (May 
2010), pp. 934-942, ISSN 0363-5465 

Welter, J.F., Solchaga, L.A. & Stewart, M.C. (2004). High-efficiency Non-viral Transfection of 
Primary Chondrocytes. Methods in Molecular Medicine, Vol.100, No.X, (July 2004), 
pp. 129-146, ISSN 1543-1894  

Wolf, A.D. & Pfleger, B. (2003). Burden of Major Musculoskeletal Conditions. Bulletin of the 
World Health Organization, Vol.81, No.9, (November 2003), pp. 646-656, ISSN 0042-
9686 

Wolfe, M.M., Lichtenstein, D.R. & Singh, G. (1999). Gastrointestinal Toxicity of Nonsteroidal 
Antiinflammatory Drugs. The New England Journal of Medicine, Vol.340, No.24, (June 
1999), pp. 1888-1899, ISSN 0028-4793 

Woods, J.M., Katschke, K.J., Volin, M.V., Ruth, J.H., Woodruff, D.C., Amin, M.A., Connors, 
M.A., Kurata, H., Arai, K., Haines, G.K., Kumar, P. & Koch, A.E. (2001). IL-4 



 
Gene Therapy Applications 

 

162 

Rai, M.F., Graeve, T., Twardziok, S. & Schmidt, M.F. (2011). Evidence for Regulated 
Interleukin-4 Expression in Chondrocyte-scaffolds Under In Vitro Inflammatory 
Conditions. (submitted) 

Relic, B., Guicheux, J., Mezin, F., Lubberts, E., Togninalli, D., Garcia, I., van den Berg, W.B. & 
Guerne, P.A. (2001). IL-4 and IL-13, but not IL-10, Protect Human Synoviocytes 
from Apoptosis. The Journal of Immunology, Vol.166, No.4, (February 2001), pp. 2775-
2782, ISSN 0022-1767 

Rygg, M., Uhlar, C.M., Thorn, C., Jensen, L.E., Gaughan, D.J., Varley, A.W., Munford, R.S., 
Göke, R., Chen, Y. & Whitehead, A.S. (2001). In Vitro Evaluation of an Enhanced 
Human Serum Amyloid A (SAA2) Promoter-regulated Soluble TNF Receptor 
Fusion Protein for Anti-inflammatory Gene Therapy. Scandinavian Journal of 
Immunology, Vol.53, No.6, (June 2001), pp. 588-595, ISSN 1365-3083 

Sandell, L.J. & Aigner, T. (2001). Articular Cartilage and Changes in Arthritis. An 
Introduction: Cell Biology of Osteoarthritis. Arthritis Research, Vol.3, No.2, (January 
2001), pp.107-113, ISSN 1465-9905 

Sant, S.M., Suarez, T.M., Moalli, M.R., Wu, B.Y., Blaivas, M., Laing, T.J. & Roessler, B.J. 
(1998). Molecular Lysis of Synovial Lining Cells by In Vivo Herpes Simplex Virus-
thymidine Kinase Gene Transfer. Human Gene Therapy, Vol.9, No.18, (December 
1998), pp. 2735-2743, ISSN 1043-0342 

Scarpignato, C. & Hunt, R.H. (2010). Nonsteroidal Antiinflammatory Drug-related Injury to 
the Gastrointestinal Tract: Clinical Picture, Pathogenesis, and Prevention. 
Gastroenterology Clinics of North America, Vol.39, No.3, (September 2010), pp. 433-
464, ISSN 0889-8553 

Shapiro, F., Koide, S. & Glimcher, M.J. (1993). Cell Origin and Differentiation in the Repair 
of Full-thickness Defects of Articular Cartilage. The Journal of Bone & Joint Surgery 
(America), Vol.75, No.4, (April 1993), pp. 532-553, ISSN 1535-1386 

Stoop, R. (2008). Smart Biomaterials for Tissue-engineering. Injury, Vol.39, No.S1, (April 
2008), pp. S77-S87, ISSN 0020-1383 

Thomas, C.E., Ehrhardt, A. & Kay, M.A. (2003).Progress and Problems with the Use of Viral 
Vectors for Gene Therapy. Nature Review Genetics, Vol.4, No.5, (May 2003), pp. 346-
358, ISSN 1471-0064 

Trippel, S.B., Ghivizzani, S.C. & Nixon, A.J. (2004).Gene-based Approaches for the Repair of 
Articular Cartilage. Gene Therapy,Vol.11, No.4, (February 2004), pp. 351-359, ISSN 
1476-5462 

Trumble, T.N., Trotter, G.W., Oxford, J.R., McIlwraith, C.W., Cammarata, S., Goodnight, JL., 
Billinghurst, R.C. & Frisbie, D.D. (2001). Synovial Fluid Gelatinase Concentrations 
and Matrix Metalloproteinase and Cytokine Expression in Naturally Occurring 
Joint Disease in Horses. American Journal of Veterinary Research,Vol.62, No.9, 
(September 2001), pp. 1467-1477, ISSN 0002-9645 

Tuli, R., Li, W.J. & Tuan, R.S. (2003). Current State of Cartilage Tissue-engineering. Arthritis 
Research & Therapy, Vol.5, No.5, (August 2003), pp. 235-238, ISSN 1478-6354 

Uhlar, C.M., Grehan, S., Steel, D.M., Steinkasserer, A. & Whitehead, A.S. (1997). Use of the 
Acute Phase Serum Amyloid A2 (SAA2) Gene Promoter in the Analysis of Pro- and 
Anti-inflammatory Mediators: Differential Kinetics of SAA2 Promoter Induction by 

Conditioning and Scaffolding of Chondrocytes:  
Smart Steps Towards Osteoarthritis Gene Therapy 

 

163 

IL-1 beta and TNF-alpha Compared to IL-6. Journal of Immunological Methods, 
Vol.203, No.2, (April 1997), pp. 123-130, ISSN 0022-1759 

van der Laan, W.H., Quax, P.H., Seemayer, C.A., Huisman, L.G., Pieterman, E.J., 
Grimbergen, J.M., Verheijen, J.H., Breedveld, F.C., Gay, R.E., Gay, S., Huizinga, 
T.W. & Pap, T. (2003). Cartilage Degradation and Invasion by Rheumatoid Synovial 
Fibroblasts is Inhibited by Gene Transfer of TIMP-1 and TIMP-3. Gene Therapy, 
Vol.10, No.3, (February 2003), pp. 234-242, ISSN 0969-7128 

Varley, A.W., Coulthard, M.G., Meidell, R.S., Gerard, R.D. & Munford, R.S. (1995). 
Inflammation-induced Recombinant Protein Expression In Vivo Using Promoters 
from Acute-phase Protein Genes. Proceedings of the National Academy of Sciences of the 
United States of America, Vol.92, No.12, (June 1995), pp. 5346-5350, ISSN 0027-8424 

Venkatesan, N., Barré, L., Benani, A., Netter, P., Magdalou, J., Fournel-Gigleux, S. & 
Ouzzine, M. (2004). Stimulation of Proteoglycan Synthesis by 
Glucuronosyltransferase-I Gene Delivery: A Strategy to Promote Cartilage Repair. 
Proceedings of the National Academy of Sciences of the United States of America, Vol.101, 
No.52, (December 2004), pp. 18087-18092, ISSN 0027-8424  

Wakitani, S., Goto, T., Young, R.G., Mansour, J.M., Goldberg, V.M. & Caplan, A.I. (1998). 
Repair of Large Full-thickness Articular Cartilage Defects with Allograft Articular 
Chondrocytes Embedded in a Collagen Gel.Tissue Engineering, Vol.4, No.4, (Winter 
1998), pp. 429-444, ISSN 2152-4955 

Watson, R.S., Gouze, E., Levings, P.P., Bush, M.L., Kay, J.D., Jorgensen, M.S., Dacanay, E.A., 
Reith, J.W., Wright, T.W. & Ghivizzani, S.C. (2010). Gene Delivery of TGF-β1 
Induces Arthrofibrosis and Chondrometaplasia of Synovium In Vivo. Laboratory 
Investigation, Vol.90, No.11, (November 2010), pp. 1615-1627, ISSN 0023-6837 

Wei, L., de Bri, E., Lundberg, A. & Svensson, O. (1998). Mechanical Load and Primary 
Guinea Pig Osteoarthrosis. Acta OrthopaedicaScandinavica,Vol.69, No.4, (August 
1998), pp. 351-357, ISSN 0001-6470 

Welsch, G.H., Mamisch, T.C., Zak, L., Blanke, M., Olk, A., Marlovits, S. & Trattnig, S. (2010). 
Evaluation of Cartilage Repair Tissue after Matrix-associated Autologous 
Chondrocyte Transplantation Using a Hyaluronic-based or a Collagen-based 
Scaffold with Morphological MOCART Scoring and Biochemical T2Mapping: 
Preliminary Results. The American Journal of Sports Medicine, Vol.38, No.5, (May 
2010), pp. 934-942, ISSN 0363-5465 

Welter, J.F., Solchaga, L.A. & Stewart, M.C. (2004). High-efficiency Non-viral Transfection of 
Primary Chondrocytes. Methods in Molecular Medicine, Vol.100, No.X, (July 2004), 
pp. 129-146, ISSN 1543-1894  

Wolf, A.D. & Pfleger, B. (2003). Burden of Major Musculoskeletal Conditions. Bulletin of the 
World Health Organization, Vol.81, No.9, (November 2003), pp. 646-656, ISSN 0042-
9686 

Wolfe, M.M., Lichtenstein, D.R. & Singh, G. (1999). Gastrointestinal Toxicity of Nonsteroidal 
Antiinflammatory Drugs. The New England Journal of Medicine, Vol.340, No.24, (June 
1999), pp. 1888-1899, ISSN 0028-4793 

Woods, J.M., Katschke, K.J., Volin, M.V., Ruth, J.H., Woodruff, D.C., Amin, M.A., Connors, 
M.A., Kurata, H., Arai, K., Haines, G.K., Kumar, P. & Koch, A.E. (2001). IL-4 



 
Gene Therapy Applications 

 

164 

Adenoviral Gene Therapy Reduces Inflammation, Pro-inflammatory Cytokines, 
Vascularization, and Bony Destruction in Rat Adjuvant-induced Arthritis. The 
Journal of Immunology, Vol.166, No.2, (January 2001), pp. 1214-1222, ISSN 0022-1767 

Yokoo, N., Saito, T., Uesugi, M., Kobayashi, N., Xin, K.Q., Okuda, K., Mizukami, H., Ozawa, 
K. & Koshino, T. (2005). Repair of Articular Cartilage Defect by Autologous 
Transplantation of Basic Fibroblast Growth Factor Gene–transduced Chondrocytes 
with Adeno-associated Virus Vector. Arthritis & Rheumatism, Vol.52, No.1, (January 
2005), pp. 164-170, ISSN 0004-3591 

Zhang, X., Mao, Z. & Yu, C. (2004). Suppression of Early Experimental Osteoarthritis by 
Gene Transfer of Interleukin-1 Receptor Antagonist and Interleukin-10. Journal of 
Orthopaedic Research, Vol.22, No.4, (July 2004), pp. 742-750, ISSN 0736-0266 

Zhou, H.S., Liu, D.P. & Liang, C.C. (2004) Challenges and Strategies: The Immune 
Responses in Gene Therapy. Medicinal Research Reviews, Vol.24, No.6, (November 
2004), pp. 748-761, ISSN 1098-1128 

 

 

10 

Gene Therapy Challenges in Arthritis 
Denys Anne, Thiolat Allan,  

Boissier Marie-Christophe and Bessis Natacha 
Université Paris 13; Bobigny 

France 

1. Introduction 
1.1 From systemic to intra-articular gene therapy 
The first experiments of gene therapy (GT) in arthritis were done in the mid- nineties.  
Arthritis is a chronic, inflammatory disease responsible for joint inflammation and 
destruction resulting in an imbalance between pro-inflammatory and anti-inflammatory 
cytokines production. Moreover, we know that bone destruction is more active than bone 
regeneration. Therefore, there are different ways of targeting the disease. At the moment, 
there are three classes of drugs commonly used:  
1. Non-steroidal Anti-inflammatory Agents (NSAIDs),  
2. corticoids,  
3. Disease Modifying Anti-rheumatic Drugs (DMARDS).  
Biotherapies have been used for a decade. These treatments restore the balance of many 
functions such as the immune system and the bone metabolism. Agents used in biotherapy 
include recombinant proteins, monoclonal antibodies, growth factors, and vaccines. The 
efficiency of these treatments depends on the stage of the disease. Serious side effects and 
infrequent persistent remission are known as drawbacks. Furthermore, the systemic 
administration of immune regulator can affect several immune responses and trigger 
infections.  
The objectives using gene therapy in arthritis are mainly 1) to obtain a therapeutic quantity 
of therapeutic molecule without side effects, 2) to get a long expression of the therapeutic 
molecule without multi injections, 3) to target the joint specifically resistant to the usual 
treatment (Fiocco  & Punzi, 2011).  
Arthritis models are still being used to improve gene therapy strategies: for instance we use 
induced arthritis models such as collagen induced arthritis (CIA) in mice developing sub- 
chronic poly arthritis or adjuvant induced arthritis or spontaneous models such as Tumour 
Necrosis Factor (TNF) transgenic mice.   
Our team who had the first results in 1996 has seen many changes over the years in its 
approach due to scientific progress. Our first gene therapy experiments used the ex vivo 
strategy (using autolog transfected cells (immortalized fibroblast from DBA/1 mice) or 
heterolog transfected cells (xenogenic fibroblasts from Chinese hamster ovary (CHO) with 
plasmid encoding murine IL-4 or IL-13); then the viral vectors experiments were used until 
the risk of using this methods arose (Bessis et al., 1996). We also used a non viral vector as 
plasmid (Bloquel et al., 2004, 2007; Saidenberg-Kermanach et al., 2003). Several teams tried 
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to optimize the transfer of plasmid whereas others tried to improve the safety of viral 
vectors.  
In order to decrease the risk of a systemic diffusion of the transgene and to target the joint 
which might not respond to the usual treatment we have developed a local intra-articular 
(i.a) gene delivery strategy. 
It is important to note that i.a strategy has been the only choice for the two existing clinical 
trials using GT in patients with rheumatoid arthritis.  
One of the two trials has been done using an adeno- associated virus (AAV) 2 encoding the 
human soluble Tumour necrosis factor receptor type I (hTNFR-Is) fused to the Fc fragment 
of human IgG1. The TNF-α binds the soluble TNFR-Is instead of binding the cell membrane 
receptor. The second clinical trial used cells transfected with a retroviral vector encoding IL-
1Ra which binds the membrane receptor of IL-1 and prevents the binding of IL-1.  
In this chapter, we will show the methods evaluated in arthritis models for the gene therapy 
challenges in rheumatoid arthritis. 

1.2 Intra-articular gene therapy 
Knees are formed of four bones (Femur, Tibia, fibula, patella) surrounded by a membrane 
called synovium. It produces the synovial fluid which lubricates and nourishes the bones 
and the cartilage. In rheumatoid arthritis, the synovium is overrun by white blood cells 
which produce inflammatory molecules as TNF-α, IL-1-β, IFN-γ. Intra-articular GT consists 
of a therapeutic gene injection in the articular space to allow a local production of the 
therapeutic molecule. In mice, the needle is placed in the middle of the patella (seen through 
the skin after having shaved the knee) as far as the femur, and gently withdraw the needle 
to allow the gene to mix with the synovial fluid. The uncertainty of this method is to find 
out which cells are being targeted. Synoviocytes, osteoclasts, osteoblasts, chondrocytes are 
interesting targets because synoviocytes are able to produce pro-inflammatory cytokines, 
osteoclasts are responsible for the bone degradation, the osteoblasts allow the bone 
regeneration and chondrocytes are responsible for formation, maintenance, and repair of 
articular cartilage. 
Intra-articular treatments are currently used for patients with RA such as corticoids which 
are injected locally. The new approach by gene therapy is a challenge in rheumatology. 
Intra- articular GT allows to reduce the number of injections, the quantity of therapeutic 
molecules and to target the joint resisting the usual treatment (Bessis  & Boissier, 2003).  

2. From ex vivo to in vivo gene transfer 
Two strategies have been assessed in order to introduce the gene into the joint: 1) the gene 
has been introduced into the cells before their injection into the joint (ex vivo gene therapy) 
or 2) the gene has been injected directly into the joint (in vivo gene therapy). 

2.1 Ex vivo gene therapy 
The choice of the ex vivo gene strategy requires to choose the cell type which must be 
transfected.  It seems clear that using autolog cells are more effective than using heterolog 
cells. To regulate immune response in inflammatory diseases such as rheumatoid arthritis, 
cells presenting antigen (CPA) (dendritic cells, macrophages or B cells) are good candidates. 
However, it is difficult to transfect these cells in vivo therefore using ex vivo gene therapy is 
more feasible. CPA are interesting in the ex vivo strategy because they are able to reach the 
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inflamed area such as an arthritic joint where they interact with T cells to regulate immune 
response (Burke, 2003; Kim et al., 2006; Stoop et al., 2010).  They are also able to migrate in 
the spleen and the lymph node to regulate the immune response (Ahrens et al., 2005; Kim et 
al., 2001).  
Dendritic cells (DC) can direct the differentiation of T cell from Th0 towards Th1, Th17 or 
Th2.  The activity of Th1 cells is predominant in animal model of autoimmune diseases such 
as RA at the expense of Th2 cells. Genetically modified DC allow to direct cell differentiation 
towards Th2 cells which have a therapeutic effect in decreasing Th1 activity.  
In collagen induced arthritis (CIA), intravenous (i.v) injection of DC transfected with anti 
inflammatory cytokines (IL-4) can decrease the inflammation. After the injection, cells have 
been found 6h later in the lymph node and the spleen but not in other tissues or organs such 
as muscle, heart, lung and kidney. Transfected DC migrate to the secondary lymphoid 
organ where they modulate the T cell activity. These T cells produced less IFNγ than T cells 
from splenocytes of untreated mice.  This shows that the injection of DC –IL-4 has directed T 
cells from Th0 to Th2 rather than to Th1 type (Kim et al., 2001).  
On the other hand, DC transfected with adenovirus encoding FasL are able to induce T cell 
apoptosis in a specific manner. According to the authors it seemed that it was more efficient 
to direct T cells towards apoptosis than to direct them towards Th2 differentiation 
(Okamoto et al., 1998).   
More recently, the discovery of small interfering RNA (siRNA) has allowed a change of 
strategy (Fire et al., 1998).  Instead of introducing a gene into DC to increase expression of 
the transgene, DC can be transfected with a siRNA which will block the production of a 
pathogenic molecule. 
It is known that CD40, CD80 and CD86 are important in the regulation of T cell activity by 
DC. From these data, Zheng et al. have studied the efficiency of DC transfected with siRNA 
targeting CD40, CD80 and CD86 in CIA. The i.a injection of transfected DC in mice resulted 
in less bone destruction and a reduced number of immune cells (neutrophils and 
mononuclear cells) infiltrating the joint (Zheng et al., 2010). 
As described, DC are good cell candidates for ex vivo GT. The knowledge of their 
differentiation and their capacity to modulate the immune response has allowed the 
improvement of the therapeutic effect of genetically modified DC.  
The new challenge now is to use regulatory T cells (Treg). Their suppressive activity on T 
cells effectors and their implication in tolerance process could be used in GT. The first study 
using T reg has shown that it was difficult to transfect these cells. Recently, Hombach et al. 
have demonstrated that primary T reg cells stimulated via the complex TCR/CD3 and the 
co-stimulatory molecule CD28 improve the gene transfer in these cells. It is important to 
note that the stimulation and the transfection have no effect on the properties of these cells 
(Hombach et al., 2009). From these data, Wright et al. have assessed the therapeutic 
potential of Treg transfected with TCR specific of antigen in arthritis induced adjuvant 
(AIA) model. They showed that primary Treg cells transfected with specific TCR and T 
CD4+ transfected with specific TCR and Foxp3 are able to reduce the disease (cartilage 
destruction and inflammation) (Wright et al., 2009).  
Apart from DC and Treg cells, others such as mesenchymal cells, autolog fibroblasts or 
human like fibroblasts extract from human joints have also been used in arthritis models. 
The choice of the cell type depends on the immune response targeted, the feasibility to 
transfect them and the way to administer them: subcutaneously (s.c), i.v or in the joint. 
Several teams now develop a local ex vivo gene therapy to increase the number of 
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to optimize the transfer of plasmid whereas others tried to improve the safety of viral 
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inflamed area such as an arthritic joint where they interact with T cells to regulate immune 
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as RA at the expense of Th2 cells. Genetically modified DC allow to direct cell differentiation 
towards Th2 cells which have a therapeutic effect in decreasing Th1 activity.  
In collagen induced arthritis (CIA), intravenous (i.v) injection of DC transfected with anti 
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As described, DC are good cell candidates for ex vivo GT. The knowledge of their 
differentiation and their capacity to modulate the immune response has allowed the 
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The new challenge now is to use regulatory T cells (Treg). Their suppressive activity on T 
cells effectors and their implication in tolerance process could be used in GT. The first study 
using T reg has shown that it was difficult to transfect these cells. Recently, Hombach et al. 
have demonstrated that primary T reg cells stimulated via the complex TCR/CD3 and the 
co-stimulatory molecule CD28 improve the gene transfer in these cells. It is important to 
note that the stimulation and the transfection have no effect on the properties of these cells 
(Hombach et al., 2009). From these data, Wright et al. have assessed the therapeutic 
potential of Treg transfected with TCR specific of antigen in arthritis induced adjuvant 
(AIA) model. They showed that primary Treg cells transfected with specific TCR and T 
CD4+ transfected with specific TCR and Foxp3 are able to reduce the disease (cartilage 
destruction and inflammation) (Wright et al., 2009).  
Apart from DC and Treg cells, others such as mesenchymal cells, autolog fibroblasts or 
human like fibroblasts extract from human joints have also been used in arthritis models. 
The choice of the cell type depends on the immune response targeted, the feasibility to 
transfect them and the way to administer them: subcutaneously (s.c), i.v or in the joint. 
Several teams now develop a local ex vivo gene therapy to increase the number of 
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therapeutic cells in the inflamed target and to regulate locally the imbalance of the immune 
system or the bone metabolism. 
The i.a strategy using ex vivo gene therapy has been studied in a big animal eg a rhesus 
monkey in CIA. Skin autolog fibroblasts from the animal and xenogenic CHO were 
transfected with a plasmid encoding LacZ then grafted in the synovium. This study showed 
that labelling in the joint grafted with autolog fibroblasts was stronger compared with the 
labelling in the joint grafted with heterolog cells CHO. The accessibility of these autolog 
fibroblasts is a serious advantage (Bessis et al., 2007).  
Fibroblast-Like Synoviocytes (FLS) are the largest type of cells in the synovium and 
therefore they are more interesting to treat inflammation in the joint. In RA, they are partly 
responsible for the inflammation in producing pro-inflammatory cytokines. Their pro-
inflammatory activity depends on their environment. Ex vivo GT was discussed because FLS 
are not easy to transfect and their access is difficult. However several teams showed the 
efficiency to use these cells to treat AIA (Adriaansen et al., 2006; Yamamoto et al., 2003). 
Synovial Mesenchymal stem cells which are also in the synovium are more attractive than 
FLS because they are more accessible and they expand easily. They are used more 
specifically in the case of cartilage repair but the advantages mentioned above could be 
interesting to treat the inflammation and the destruction of cartilage (Horie et al., 2009).  
To conclude on the type of cells used in ex vivo i.a GT, it is important to note that cells have 
to be transfected easily, extracted easily and have a good adhesion with the local joint 
environment. 
Despite ex vivo GT being more complex than direct gene injection one of the clinical trials 
used ex vivo gene therapy. In this trial, autolog fibroblasts have been infected with a 
retroviral vector encoding IL-1Ra (Evans et al., 2005).  Then, these cells have been injected in 
the joint.  Wehling et al have published the first result of this strategy in 2009 (Wehling et al., 
2009). Due to the serious secondary effects which happened in another unrelated protocol at 
the time of the trial, the team only injected two patients instead of six.  Furthermore, they 
used the same retroviral vector backbone (MFG) which was the problem. The transfected 
cells have been injected in 3 metacarpophalangial joints in the hand. An intra-patient control 
system has been done with injection of autologous non transfected cells. For the first patient, 
the joint receiving 3.106 cells was less painful than the joint receiving 106 cells. Surprisingly, 
the pain in the joint receiving untransfected cells was reduced too.  This first patient noticed 
an improvement as early as the day after the surgery whereas the second patient was less 
responding. She only noticed an improvement two to three weeks after surgery. Moreover 
she felt a slight pain improvement in the untreated joint.  So, the feasibility was proven, 
however two surgical procedures are needed: one to take the autologous synoviocytes out 
and the second one to transplant these transfected cells.  Evans et al. noticed that 
synoviocytes are able to produce IL-1Ra after three passages. This result shows the stability 
of the transfection. It is an important property which keeps the production of the 
therapeutic transgene for a long time (Wehling et al., 2009). 

2.2 In vitro gene transfer progresses 
Pioneers of the gene therapy were convinced that they could use viruses to bring a 
therapeutic gene into the cells (Hill  & Hillova, 1972; Sambrook et al., 1968). For a long time, 
researchers have been using the property of the viruses to get into the cells naturally. 
However it was the risk of using these viruses which urged the researchers to find a non 
viral strategy. But early studies have shown the difficulty to transfect cells with non viral 
vectors. New vectors and new vectorisation methods had to be developed.  
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Calcium phosphate was one of the first methods used to transfect mammalian cells with 
DNA. Calcium phosphate and plasmid are able to co precipitate which allows DNA uptake 
into the cells. Cationic lipid and polymer have the same property. In vitro transfection 
reagents using different carrier molecules are now commercially available and have the 
advantage of being reproducible to always give the same results. Furthermore, using these 
reagents, fewer procedures are needed than in classical transfection methods. Calcium 
phosphate, polymer were used to transfect cells with non viral vectors but later on, they 
were used to increase the transfection with viral vectors such as adenovirus (Lee  & Welsh, 
1999).  
A second method using electricity was set up in the nineties: electroporation and 
nucleofection are two examples (Gresch et al., 2004). With these technical strategies, 
electroporation and nucleofection, many more cell types can be used in GT. As a summary, 
the pulsed electric fields using electroporators modify the membrane potential resulting in 
breakdown of the lipid bilayer to form pores. These modifications are reversible and 
temporary. First of all, the vector encoding gene of interest and cells are mixed with a 
specific transfection buffer in a specific plate. Then, electric fields are applied. The choice of 
the waveform is an important step. Generators used to apply current can deliver two types 
of waveforms: an exponential decay waveform and a square waveform. However, it is 
important to note that: 1) the square waveform increases the temperature which leads to the 
death of the cells whereas the exponential decay waveform avoids overheating. 2) 
Furthermore, with the square form, the medium of the culture can change the transfection 
efficiency whereas the medium culture has less effect using exponential decay waveform 
(Lambert et al., 1990). The first electroporators were made to transfect DC or macrophage. 
But the number of cells transfected and their viability were limited. To transfect cells using 
the electroporator, the cells are put in a chamber where they received high electrical field to 
create transient pores in the cell membrane. A high number of cells and a high quantity of 
plasmid must be used to obtain a significant quantity of cells transfected.  
Despite the progress of the electroporation the high percentage of death cell remained 
consequent. Another method called nucleofector has been applied. This apparatus increases 
the efficiency of the transfection and survival rate of the transfected cells compared with the 
classical protocol using lipofectamine or electroporation. Nucleofection has a better 
reproducibility than using electroporation. A review reports the efficiency of the gene 
transfer in different primary cell types and cell lines by nucleofection (Gresch et al., 2004). 
The lower primary cell type transfected was the human B cells and the lower cell line 
transfected was PC12 cells. It seems that the variation is not due to the transfection method 
but it depends on the preparation of the cells (human B cells and PC12 cells) and the donor 
of cells in the case of primary cells. Despite using electroporator or nucleofectors it is still 
difficult to transfect cells with a large plasmid (14.7 kb). Further studies are needed to 
improve the transfection of the cells with a larger plasmid. The improvement of 
electroporators which can deliver different voltages during the transfection and the 
improvement of the electrodes could improve the transfection (Cepurniene et al., 2010; 
Rebersek et al., 2007). 
Furthermore, plasmid mobility is not well known. Authors are studying the role of 
electrophoresis in plasmid traffic in the cells to increase the DNA transfer (Cepurniene et al., 
2010; Mir, 2009). 
Electroporation involves several parameters: the form of the wave as seen above, the voltage 
(low or high) and the duration of each pulse applied. According to the parameters used, 
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therapeutic cells in the inflamed target and to regulate locally the imbalance of the immune 
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The i.a strategy using ex vivo gene therapy has been studied in a big animal eg a rhesus 
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that labelling in the joint grafted with autolog fibroblasts was stronger compared with the 
labelling in the joint grafted with heterolog cells CHO. The accessibility of these autolog 
fibroblasts is a serious advantage (Bessis et al., 2007).  
Fibroblast-Like Synoviocytes (FLS) are the largest type of cells in the synovium and 
therefore they are more interesting to treat inflammation in the joint. In RA, they are partly 
responsible for the inflammation in producing pro-inflammatory cytokines. Their pro-
inflammatory activity depends on their environment. Ex vivo GT was discussed because FLS 
are not easy to transfect and their access is difficult. However several teams showed the 
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Synovial Mesenchymal stem cells which are also in the synovium are more attractive than 
FLS because they are more accessible and they expand easily. They are used more 
specifically in the case of cartilage repair but the advantages mentioned above could be 
interesting to treat the inflammation and the destruction of cartilage (Horie et al., 2009).  
To conclude on the type of cells used in ex vivo i.a GT, it is important to note that cells have 
to be transfected easily, extracted easily and have a good adhesion with the local joint 
environment. 
Despite ex vivo GT being more complex than direct gene injection one of the clinical trials 
used ex vivo gene therapy. In this trial, autolog fibroblasts have been infected with a 
retroviral vector encoding IL-1Ra (Evans et al., 2005).  Then, these cells have been injected in 
the joint.  Wehling et al have published the first result of this strategy in 2009 (Wehling et al., 
2009). Due to the serious secondary effects which happened in another unrelated protocol at 
the time of the trial, the team only injected two patients instead of six.  Furthermore, they 
used the same retroviral vector backbone (MFG) which was the problem. The transfected 
cells have been injected in 3 metacarpophalangial joints in the hand. An intra-patient control 
system has been done with injection of autologous non transfected cells. For the first patient, 
the joint receiving 3.106 cells was less painful than the joint receiving 106 cells. Surprisingly, 
the pain in the joint receiving untransfected cells was reduced too.  This first patient noticed 
an improvement as early as the day after the surgery whereas the second patient was less 
responding. She only noticed an improvement two to three weeks after surgery. Moreover 
she felt a slight pain improvement in the untreated joint.  So, the feasibility was proven, 
however two surgical procedures are needed: one to take the autologous synoviocytes out 
and the second one to transplant these transfected cells.  Evans et al. noticed that 
synoviocytes are able to produce IL-1Ra after three passages. This result shows the stability 
of the transfection. It is an important property which keeps the production of the 
therapeutic transgene for a long time (Wehling et al., 2009). 
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therapeutic gene into the cells (Hill  & Hillova, 1972; Sambrook et al., 1968). For a long time, 
researchers have been using the property of the viruses to get into the cells naturally. 
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vectors. New vectors and new vectorisation methods had to be developed.  

 
Gene Therapy Challenges in Arthritis 

 

169 
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into the cells. Cationic lipid and polymer have the same property. In vitro transfection 
reagents using different carrier molecules are now commercially available and have the 
advantage of being reproducible to always give the same results. Furthermore, using these 
reagents, fewer procedures are needed than in classical transfection methods. Calcium 
phosphate, polymer were used to transfect cells with non viral vectors but later on, they 
were used to increase the transfection with viral vectors such as adenovirus (Lee  & Welsh, 
1999).  
A second method using electricity was set up in the nineties: electroporation and 
nucleofection are two examples (Gresch et al., 2004). With these technical strategies, 
electroporation and nucleofection, many more cell types can be used in GT. As a summary, 
the pulsed electric fields using electroporators modify the membrane potential resulting in 
breakdown of the lipid bilayer to form pores. These modifications are reversible and 
temporary. First of all, the vector encoding gene of interest and cells are mixed with a 
specific transfection buffer in a specific plate. Then, electric fields are applied. The choice of 
the waveform is an important step. Generators used to apply current can deliver two types 
of waveforms: an exponential decay waveform and a square waveform. However, it is 
important to note that: 1) the square waveform increases the temperature which leads to the 
death of the cells whereas the exponential decay waveform avoids overheating. 2) 
Furthermore, with the square form, the medium of the culture can change the transfection 
efficiency whereas the medium culture has less effect using exponential decay waveform 
(Lambert et al., 1990). The first electroporators were made to transfect DC or macrophage. 
But the number of cells transfected and their viability were limited. To transfect cells using 
the electroporator, the cells are put in a chamber where they received high electrical field to 
create transient pores in the cell membrane. A high number of cells and a high quantity of 
plasmid must be used to obtain a significant quantity of cells transfected.  
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transfer in different primary cell types and cell lines by nucleofection (Gresch et al., 2004). 
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both following effects can be observed: a thermal effect and electrochemical effects. Whereas 
pulse duration using microseconds or milliseconds has been used for a long time in order to 
destabilize the membrane and to involve the penetration of chemical agents (bleomycin) or 
DNA, the efficacy of this method using nanosecond is now being studied. The overheating 
created when electric pulses are applied is a drawback of the electroporation. Therefore 
duration could be limited to avoid this increase of heat and using nanoseconds could avoid 
the rise of temperature. Silve et al. explained the advantages and the limits in using 
nanoseconds in the book called Advanced Electroporation Techniques in Biology and 
Medicine (Silve et al., 2010).  
With technical improvements primary cells such as synoviocytes can be transfected easily. 
Electroporation provides transfection efficiency, minimizes cell death in decreasing the 
quantity of the vector injected.   
Despite the technical progress, the success of the ex vivo GT  in arthritis models and the 
success of the first clinical trial in rheumatoid arthritis, the strategy remains difficult for 
patients who have to undergo two surgery procedures. This approach is still being used 
although other teams have focused their research on the in vivo GT. 

2.3 In vivo gene therapy 
In RA models, two methods can be used according to expected results: 1) to obtain a 
systemic effect on systemic immune disorders, 2) to obtain a local effect targeting the 
inflamed joint.  
Systemic effects of a transgene are obtained after an intravenous (i.v), a subcutaneous (s.c) 
or an intra-peritoneal injection.  However, drawbacks of the systemic injection have been 
reported:  
1. there are side effects due to the lack of control of the diffusion of the transgene,  
2. the immunogenicity or pro-inflammatory effects of vectors (Cottard et al., 2004; Ji et al., 

1999; Zaiss  & Muruve, 2005) 
3. the need to inject a high dose of a vector in order to get an effective dose of therapeutic 

molecule.  
In vivo gene therapy, via i.m injection of the vectors in arthritis models has been studied 
thoroughly  (Bloquel et al., 2007; Chen S.Y. et al., 2009; Denys et al., 2010). The muscular cells 
have the advantage of being non-dividing cells, easy to access and they produce the protein 
encoded by the transgene for a long time (more than 6 months) (Bloquel et al., 2004).  The 
efficiency of the transfection depends on the vector and the maturation of the muscle 
(Moisset  & Tremblay, 2001). Indeed, viral vectors use viral membrane receptors to infect the 
cells. But as the cells get older they are less able to produce these receptors (Feero et al., 
1997).  In the case of non viral vectors we will see in section 2-5 that different methods have 
been studied to improve the transfection. 
Initially, i.m injection was used to treat muscular disorders and to have a systemic secretion 
of a therapeutic molecule. In RA, the i.m injection is not totally adapted because the target is 
the joint. Besides, molecules injected in the muscle have less possibility to reach the joint 
than to diffuse in the body.  Intra articular GT has also been suggested for the first time in 
1992 (Bandara et al., 1993). The advantage of this injection was very quickly identified: 1) 
easy access to the joint 1) less quantity of vectors, 2) less risk of side effects because no or 
less vector and transgene diffusion, 3) high number of cells so high potential of cells to be 
transfected, 4) the FLS have a low mitotic rate ensuring a fairly long expression of the 
transgene. The efficiency of gene transfer using a systemic or a local injection has been 
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compared. Kim et al. demonstrated that the adenoviral vector encoding IL-4 injected 
intravenously or in the joint decreased the inflammation and the destruction of the bone and 
the cartilage in established CIA. The quantity of the vector injected was respectively 109 and 
5.108 (Kim et al., 2000). Adenoviruses and Adeno-Associated-viruses (AAV) have been 
frequently used to work locally. However, as mentioned before, it seems important to 
develop a non viral strategy safer than a viral strategy. We studied the efficiency of the i.a 
gene transfer in CIA using a plasmid encoding mTNFR-Is. The knees of mice treated with 
this plasmid showed a decrease of both inflammation and destruction and there was no 
systemic effect  (Denys et al., 2010). Examples of joint inflammation and bone destruction 
are illustrated in Fig. 1. 
Although a “comparative study on intra-articular versus systemic gene electrotransfer in 
experimental arthritis” showed that i.m injection of plasmid (pVAX2) encoding IL-10 
decreased the development of the disease, the i.a injection had no effect. In this study, 
contrary to all expectations, 1) the quantity of the plasmid injected in the joint (100µg) was 
higher than the quantity injected in the muscle (25µg), 2) i.a injection had no effect (Khoury 
et al., 2006) . The difference between the two could come from the transgene: the TNF-α 
could play a role locally whereas IL10 does not show the importance of the choice of the 
target. In our study, the expression of the transgene after i.a gene transfer was shorter than 
after i.m injection which is an important drawback. The higher production is about 7-8 days 
after the i.a injection. It decreased rapidly and was undetectable 14 days later (Bloquel et al., 
2007; Denys et al., 2010; Khoury et al., 2006). We have shown that a second injection of a 
plasmid encoding msTNFR can allow a new expression of the transgene. However, the level 
of msTNFR obtained after the second injection was lower than the level obtained after the 
first injection may be because of a limited capacity of the cells to integrate the plasmid 
(Bloquel et al., 2007). 
 

 
Fig. 1. Examples illustrating histological analysis of knee's inflammation and destruction. 
Haemalun/Eosin staining. (A-B)  msTNFR-Is treated mice; aspect of normal synovial and 
normal cartilage. (C-D) Saline-treated mouse: inflammation and cartilage destruction of the 
knees. 
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both following effects can be observed: a thermal effect and electrochemical effects. Whereas 
pulse duration using microseconds or milliseconds has been used for a long time in order to 
destabilize the membrane and to involve the penetration of chemical agents (bleomycin) or 
DNA, the efficacy of this method using nanosecond is now being studied. The overheating 
created when electric pulses are applied is a drawback of the electroporation. Therefore 
duration could be limited to avoid this increase of heat and using nanoseconds could avoid 
the rise of temperature. Silve et al. explained the advantages and the limits in using 
nanoseconds in the book called Advanced Electroporation Techniques in Biology and 
Medicine (Silve et al., 2010).  
With technical improvements primary cells such as synoviocytes can be transfected easily. 
Electroporation provides transfection efficiency, minimizes cell death in decreasing the 
quantity of the vector injected.   
Despite the technical progress, the success of the ex vivo GT  in arthritis models and the 
success of the first clinical trial in rheumatoid arthritis, the strategy remains difficult for 
patients who have to undergo two surgery procedures. This approach is still being used 
although other teams have focused their research on the in vivo GT. 
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systemic effect on systemic immune disorders, 2) to obtain a local effect targeting the 
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3. the need to inject a high dose of a vector in order to get an effective dose of therapeutic 

molecule.  
In vivo gene therapy, via i.m injection of the vectors in arthritis models has been studied 
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have the advantage of being non-dividing cells, easy to access and they produce the protein 
encoded by the transgene for a long time (more than 6 months) (Bloquel et al., 2004).  The 
efficiency of the transfection depends on the vector and the maturation of the muscle 
(Moisset  & Tremblay, 2001). Indeed, viral vectors use viral membrane receptors to infect the 
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compared. Kim et al. demonstrated that the adenoviral vector encoding IL-4 injected 
intravenously or in the joint decreased the inflammation and the destruction of the bone and 
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et al., 2006) . The difference between the two could come from the transgene: the TNF-α 
could play a role locally whereas IL10 does not show the importance of the choice of the 
target. In our study, the expression of the transgene after i.a gene transfer was shorter than 
after i.m injection which is an important drawback. The higher production is about 7-8 days 
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(Bloquel et al., 2007). 
 

 
Fig. 1. Examples illustrating histological analysis of knee's inflammation and destruction. 
Haemalun/Eosin staining. (A-B)  msTNFR-Is treated mice; aspect of normal synovial and 
normal cartilage. (C-D) Saline-treated mouse: inflammation and cartilage destruction of the 
knees. 
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A recent clinical trial using in vivo i.a strategy has been performed. An adeno-associated 
virus type 2 expressing TNF-α antagonist was injected in the knee of arthritic patients. These 
patients received a second injection either 12 or 30 weeks when necessary. Twelve adverse 
events and 2 deaths were reported after the second injection (Evans, 2010). The involvement 
of the vector in the pathogenecity has been rejected because this vector has been identified 
as a “good” vector and has been used in others studies (Boissier et al., 2007; Mueller  & 
Flotte, 2008; Wu et al., 2006). In this study, viral genome was detectable in the blood as well 
as in the synovium where it remained longer.  Therefore, this study has shown not only the 
feasibility but also the risk of i.a gene therapy.  
This accident reminds us of the Jesse Gelsinger’s case which shows the difficulty to select 
patients. This accident encourages researchers to improve the non viral gene transfer to be 
used safely in future treatments for humans and to improve the choice of patients’ exclusion 
criteria. 

2.4 Contralateral effect of ex vivo and in vivo gene therapy 
It is important to underline that i.a injections could have a therapeutic effect in treated and 
untreated joints. The contralateral effect doesn’t depend on : 
1. the strategy using ex vivo or in vivo  (Kim et al., 2002; Kim et al., 2005; Whalen et al., 

1999) 
2. the vector injected in vivo because it was observed using viral vector, adenovirus, 

adeno-associated virus and non viral vector (Chan et al., 2002; Ghivizzani et al., 1998; 
Van De Loo  & Van Den Berg, 2002), 

3. the model of arthritis because it is observed in CIA, AIA and Streptococcal Cell wall 
(SCW)-induced arthritis (Chan et al., 2002; Kim et al., 2005; Lechman et al., 2003), 

4. species as observed in rabbits , in rats , in mice and also in human clinical trials (Chan et 
al., 2002; Ghivizzani et al., 1998; Van De Loo  & Van Den Berg, 2002; Wehling et al., 
2009). 

The reason of the contralateral effect with in vivo gene transfer is not well known. However, 
authors have suggested that migration of APC in the case of ex vivo strategy might be 
responsible for that particular effect (Kim et al., 2002). Indeed, studies have showed before 
that these cells are able to travel to other sites of inflammation or secondary lymphoid 
tissues such as lymph  nodes (Kim et al., 2000; Lechman et al., 1999; Morita et al., 2001). 
In the case of in vivo gene strategy, local dendritic cells might be infected by the vector and 
they migrate to regulate the inflammation in the front paws or in the contralateral paw. We 
cannot control this distant effect at the moment therefore this property could be interesting 
to develop. It would be a serious advantage to be able to treat all the joints with the 
diffusion of the protein encoded by the transgene without the diffusion of the vector. 

2.5 Technical strategies to improve in vivo gene therapy in rheumatoid arthritis 
The first in vivo non viral gene delivery consisted in a single injection of the vector. 
However, the size of the DNA and anionic charges surrounding the DNA block the efficacy 
of the endocytosis.  Mechanical, chemical or electrical approaches are being developed to 
improve gene delivery. We focused our description only on the methods used in arthritis 
models. 
Liposomes  
Liposomes are molecules which have been used for the last three decades and have become 
more and more performing.  They were first used in vitro and the improvement in their 
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safety allowed them to be used for in vivo gene therapy to carry nucleic acids (DNA or 
RNAi). 
They are microbubbles of lipids which are anionic, cationic or zwitterion. The composition 
of the liposomes can vary and their interaction with cells depends on this composition 
(Ropert, 1999). Cationic Liposomal carrier has been considered as a good potential to 
facilitate molecule internalisation in cells because they have similarities with the cell plasma 
membrane. The advantages of liposomes in GT have first been described in the ex vivo gene 
transfer: liposomes involve the adhesion of packaged nucleic acids to the cell surface, then 
the internalisation of them by endocytosis. They also confer a protection against DNase. 
Studies have shown that Cationic liposomes increase the transfection by 3 fold in the 
skeletal muscle (Felgner, 1996). However, in vivo, some drawbacks were reported following 
liposomes nucleic acids complex injection in the serum.  Liposomes DNA complex also 
called lipoplexes could be responsible for a toxicity action and/or an inflammatory action. 
Therefore, they could limit the biodistribution. Advantages and drawbacks of Cationic 
liposomes used in vivo gene transfer have been described in the human gene therapy journal 
(Felgner, 1996).  
In arthritis models, lipoplexes are used to carry siRNA.  Khoury et al. also used siRNA 
targeting pro-inflammatory cytokines as TNF-, IL-1, IL6 and IL-18  (Khoury et al., 2006; 
Khoury et al., 2008). They have noted that the i.v simultaneous injection of the three 
lipoplexes blocking IL-1, IL-6 and IL-18  has curative and preventive effects (Khoury et al., 
2008).   
Other teams have targeted the immune cells rather than the pro-inflammatory cytokines in 
CIA. Indeed, the development of rheumatoid arthritis depends on the interaction between T 
cells and CPA. Adreakos et al. used lipoplexes able to block CD40/CD40L interaction. 
Authors have developed a liposome compatible with the in vivo GT called amphotenic 
liposome which facilitates the encapsulation, the blood circulation and the cell release from 
an endosome (Andreakos et al., 2009). This liposome has been injected intravenously at the 
onset of the disease. It releases CD40 anti sense which prevents the CD40 expression on T 
cells. The improvement of the clinical signs of the disease was noticed only 24h after the 
treatment.  Furthermore, the efficacy on all paws was noted 10 days after the first injection 
of liposomes.  
Electrotransfer 
Electric fields were first used in vitro as seen in section 2-2. Since then, they have been used 
in cancerology. The strategy called electrochemotherapy helps the endocytosis of drugs in 
tumour cells. The first application was conducted in the 1990's on subcutaneous and 
cutaneous tumours (Gilbert et al., 1997; Mir et al., 1991; Titomirov et al., 1991).  
Besides, electric fields have been used to transfer genes into cells. This strategy called 
electrotransfer (ET) has also been used to kill tumour cells or to force the liver and then later 
on the muscles to produce therapeutic molecules (Aihara  & Miyazaki, 1998; Heller et al., 
1996; Rols et al., 1998).   
The action of electric fields in vivo is the same as the ex vivo electroporation:  
1. pore formation in the cell plasma membrane,  
2. penetration of the vector into the cells.  
The development of the i.m gene therapy using ET has been a major advance in genes 
transfer (Miyazaki  & Miyazaki, 2008). The stability of the transgene expression between 
individual subjects was a very major advance of this method. 
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In 1998, Mir et al. have published the parameters which give an efficient and a reproducible 
muscle cells transfection. Furthermore, they obtained a temporary permeabilization of the 
cells and of many survival cells (Mir et al., 1998).  
The generator used for the ET delivers square waves. The current is transmitted to the target 
via electrodes which are two parallel stainless steel plates, their size depending on the 
target. Fig.2. shows the position of the electrodes for the knee's elecrotransfer (A) or for 
muscle's electrotransfer (B).  
 

  
       A             B 

Fig. 2. Electrotransfer to mouse knee or muscle. DNA electrotransfer was performed with a 
square wave electroporation system. The current is transmitted to the target via electrodes 
which are two parallel stainless steel plates, their size depending on the target. A. 
Electrotransfer to mouse knee: the pair of electrodes was placed on either side of the knees 
and then 12 electric pulses were applied during 20ms. B. Electrotransfer to mouse muscle : 
the  pair of electrodes was placed on either side of the muscle and then 8 electric pulses were 
applied during 20ms.  

In arthritis models, conventional parameters are used to deliver genes in the muscles: 8 
pulses for 20ms at low voltage (100-200V) for 1cm between the electrodes with a frequency 
of 1Hz. The parameters are changed to deliver genes into the joint: 12 pulses for 20ms at 
250V/cm with a frequency of 2Hz (Denys et al., 2010; Khoury et al., 2006). It is interesting to 
note that the parameters of the ET can be better controlled in using mathematical modelling 
or in vivo test (Miklavcic et al., 2000). The parameters programmed in the electroporator are 
set for a unique position of the electrodes. However, during the ET, it is known that the 
muscle contracts and electrodes move. As a result there is a decrease of the permeabilization 
responsible for a decrease of the efficiency of the ET. Cukjati et al have described a method 
controlled by a computer which adapts the parameters according to the changes of the 
movement of the electrodes to achieve the permeabilization at the end of the pulses (Cukjati 
et al., 2007).  
Despite the results with the application of low voltage (100-200V) and long duration (20ms), 
it seems that high and then low voltage must be applied:  1) to permeabilize the cells and 2) 
to promote the DNA transfer. These two steps have been described in several studies  
(Andre  & Mir, 2010; Hojman, 2010; Satkauskas et al., 2005) . The following elements play a 
role in the transfer of DNA in the cells: 1) the electric pulses, 2) the structure of the DNA, 3) 
the composition of the buffer in which the DNA is diluted, 4) the physiology of the muscle. 

 
Gene Therapy Challenges in Arthritis 

 

175 

The damages and the physiological modifications on muscular fibres have been studied 
after electrotransfer. The parameters used can alter the muscular fibres temporarily (Gissel, 
2010; Hojman, 2010; Tevz et al., 2008). When we used a high voltage for 20ms, we did not 
notice any fibrosis (Bloquel et al., 2004).  
Mir et al have studied the ionic flux, apoptosis marker expression and muscular function 
after ET using different combinations of pulses. As explained by the authors, the effects 
depend on the combinations (Hojman et al., 2008). 
On the other hand, Peng et al. noted that the vector could be integrated not only by mature 
muscle cells but also by satellite cells after electrotransfer. These satellite cells replace the 
damaged muscular cells. Their transfection seems important in order to have a long 
expression of the transgene (Peng et al., 2005).   
Besides the role of the pulse on the efficiency, let’s not forget the electrodes configuration 
and composition.    
Two types of electrodes can be used: invasive or non invasive electrodes. In arthritis models 
we used non invasive electrodes as described before. Other electrodes have been 
constructed according to the target. Gothelf and Gelth have described different types of 
electrodes used for skin electrotransfer (Gothelf  & Gehl, 2010).  Invasive electrodes have 
been a great evolution for transfected skin and tumours as they release the pulses directly 
into the tissue. The voltage used with these electrodes is less than the voltage used with non 
invasive electrodes because the current must go through several barriers before reaching its 
target (Liu  & Huang, 2002).  However, a huge step in invasive electrode is the set up of the 
syringe electrodes. They are formed with two electrodes, one of them being used to inject 
the DNA.  
Syringe electrodes have originally been developed to treat neuronal diseases such as 
Alzheimer disease but it also opens a potential application in i.a gene therapy (Li et al., 
2010). Intra articular ET showed therapeutic effects in arthritis models (Bloquel et al., 2007; 
Denys et al., 2010). However the application of non invasive electrodes on both sides of the 
joint is not always controlled which could explain some individual differences in the results. 
Therefore, in vivo ET depends on the chosen electrodes, on the electric parameters applied 
and on the tissue composition.  It can be difficult to determine the optimal electric 
parameters for a type of electrodes in a specific tissue. Numerical modelling described by 
Zupanic et al. can determine the optimum parameters” for ET in muscular tissue”.  (Zupanic 
et al., 2010). This approach can be used for different tissues.  
Nanoparticles vectors 
Chitosan is a nanoparticle charged positively capable of binding anionic nucleic acids. 
Furthermore, it is biocompatible, and remains small after nucleic acids binding (Takka  & 
Gurel, 2010). In CIA, Howard et al. demonstrated that i.p injection of chitosan containing 
anti TNF- siRNA delayed the arthritis development by targeting peritoneal activated 
macrophages (Howard et al., 2009).   
In the rat AIA, the IL1-Ra-chitosan-folate complex (nanoparticles complex) decreased the 
inflammation and the destruction of the joints (Fernandes et al., 2008). Shi et al. have 
performed this strategy using hydrodynamic injections of the nanoparticles-complex in the 
vein of the hind paws. They became aware of the smaller size of the circumference of the 
ankles in rats treated than in non treated rats (Shi et al., 2011). A study shows the efficiency 
of i.a injection of other nanoparticles (atecollagen) associated to a double-stranded miRNA-
15 in the arthritis development. As a result, authors noted a successful transfection of the 
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synovium cells and the downregulation of Bcl2 which is the target of the miRNA-15. Despite 
an incomplete action on the disease, the i.a injection of miRNA carried by atecollagen opens 
new perspectives to simultaneously administer several miRNA (Nagata et al., 2009).  

3. Progress and prospects on the structure of naked nucleic acids and 
viruses to treat rheumatoid arthritis 
This section focuses on the most important technological modifications concerning naked 
nucleic acids and viruses in order to increase their efficiency in arthritis models.  

3.1 Plasmids 
Plasmid DNA expression has been hampered by a low level of transfection and the short 
time of the expression of the transgene. Several changes have been made to improve its 
safety, its internalisation in the cells, its translocation in the nucleus and its integration 
(Conese et al., 2004; Gill et al., 2009; Lam  & Dean, 2010). Plasmids are also: 1) reduced 
(minicircle DNA) 2) deprived of the bacteria resistant gene 3) deprived of its CpG motifs.  
Studies showed that minicircles produce the transgene for a longer time than when it is 
produced from the conventional plasmid (Mayrhofer et al., 2009). Different elements explain 
this advantage:  
1. minicircles have a supercoiled form that will protect the DNA from degradation by 

enzymes  
2. minicircles have less CpG sequence motifs which are usually responsible for an 

immune response destroying the plasmids (Bloquel et al., 2004; Mayrhofer et al., 2009)  
3. minicircles are small facilitating  their penetration  in the cells.   
Despite these advantages, a few studies have demonstrated their therapeutic efficiency in 
RA(Chen Z.Y. et al., 2003; Stenler et al., 2009) . Some teams are focusing mainly on the 
improvement of their purification; others are trying to improve the efficiency of the plasmid. 
Researchers replaced CpG by other sequence motifs or by removing the resistance gene to 
antibiotics (Kay et al., 2010; Mayrhofer et al., 2008).   
For a long time, the genes making cells or bacteria resistant to specific antibiotics have been 
the only way to select and isolate the cells / bacteria containing them. However, once the 
genes spread into the germs, these germs become resistant to antibiotics and are impossible 
to eradicate. Therefore, the scientists tried to construct plasmids without these genes and 
with a conditional replication origin (Marie et al., 2010; Soubrier et al., 1999).  
Besides, further improvements are expected in order to have more plasmids translocated in 
the nucleus. Lan et al have described these approaches as well as the inclusion of 
transcription factor-binding sites for a cell-specific delivery (Lam  & Dean, 2010). 

3.2 siRNA  
RA is characterized by an uncontrolled increase of the production of inflammatory 
cytokines (TNF-, IL-1, IL-6), an uncontrolled production of enzymes destroying cartilages 
and bones (metalloproteases). First of all, treatments and studies have targeted these 
pathogenic molecules. Then, the emergence of siRNA and small hairpin RNA offer the 
possibility to prevent the production of the pathogenic molecules. However these naked 
nucleic acids are unstable and are rapidly damaged by enzymes. Different approaches have 
been used to enhance their stability, to protect them against nuclease degradation, to 
perform their ability to penetrate in the cells (Khoury et al., 2006; Shim  & Kwon, 2010). The 
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therapeutic effect in arthritis models has been demonstrated in blocking TNF- by an i.a 
injection of siRNA and by an i.p injection (Howard et al., 2009; Schiffelers et al., 2005). The 
systemic injection of siRNA has been possible through the development of nanoparticles 
lipoplexes (Courties et al., 2011; Khoury et al., 2006). Another delivery approach has been 
developed using a cream containing siRNA (Takanashi et al., 2009). It targeted the 
osteopontin produced by macrophages and activated T cells. After application, osteopontin 
has been found reduced in the serum and siRNA ameliorate symptoms of the disease.  
Using a cream to deliver siRNA is an interesting new technology because this method acts 
locally without an invasive injection.  

3.3 Viral gene therapy development in rheumatoid arthritis 
The most common vectors used in RA are adenoviruses (AdV), retroviruses (oncoviruses 
and lentivirus) and recombinant adeno-associated viruses (rAAV). They have attractive 
characteristics for human GT (Bessis  & Boissier, 2003; Cavazzana-Calvo et al., 2010; Herzog 
et al., 2010). 
In 1985, for the first time, Roeschler et al. have injected an AdV encoding LacZ in the knees 
of rabbits. Authors showed that AdV are able to transfect both types A and B synoviocytes 
throughout the articular and periarticular knees (Roessler et al., 1993). Their use as a vector 
for gene delivery is limited due to the inflammatory effect and/or because they can be 
quickly lost when they transfect dividing cells. Researchers tried to construct AdV without 
viral sequences. The first result showed that the yield was weaker than for the first 
generation. Furthermore the process is difficult (Kochanek et al., 2001). Other modifications 
have been made to decrease the immunogenicity and to increase the stability and the 
specificity (Nayak  & Herzog, 2010; Tang et al., 2010). Indeed, AdV under control of 
inducible promoter (human telomerase reverse transcriptase) can lyse synoviocytes which 
contain active telomerase in a rat CIA model. Furthermore authors noticed a replication of 
the AdV in the arthritic joints but not in the non- arthritic ones (Chen S.Y. et al., 2009). The 
ability of the AdV to target specifically pathogenic cells (without reaction against normal 
cells) is an important property to be developed for gene therapy in patients.  
Retroviruses (RV) are divided into two classes. The first class called oncoretrovirus, used 
commonly, is derived from Monkey Murine Leukaemia oncoretrovirus. They are less 
adapted for i.a in vivo GT than AdV but the feasibility and safety of the ex vivo gene strategy 
has been demonstrated in patients RA (Wehling et al., 2009). The second class called 
lentivirus is able to easily transfect cells and then to produce the transgene for a long time. 
Several studies have shown that an i.a injection of lentivirus (encoding therapeutic 
molecules) decreases the development of arthritis in animal models (Gouze et al., 2003; 
Wang et al., 2010; Zondervan et al., 2008). Furthermore, lentivirus [encoding both a 
therapeutic molecule (galectin 1) and the shRNA of (galectin 3)] has been injected in the joint 
of arthritic mice (Wang et al., 2010). The joints injected with the lentivirus are less inflamed 
and show less bone degradation. Furthermore the angiogenesis seems lower in treated mice 
than in untreated mice. However, authors noted a lower vessel density.    
RA is a disease developed from imbalance between pro and anti inflammatory mechanisms. 
This approach is also interesting because it shows the feasibility to target molecules playing 
an opposite role in the development of the pathology. 
Recombinant adeno-associated viruses (rAAV) are non pathogenic and are able to produce 
the transgene for a long time. They exist under different serotypes, including eight 
characterized ones which differ by their ability to transfect specific tissues. The serotype 
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synovium cells and the downregulation of Bcl2 which is the target of the miRNA-15. Despite 
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3. minicircles are small facilitating  their penetration  in the cells.   
Despite these advantages, a few studies have demonstrated their therapeutic efficiency in 
RA(Chen Z.Y. et al., 2003; Stenler et al., 2009) . Some teams are focusing mainly on the 
improvement of their purification; others are trying to improve the efficiency of the plasmid. 
Researchers replaced CpG by other sequence motifs or by removing the resistance gene to 
antibiotics (Kay et al., 2010; Mayrhofer et al., 2008).   
For a long time, the genes making cells or bacteria resistant to specific antibiotics have been 
the only way to select and isolate the cells / bacteria containing them. However, once the 
genes spread into the germs, these germs become resistant to antibiotics and are impossible 
to eradicate. Therefore, the scientists tried to construct plasmids without these genes and 
with a conditional replication origin (Marie et al., 2010; Soubrier et al., 1999).  
Besides, further improvements are expected in order to have more plasmids translocated in 
the nucleus. Lan et al have described these approaches as well as the inclusion of 
transcription factor-binding sites for a cell-specific delivery (Lam  & Dean, 2010). 
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RA is characterized by an uncontrolled increase of the production of inflammatory 
cytokines (TNF-, IL-1, IL-6), an uncontrolled production of enzymes destroying cartilages 
and bones (metalloproteases). First of all, treatments and studies have targeted these 
pathogenic molecules. Then, the emergence of siRNA and small hairpin RNA offer the 
possibility to prevent the production of the pathogenic molecules. However these naked 
nucleic acids are unstable and are rapidly damaged by enzymes. Different approaches have 
been used to enhance their stability, to protect them against nuclease degradation, to 
perform their ability to penetrate in the cells (Khoury et al., 2006; Shim  & Kwon, 2010). The 
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therapeutic effect in arthritis models has been demonstrated in blocking TNF- by an i.a 
injection of siRNA and by an i.p injection (Howard et al., 2009; Schiffelers et al., 2005). The 
systemic injection of siRNA has been possible through the development of nanoparticles 
lipoplexes (Courties et al., 2011; Khoury et al., 2006). Another delivery approach has been 
developed using a cream containing siRNA (Takanashi et al., 2009). It targeted the 
osteopontin produced by macrophages and activated T cells. After application, osteopontin 
has been found reduced in the serum and siRNA ameliorate symptoms of the disease.  
Using a cream to deliver siRNA is an interesting new technology because this method acts 
locally without an invasive injection.  

3.3 Viral gene therapy development in rheumatoid arthritis 
The most common vectors used in RA are adenoviruses (AdV), retroviruses (oncoviruses 
and lentivirus) and recombinant adeno-associated viruses (rAAV). They have attractive 
characteristics for human GT (Bessis  & Boissier, 2003; Cavazzana-Calvo et al., 2010; Herzog 
et al., 2010). 
In 1985, for the first time, Roeschler et al. have injected an AdV encoding LacZ in the knees 
of rabbits. Authors showed that AdV are able to transfect both types A and B synoviocytes 
throughout the articular and periarticular knees (Roessler et al., 1993). Their use as a vector 
for gene delivery is limited due to the inflammatory effect and/or because they can be 
quickly lost when they transfect dividing cells. Researchers tried to construct AdV without 
viral sequences. The first result showed that the yield was weaker than for the first 
generation. Furthermore the process is difficult (Kochanek et al., 2001). Other modifications 
have been made to decrease the immunogenicity and to increase the stability and the 
specificity (Nayak  & Herzog, 2010; Tang et al., 2010). Indeed, AdV under control of 
inducible promoter (human telomerase reverse transcriptase) can lyse synoviocytes which 
contain active telomerase in a rat CIA model. Furthermore authors noticed a replication of 
the AdV in the arthritic joints but not in the non- arthritic ones (Chen S.Y. et al., 2009). The 
ability of the AdV to target specifically pathogenic cells (without reaction against normal 
cells) is an important property to be developed for gene therapy in patients.  
Retroviruses (RV) are divided into two classes. The first class called oncoretrovirus, used 
commonly, is derived from Monkey Murine Leukaemia oncoretrovirus. They are less 
adapted for i.a in vivo GT than AdV but the feasibility and safety of the ex vivo gene strategy 
has been demonstrated in patients RA (Wehling et al., 2009). The second class called 
lentivirus is able to easily transfect cells and then to produce the transgene for a long time. 
Several studies have shown that an i.a injection of lentivirus (encoding therapeutic 
molecules) decreases the development of arthritis in animal models (Gouze et al., 2003; 
Wang et al., 2010; Zondervan et al., 2008). Furthermore, lentivirus [encoding both a 
therapeutic molecule (galectin 1) and the shRNA of (galectin 3)] has been injected in the joint 
of arthritic mice (Wang et al., 2010). The joints injected with the lentivirus are less inflamed 
and show less bone degradation. Furthermore the angiogenesis seems lower in treated mice 
than in untreated mice. However, authors noted a lower vessel density.    
RA is a disease developed from imbalance between pro and anti inflammatory mechanisms. 
This approach is also interesting because it shows the feasibility to target molecules playing 
an opposite role in the development of the pathology. 
Recombinant adeno-associated viruses (rAAV) are non pathogenic and are able to produce 
the transgene for a long time. They exist under different serotypes, including eight 
characterized ones which differ by their ability to transfect specific tissues. The serotype 
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rAAV2 has been used in several clinical trials including the local treatment of RA (Mueller  
& Flotte, 2008). In the last few years, serotype 5 has been defined as a “good” vector to target 
the synovial tissue (Apparailly et al., 2005; Boissier et al., 2007). However, autoantibodies 
production directed against AAV are responsible for neutralization of rAAV (Cottard et al., 
2000) .  Boutin et al. have published the titer of Immunoglobulin G subclasses produced 
against each serotype in humans (Boutin et al., 2010). These results and the knowledge of 
the efficiency of Serotypes 5 to transfect synovium demonstrate that rAAV5 may be an ideal 
candidate for i.a gene therapy in RA. Furthermore, the integration of an inducible promoter 
is encouraging in order to target a specific inflamed tissue (Apparailly et al., 2002; Yang et 
al., 2010).  
Using rAAV is limited because the production strategy is long, difficult and only gives a 
poor performance. Different processes have been followed to increase the yield and answer 
the requirements for clinical trials (Negrete  & Kotin, 2008; Wright, 2008). For a long time 
rAAV have been produced from mammalian adherent cells restricting the production of 
large doses which prevents in turn limits a higher number of clinical trials and a commercial 
production. Another system avoiding the usual limit for producing rAAV has been 
developed. This system uses insect cells and baculoviruses vector. This experiment carries 
on in order to increase the yield whilst reducing the complexity of the system (Mena et al., 
2010; Negrete  & Kotin, 2008). Aslandi et al. have also established a stable insect cell line 
containing helper genes necessary for the production of vectors. These genes will only be 
active when the cells are transfected with baculovirus. The system has improved the yield 
and the protocol to produce rAAV (Aslanidi et al., 2009). 

4. Development of specific regulated promoters   
There are two classes of promoters: constitutive (viral and eukariotic) and inducible. Among 
constitutive viral vectors, Cytomegalovirus (CMV) is the most used promoter in mammalian 
expression systems because it allows a high level of gene expression. However, its 
expression is regulated by a large variety of stimuli which can cause an uncontrolled 
production of the transgene.  
Different inducible promoters under the control of molecules such as antibiotics have been 
developed to target tumours or specific tissues (Robson  & Hirst, 2003). For the first time 
Bakker et al. showed the feasibility to use an inducible adenovirus vector made up of 2-
component promoters. The promoters have sites for Nuclear factor kappa B binding and are 
activated by pro-inflammatory cytokines. Authors have injected this vector in the joint of 
mice immunized with collagen. They noticed an improvement in the treated and untreated 
paws. They have obtained the same result in using the adenovirus encoding IL-1Ra under 
the control of CMV  (Bakker et al., 2002). In order to get a more specific inducible 
therapeutic action of vectors, it is possible to use bioinformatic. Geurts et al. have elaborated 
a system to design proximal-promoters aiming at to RA (Geurts et al., 2009) . Therefore, 
inflammation responsive promoters provide a huge progress in rheumatoid arthritis gene 
therapy because this disease is characterized by temporary acute flares. 

5. Conclusion 
The studies described in this chapter show the advances in gene transfer and its applications 
in RA. The clinical trials applied on RA patients demonstrate: 
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1. that gene therapy is not only appropriate for  monogenic diseases but also for 
multigenic diseases 

2. the feasibility of the strategy  
3. that progress must carry on in the years to come to become more efficient.  
Each strategy (ex vivo and in vivo), each vector and each target have their advantages and 
drawbacks. Experimental protocols have improved the efficiency, the safety, of  Gene 
therapy involving the development of clinical trials in RA patients. Three startegies of GT  
have been been tried  : 1) RA-FLS genetically modified (by RV encoding IL-1Ra ex vivo) 
before i.a injection , 2) i.a injection of plasmid encoding the Herpes simples virus thymidine 
kinase , 3) i.a injection of AAV2 encoding hTNFRs (table 1).  
 

Trial Country Vector Transgene Date 
approved Status 

Canada Adeno-associated 
virus 

TNFR-Fc Ig fusion 
gene 2004 Closed 

Germany retrovirus IL-1Ra  open 
USA retrovirus IL-1Ra 1995 closed 

 plasmid HSV-TK 1998 closed 

 Adeno-associated 
virus 

TNFR-Fc Ig fusion 
gene 2003 closed 

 Adeno-associated 
virus 

TNFR-Fc Ig fusion 
gene 2005 open 

Table 1. Gene therapy clinical trial in rheumatoid arthritis in the world.  Three countries 
only have attempted RA gene therapy clinical trials (Edelstein, 2011). 

Furthermore, the knowledge acquired on the mechanisms of the disease increases the 
number of possible targets. The recent studies on signalisation pathway offer the 
opportunity for new therapeutic strategies.  
Other promising therapeutic systems must be developed to combine researches in biology, 
chemistry and engineering.     
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rAAV2 has been used in several clinical trials including the local treatment of RA (Mueller  
& Flotte, 2008). In the last few years, serotype 5 has been defined as a “good” vector to target 
the synovial tissue (Apparailly et al., 2005; Boissier et al., 2007). However, autoantibodies 
production directed against AAV are responsible for neutralization of rAAV (Cottard et al., 
2000) .  Boutin et al. have published the titer of Immunoglobulin G subclasses produced 
against each serotype in humans (Boutin et al., 2010). These results and the knowledge of 
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rAAV have been produced from mammalian adherent cells restricting the production of 
large doses which prevents in turn limits a higher number of clinical trials and a commercial 
production. Another system avoiding the usual limit for producing rAAV has been 
developed. This system uses insect cells and baculoviruses vector. This experiment carries 
on in order to increase the yield whilst reducing the complexity of the system (Mena et al., 
2010; Negrete  & Kotin, 2008). Aslandi et al. have also established a stable insect cell line 
containing helper genes necessary for the production of vectors. These genes will only be 
active when the cells are transfected with baculovirus. The system has improved the yield 
and the protocol to produce rAAV (Aslanidi et al., 2009). 

4. Development of specific regulated promoters   
There are two classes of promoters: constitutive (viral and eukariotic) and inducible. Among 
constitutive viral vectors, Cytomegalovirus (CMV) is the most used promoter in mammalian 
expression systems because it allows a high level of gene expression. However, its 
expression is regulated by a large variety of stimuli which can cause an uncontrolled 
production of the transgene.  
Different inducible promoters under the control of molecules such as antibiotics have been 
developed to target tumours or specific tissues (Robson  & Hirst, 2003). For the first time 
Bakker et al. showed the feasibility to use an inducible adenovirus vector made up of 2-
component promoters. The promoters have sites for Nuclear factor kappa B binding and are 
activated by pro-inflammatory cytokines. Authors have injected this vector in the joint of 
mice immunized with collagen. They noticed an improvement in the treated and untreated 
paws. They have obtained the same result in using the adenovirus encoding IL-1Ra under 
the control of CMV  (Bakker et al., 2002). In order to get a more specific inducible 
therapeutic action of vectors, it is possible to use bioinformatic. Geurts et al. have elaborated 
a system to design proximal-promoters aiming at to RA (Geurts et al., 2009) . Therefore, 
inflammation responsive promoters provide a huge progress in rheumatoid arthritis gene 
therapy because this disease is characterized by temporary acute flares. 

5. Conclusion 
The studies described in this chapter show the advances in gene transfer and its applications 
in RA. The clinical trials applied on RA patients demonstrate: 
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1. Introduction 

During the past decade the development of medical therapies for the treatment of the 
inflammatory arthopathies such as rheumatoid arthritis (RA) was revolutionized by the 
development of disease modifying anti-rheumatic biological drugs (DMARBDs) (Ŝenolt et 
al., 2009). DMARBDs were first discovered to be effective by altering intracellular signaling 
pathways and those gene expressional events that have proven to be relevant to RA 
pathogenesis and progression through the use of experimental studies in pre-clinical in vitro 
testing systems (Malemud, 2010; Malemud & Miller, 2008, Malemud & Pearlman, 2009; 
Marone et al., 2008; Walker et al., 2006). Those DMARBDs that appeared to have significant 
modifying effects on immune deregulation were then shown to ameliorate arthritis by 
virtue of their capacity to delay the onset or reducing the severity of inflammatory arthritis 
in several well-validated small animal models of RA (Feely et al., 2009). Finally, those 
DMARBDs which proved to have disease-modifying effects in rodent models of RA were 
then assessed for their efficacy, tolerability and safety in human RA clinical trials (Gibbons 
& Hyrich, 2009). Those successful DMARBDs are now fully incorporated into RA treatment 
regimens in the clinical practice setting.  

2. Animal models of RA 

Animal models of human RA have proven to be critical for determining the potential 
efficacy of DMARBDs for subsequent use in the treatment of human RA. The DMARBDs 
that are now employed for RA therapy were always first tested in RA animal models where 
the molecular events governing the onset and progression of RA disease activity could be 
rigorously and longitudinally assessed (Wooley, 2008; Leung et al., 2010). The DMARBDs 
that targeted pro-inflammatory cytokines relevant to RA progression such as tumor necrosis 
factor-α (TNF-α), interleukin-1 (IL-1), IL-6, IL-12/IL-23 and IL-17 as well as other molecules 
whose activity correlated with progressive RA disease activity, such as CTLA-4 and 
CD20/CD-22 were shown to significantly modify the progression of inflammatory arthritis 
in mice (Finckh & Gabay, 2008).  
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3. The use of DMARBDs in RA 
Despite improvement in the frequency of positive clinical responses in RA patients that have 
been obtained using DMARBDs when combined with immunosuppressive drugs such as 
methotrexate, the chronic use of DMARBDs in RA therapy has also revealed that serious 
adverse events typified by the onset of new infections, the development of refractoriness to 
DMARBDs as well as the long term specter of potential malignancies have also been 
documented (Salliot et al., 2009). These long-term treatment considerations have resulted in 
the need for a continuous stream of development of additional and hopefully novel RA 
therapies that specifically target molecules intimately involved in RA progression. One 
strategy that has been utilized for this purpose is the development of gene therapy for RA 
(Gaddy & Robbins, 2008; Jorgensen & Apparailly, 2010; Traister & Hirsh, 2008; Woods et al., 
2008)  

4. Gene therapy for RA 
Over the past 7 years or so a considerable amount of research activity has been devoted to 
the development of gene therapeutic strategies that have resulted in 1) neutralization of the 
effects of IL-1 with an IL-1 receptor antagonist (IL-1-Ra) expression plasmid (Kim et al.; 
2003); 2) elevating the levels of Th2 cytokines exemplified by IL-10 (Traister & Hirsh, 2008), 
IL-4 (Kageyama et al., 2004) and IL-13 (Nabbe et al., 2005); 3) suppression of Th1 cytokines 
such as IL-18 (Smeets et al., 2003) and IL-17, the latter by modification of the indoleamine 
2,3-dioxygenase pathway (Chen et al., 2011); 4) blunting of TNF-α-stimulated signaling 
(Denys et al., 2010) and interferon-β activity (Adriaansen et al.; 2006); 5) up-regulation of the 
protein inhibitor of activated STAT1 (PIAS) activity by stimulating the capacity of small 
ubiquitin-like modifier E3 ligase (SUMO E3) to alter inhibitor of κB kinaseα (IKKα) 
phosphorylation (Liu & Shuai, 2008); 6) gene transfer of genetically modified chondrocytes 
into cartilage defects to promote cartilage regeneration (Steinert et al., 2008); and 7) 
promotion of adiponectin gene expression (Ebina et al., 2009).  In addition, because new 
blood vessel formation is also intimately involved with perpetuating the chronic state of 
inflammation associated with RA, experimental gene therapy strategies designed to 
suppress the activity of pro-angiogenesis factors such as vascular endothelial growth factor 
(VEGF) (Afuwape et al., 2003) and Tie-2 (Chen et al., 2005) have also been earnestly 
pursued. 
There also exists an elevated frequency of apoptotic cells in RA articular cartilage joints 
which is likely to contribute to diminished chondrocyte vitality (Malemud & Gillespie, 
2005). By contrast, resistance to induction of apoptosis in RA synovial-like fibroblasts 
(Hutcheson & Perlman, 2008) and up-regulation of chemokines and adhesion molecules 
(Malemud & Reddy, 2008) are generally considered to be hallmarks of synovial tissue 
hyperplasia. Thus, apoptosis, chemokines and adhesion molecules may also be suitable 
targets for gene therapy strategies.  

4.1 Novel gene therapy strategies and improvements in the delivery of gene 
constructs 
Several gene therapy strategies have taken advantage of recent advances in silencing RNA 
(siRNA) technology (Aigner, 2008; Blagbrough & Zara, 2009; Li & Huang, 2008; Lu & 
Woodle, 2008). Thus, siRNA has already been employed to generate tolerogenic dendritic 
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antigen-presenting cells (Khan et al., 2009; Zheng et al., 2010) or to “shut-down” pro-
inflammatory cytokine production (Khoury et al., 2008). siRNAs have also been 
incorporated into a gene “cream” for delivery to inflamed synovial joints. This concept has 
already been used to regulate the biological activity of molecules such as osteopontin in a 
rodent model of RA (Takanashi et al., 2009).   
Most importantly, vast improvements have occurred in developing new strategies for 
administering gene constructs. This has been achieved through the use of non-viral vectors 
(Adriaansen et al., 2006) adeno-associated viral (AAV) vectors (Tang et al., 2010) or lentiviral 
vectors (Gouze et al. 2002). In that regard, the development of useful vectors for preparing 
gene constructs has taken on greater significance in the field. Thus, these various 
approaches to delivering gene constructs of interest to synovial joints are likely to be critical 
because the improved administration of gene constructs and/or plasmids will be 
instrumental for future studies designed to regulate the activities of such RA-related 
molecules such as IL-17, IL-18, CD40/nuclear factor-κB, COT/Tpl-2 and extracellular matrix 
degrading proteinases to name just a few relevant targets for ameliorating inflammatory 
arthritis in vivo (Wisler et al., 2011).  
The major emphasis in this chapter has been placed on systematically analyzing the recent 
advances since 2007-2008 when this field was last reviewed (Malemud, 2007; Woods et al., 
2008; Dai et al., 2008). Thus, this review will focus its attention on several novel modalities 
for developing gene constructs as well as emerging strategies for delivering genes to 
inflamed synovial joints in the murine or rat Type II collagen-induced arthritis (CIA) model 
of RA (Wooley, 2008). This animal model of inflammatory arthritis is considered useful for 
the pre-clinical assessment of safety, tolerability and efficacy of gene constructs for their 
potential application to human RA.   

5. Gene therapy in the CIA model 
5.1 Pro-inflammatory and anti-inflammatory cytokines 
The imbalance between pro-inflammatory cytokines such as IL-1, TNF-α and IL-6 and anti-
inflammatory cytokines such as IL-4 and IL-10 have been shown to be a significant driving 
force in the progression of inflammation in animal models of arthritis and as such the gene 
targeting of these cytokines would be expected to alter the progress of arthritis severity (van 
de Loo & van den Berg, 2002). Thus, polarization of T-helper type 1 cells (Th1) to T-helper type 
2 cells (Th2) in favor of Th1 appears to be at the root cause of immune-mediated dysfunction in 
RA (Asquith & McInnes, 2007). In RA, Th1/ Th2 polarization appears to account, at least in 
part, for the skewed repertoire of pro-inflammatory cytokines to anti-inflammatory cytokines. 
This change appears to be coupled to the deficient production and/or activity of Th2 cytokines, 
exemplified by IL-4 and IL-10, which may also account for accelerating the progression of RA. 
Additionally, the genesis of a specific T-cell subset, termed Th17, also activates a key 
intracellular signaling pathway in RA, namely, JAK/STAT (Malemud, 2010). It has been 
postulated that activation of JAK/STAT signaling causes acute synovitis to progress into a 
chronic destructive arthritis (Khoury et al., 2008; Lubberts, 2008). It was not unexpected that 
gene therapy strategies employed in CIA have been directed at neutralizing the activity of IL-
1, and/or TNF-α or towards augmenting the production of the anti-inflammatory cytokines, 
IL-4 and/or IL-10. Several of these studies have yielded some promising results. 
There have been significant advances in suppressing the activity of TNF-α in several animal 
models of arthritis through targeted gene therapy. Thus, Adriaansen et al. (2007) showed 
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that a recombinant AAV5 vector (rAAV5) encoding the NF-κB-TNFR1-Ig construct reduced 
paw swelling in the rat arthritis model which was accompanied not only by decreased levels 
of TNF-α, but also by reduced levels of IL-1β and IL-6 whereas the level of IL-10 was 
increased. These results suggested that a coupling mechanism between TNF-α and IL-1/IL-6 
must be pertinent to arthritis progression in CIA if suppression of TNF-α gene expression 
resulted in lower levels of IL-1β/IL-6 and elevated levels of IL-10 as well. Importantly, the 
rAAV5 vector remained localized to the injected joint and no trace of rAAV5 was found in 
the periphery. The suppressive effect of a rAAV5 vector encoding TR1 fused to the Fc 
portion of mouse IgG1 (i.e. TNFRp55 extracellular domain-Ig) on inflammation was also 
seen in murine CIA (Khoury et al., 2007). In that study, there was a robust correlation 
between decreased levels of local TR1 and markers of inflammation that contributed to an 
overall reduction in the inflammation score.  
Gould et al. (2007) employed a novel gene delivery system using plasmid vectors pGTLMIK 
and pGTTMIK from which luciferase and a dimeric TNF receptor were co-expressed in a 
doxycycline-regulated fashion, to show that administered GTTMIK delayed the onset of 
arthritis in murine CIA and the progression of inflammation as measured by reduced paw 
thickness. Additionally, the clinical score diminished but only when doxycycline was co-
administered. The results of this study indicated that suppression of murine CIA could be 
achieved by inhibiting TNF-α-mediated events via gene expression-specific regulation. 
Inoue et al. (2009) used siRNAs which are double-stranded oligonucleotides that are 
designed to perfectly pair with the targeted mRNA in order to cause mRNA degradation to 
show that intra-articular delivery of TNF-α or IL1β-specific siRNAs reduced inflammation 
in rat CIA. The results of this study also showed that siRNA duplexes when administered in 
vivo to specifically degrade TNF-α, IL1β, IL-6 or receptor activator of nuclear factor κB 
ligand (RANKL) mRNA also reduced the level of these cytokines in vitro. RANKL is a key 
growth factor in osteoclast differentiation and bone destruction in inflammatory arthritis 
(Choi et al., 2009).  
Finally, Lai Kwan Lam et al. (2008) employed siRNA technology using a lentivirus-
regulated B-cell activating factor (Lv-shBAFF) to limit BAFF levels. BAFF is a critical 
molecule in RA because it promotes the survival of activated B-cells (Townsend et al., 2010). 
In this study, Lv-shBAFF suppressed BAFF production. However, and unexpectedly so, 
silencing of BAFF gene expression also reduced the activity of Th17 cells as well as B-cell 
activity in murine CIA. The suppression of Th17 cell-mediated activity was accompanied by 
reduced synovial tissue inflammation. Moreover, Lv-shBAFF reduced the percentage of 
mice developing CIA by around 50% and reduced the onset time for arthritic pathology. Of 
note, computer tomography scanning failed to detect any narrowing of the joint space or 
changes in bone erosions when mice with CIA who had had Lv-shBAFF administered were 
compared to mice with CIA who were injected with an LV vector expressing shRNA for β-
actin.  In accompanying in vitro studies, Lv-shBAFF inhibited dendritic cell maturation 
which could have been responsible for the suppression of Th17 cell differentiation produced 
by Lv-shBAFF in CIA. 

5.2 Signal transduction pathways 
Gene targeting of the JAK/STAT and PI3K/Akt/PTEN/mTOR signal transduction 
pathways have been considered as an alternative to orally-administered enzyme inhibitors 
to suppress immune-mediated inflammation in animal models of arthritis (Camps et al., 

 
Gene Therapy Outcomes in Experimental Models of Inflammatory Arthritis 

 

193 

2005; Milici et al., 2008) as well as for inflammatory disorders in general (Ghigo et al., 2010). 
In that regard, Hildner et al. (2007) showed that targeting STAT4 by antisense 
phosphorothioate oligonucleotides reduced inflammation in murine CIA. In a correlative 
analysis (Hildner et al., 2007), STAT-4 deficient mice also developed significantly less severe 
arthritis than their wild-type counterparts. Further, T-cells recovered from the STAT-4 
deficient mice produced less IL-6, TNF-α and IL-17. In another interesting study, adenoviral 
vectors encoding PTEN (AdPTEN) or β-galactosidase (AdLacZ) were injected directly into 
the joints of rats with CIA (Wang et al., 2008). AdPTEN was shown to reduce ankle 
circumference, articular cartilage degradation, radiographic and histology scores compared 
to rats with CIA injected with AdLacZ. AdPTEN also reduced microvessel density as well as 
VEGF and IL-1β levels while suppressing Akt activation. The suppressed activity of Akt 
correlated with a concomitant increase in the frequency of apoptotic cells in the arthritic 
ankle joints of rats with CIA. Taken together these results indicated that down-regulation of 
the PI3K/Akt/PTEN/mTor pathway by AdPTEN gene transfer could be an effective future 
strategy for not only suppressing the neoangiogenic response in synovial tissue that is a 
hallmark of joints with inflammatory arthritis (Szekanecz & Koch, 2008) but also as an 
alternative to using small molecule enzyme inhibitors in order to increase apoptosis in 
arthritic apoptosis-resistant synovial tissue (Hutcheson & Perlman, 2008).  

5.3 T-cells, growth factors, metalloproteinase(s) and assorted other gene targets 
T-cell receptor (TCR) gene transfer was originally proposed as a novel approach for use in 
antigen-specific immunotherapy (Fujio et al., 2006). Thus, in lupus-prone NZB/W F1 mice, 
nucleosome-specific TCRs and CTLA4-Ig-transduced cells suppressed autoantibody 
production and the development of nephritis whereas in CIA, TCRs recovered from T-cells 
that accumulated in the affected arthritic joints combined with TNFR-Ig -transduced cells or 
TCRs in combination with Forkhead box p3 (Foxp3) transcription factor-transduced cells, 
the latter a marker of the regulatory T-cell phenotype (Haque et al., 2010) suppressed the 
progression of arthritis and reduced bone erosions (Fujio et al., 2007a, 2007b). These results 
indicated that the production of antigen-specific T-cells engineered to express specific 
functional genes could be a productive immunotherapeutic strategy for future 
considerations in the treatment of human autoimmunity and arthritis. 
Several growth factors pertinent to the abnormal increase in microvascular density that is a 
characteristic of RA synovial tissue have been targeted by gene constructs, including, VEGF 
(Afuwape et al., 2003), Ang-1 and Tie-2 (Fielder & Augustin, 2006). Because increased levels 
of synovial tissue Tie-2 and Ang-1 were shown to correlate with aberrant neoangiogenesis in 
CIA (DeBusk et al. 2003), Chen et al. (2005) studied the extent to which arthritis in CIA could 
be regulated by a Tie-2 gene construct. Thus, the severity of arthritis was markedly reduced 
when an adenovirus vector containing a soluble Tie-2 receptor (Ad.ExTek) was locally 
administered after the onset of arthritis. In addition, Ad.ExTek protected mice with CIA 
against bony erosions, suppressed neoangiogenesis, reduced the level of RANKL, but did 
not suppress anti-Type II collagen antibody production. However, a search of the PubMed 
literature since 2007 did not reveal any current studies directed at targeting angiogenesis via 
either Ang-1 or Tie-2 gene therapy suggesting that a greater focus has been placed on 
defining a common thread such as PI3K/Akt/PTEN/mTor pathway activation as a way of 
regulating neoangiogenesis in CIA (Wang et al., 2008).   
The failure of chondrocytes to respond to insulin-like growth factor-1 (IGF-1) has been 
proposed as one of the mechanisms that underlie the inefficient repair of articular cartilage 
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in arthritis (van de Loo et al., 2008). Although the results of a study (Nixon et al., 2005) 
showed that synovial membrane co-transduced in vitro with an E1-deleted adenovirus 
vectors, one containing IGF-1 and the other IL-1 receptor antagonist (IL-1Ra) regulated by a 
cytomegalovirus promoter increased IGF-1 and IL-1Ra mRNA, an analysis as to the extent 
to which a gene strategy such as this one was capable of altering cartilage homeostasis in 
CIA was not performed. Thus, the more recent study results reported by Izal et al. (2008) 
becomes more significant because AAV-derived vectors containing IGF-1 increased secreted 
IGF-1 protein in cells infected with AAV-IGF-1 and increased cartilage protein synthesis 2 
months after being locally administered into rats. However, this result could be not be 
reproduced in rats with CIA or in rats in which the arthritis was induced by mechanical 
injury indicating that AAV vectors capable of up-regulating the expression of IGF-1 in vitro 
was not an effective chondroprotective strategy.   
Three additional targets for which gene therapy has been employed in experimental models 
of arthritis are worthy of comment. The down-regulation of MMP gene expression and 
inhibition of MMP activation are critical mechanisms for regulating cartilage and bone 
extracellular matrix degradation in RA (Zafarullah et al., 2008). Chia et al. (2008) employed 
the mouse model of CIA to show that the MMP-9 (92kDa gelatinase) gene was up-regulated 
in both the acute and chronic (late) stage of mouse CIA whereas elevated IL-1β gene 
expression was limited only to the acute stage of CIA. This result suggested that targeting 
MMP-9 by gene therapy could significantly limit the destruction of cartilage and bone 
extracellular matrix in CIA. Furthermore, because the activity of MMP-9 is regulated by 
neutrophil gelatinase-associated lipocalin (NGAL) which prevents the autocatalytic 
degradation of pro-MMP-9 (Gupta et al., 2007), NGAL synthesis could also be targeted by 
gene therapy to determine the extent to which down-regulating NGAL gene expression 
reduces the onset and/or severity of arthritis in CIA. Resistance to induction of apoptosis in 
RA synoviocytes results in perpetuating the inflammatory response in RA synovium for 
which several intracellular pathways that regulate the induction of apoptosis are known to 
converge contributing to RA pathogenesis  and progression, including the development of 
pannus (Baier et al., 2003; Ospelt et al., 2004; Sweeney & Firestein, 2004; Malemud & 
Gillespie, 2005). Since it would be unlikely that inhibiting only one of these intracellular 
signaling pathways would induce apoptosis in RA synovium (Malemud, 2011), it was 
notable that Chen et al. (2009) showed that an E1B-55-kDa-deleted AV (Ad.GS1) driven by 
the human telomerase reverse transcriptase promoter induced cytolysis of human RA 
synovial fibroblasts and synoviocytes from rats with CIA ex vivo. Further, Ad.GS1 replicated 
only in arthritic rats where Ad.GS1 significantly reduced ankle size, the arthritis severity 
score, radiographic progression, and histological evidence of joint inflammation while also 
suppressing the expression of IL-1β, MMP-9 and prolyl-4-hydroxylase, the latter a marker of 
collagen biosynthesis (Kivirikko et al., 1989). Thus, Ad.GS1 was the first AV-vector driven 
by a telomerase promoter that was shown to ameliorate the severity of arthritis in CIA while 
also suppressing IL-1β and MMP-9, but with reduced collagen synthesis. The overall 
significance of Ad.GS1 in reducing prolyl-4-hydroxylase activity in RA cartilage and bone 
repair has not been completely elucidated. Finally, α-1-antitrypsin (AAT) belongs to a class 
of acute phase reactant proteins which is also well known as an anti-inflammatory protein 
with marked tissue protective characteristics. Whereas serum levels of AAT are generally 
altered in RA, AAT levels failed to correlate with the titer of rheumatoid factor but AAT did 
correlate with erythrocyte sedimentation rate (Cylwik et al., 2010). Further, AAT levels were 
closely related to RA clinical activity as measured by the Disease Activity Score-28 criteria. 
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Recently, Grimstein et al. (2010; 2011) showed that mice with CIA treated either with AAT 
or rAAV-AAT alone or in combination with doxycycline delayed the onset and reduced the 
severity of arthritis. The severity of arthritis in CIA was correlated with reduced levels of 
BAFF and with lower anti-collagen autoantibodies suggesting that a major target of AAT 
therapy in CIA was to suppress the activity of hyperactive B-cells.  

6. Conclusions 
Significant progress has been made in the potential for future medical therapies of RA to 
employ gene therapy. In that regard, a few gene therapy strategies have already been tested 
in cell cultures and pre-clinical animal models of arthritis most notability in the CIA model 
in mice and rats. Of note, several targets for gene therapy such as IL-1Ra, TNF-α, and IL-17 
have already yielded DMARBDs or other forms of neutralizing compounds which are either 
currently being assessed in pre-clinical studies, tested in RA clinical trials or routinely used 
in the treatment of RA in clinical practice (Genovese et al., 2010; Finckh & Gabay, 2008; 
Gibbons & Hyrich, 2009; Ishiguro et al., 2011; Sênolt et al., 2009; Toh et al., 2010). However, 
the positive results obtained with various gene therapy strategies in cell cultures and/or in 
animal models of arthritis must always be cautiously interpreted as the previous supportive 
results with inhibitors of p38 kinase in arthritis animal models (Böhm et al., 2009; 
Hammaker & Firestein, 2010) which provided the impetus for the clinical testing of p38 
kinase inhibitors proved to be disappointing in terms of clinical outcomes in human RA 
trials (Genovese, 2009). Thus, it remains to be seen if the biopharmaceutical industry will 
use pertinent targets for RA intervention such as IL-10, BAFF, MMP-9, etc. in gene therapy 
studies so that the effects of these gene constructs can be pre-clinically assessed. In addition, 
an increased attention to the potential negative biological effects of the viral vectors so 
commonly used to regulate the activity of these gene constructs must also take place. If no 
toxic or adverse effects occur in pre-clinical testing, then and only then should these gene 
constructs be further developed for their eventual assessment in RA.  
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1. Introduction 
Each year more than 15 million fractures are treated in the United States and billions of 
dollars are spent on the treatment musculoskeletal injuries (Brinker, 2004). Ten to fifteen 
percent of fractures fail to heal correctly resulting in non-union or delayed union healing 
(Einhorn 1995; Klamut et al., 2004; Pelled, et al., 2010). The underlying medical conditions, 
including osteoporosis, contributing to inadequate bone healing during fracture repair are 
numerous and have been previously reviewed (Komatsu and Warden, 2010; Evans, 2010). 
With regard to normal or impaired fracture repair, stimulation and/or acceleration of bone 
healing would yield considerable health and economic benefits. In orthopedics, there is 
great interest in reducing fracture healing time, increasing the rates of unions or complete 
regeneration and in being able to treat non-unions more successfully.  
One non-traditional approach of accomplishing this is by applying gene therapy to alter the 
cellular and/or molecular milieu in areas in need of regeneration.  Gene therapy could be 
used to increase the local concentration of osteoinductive molecules at the fracture site 
thereby stimulating healing at sites of non-union or accelerating union in the case of normal 
fracture healing. Regenerative genes that replace recombinant osteogenic proteins are 
attractive alternatives to the costly therapeutics now available in the clinic. Direct gene 
therapy should be regarded as the most straight forward approach to fracture repair and 
this approach will be the main focus of this review. 
Gene therapy is a new frontier that incorporates the current scientific understanding of 
human physiology, cellular and molecular biology, and in some cases virology to develop 
new and more effective treatments for diseases and disorders. In some cases this involves 
direct correcting of defective genes and other times it is merely a means to enhance 
production of selected proteins for a specified period of time such as during the healing of a 
fractured bone. Although gene therapy was initially conceived to treat often lethal genetic 
disorders, its applications have expanded to non-lethal conditions such as non-union 
fractures and will one day be used to expedite normal human healing processes such as 
fracture repair.  
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2. Clinical treatment of bone fractures 
Traditional approaches to treating fractures have varied according to the subject and their 
condition. Standard treatment for a simple or “green-stick” fracture is immobilization 
usually by the application of a cast for approximately 6 weeks. The decision of whether to 
surgically intervene in bone repair is dictated by developing circumstances. Obviously, one 
would not intervene in a younger patient without a severe injury or impaired healing. 
Additionally, in elderly patients, the risk of surgical stress to the subject might outweigh the 
potential benefits of surgical intervention. Bone repair clinically often involves the “wait and 
see” approach to healing, during which time physicians hope that the bone heals. Surgical 
intervention, despite the risks, is often necessary to deal with severe musculoskeletal injuries 
that accompany major trauma. These injuries often require surgical reduction of the fracture, 
involve significant soft tissue damage or infection, any of which can alter the surgical 
approach beyond that normally used for simple fractures. 
There are also chronic situations of impaired healing in patients with health conditions in 
which surgery is risky, or in which it has failed, and that might benefit from novel molecular 
therapeutic approaches to improve healing. A variety of conditions present potential risks 
and benefits to fracture therapy, necessitating careful consideration of the need and the type 
of intervention. The application of gene therapy certainly could avoid some of the stress of 
the traditional and more invasive approaches such as surgical intervention. Additionally, 
with proper development, gene therapy could also be used to accelerate fracture repair and 
return to function in cases generally not deemed in need of surgical intervention. 

3. Fracture repair 
Fracture healing coordinates several molecular pathways and is initiated by the 
inflammatory response of the injury. There are generally four recognized stages of fracture 
repair that involve different processes of cell recruitment, proliferation, differentiation and 
remodeling (Fig. 1): 1) the infiltration of inflammatory cells to the wound, 2) 
intramembranous bone formation, 3) cartilage/endochondral bone formation by the cells of 
the soft callus, and 4) endochondral bone formation and remodeling of the fracture callus 
(Bolander, 1992; Franceschi, 2005). When a fracture is sustained, an inflammatory response 
occurs, recruiting granulocytes, polymorphonuclear neutrophils and macrophages that 
remove debris and microorganisms and release osteoinductive molecules. A hematoma is 
formed in response to platelet derived growth factor (PDGF), insulin-like growth factors 
(IGFs), tumor necrosis factor (TNF) and fibroblast growth factor-2 (FGF-2). Various growth 
factors stimulate periosteal cell proliferation and the differentiation of chondrocytes that 
compose fracture cartilage that eventually bridges the fracture gap with cartilage. Bone 
formation and resorption, mediated by osteoblasts and osteoclasts, respectively function to 
convert the cartilage to a woven, low-density (trabecular-type) bone that is subsequently 
remodeled to lamellar cortical bone of pre-fracture structural and functional integrity. The 
underlying physiological and biomechanical conditions that regulate the transition of the 
cells through the stages of healing affect the rate of fracture repair (Fig. 1).  
Fracture repair involves the interplay of the well regulated interdependent processes of 
chondrogenesis and osteogenesis. These processes have been characterized by gene 
profiling of the regulated expression of numerous growth factors, growth factor receptors, 
cytokines and transcription factors (Hadjiargyrou et al., 2002; Li et al., 2005; Rundle et al., 
2006; Bais et al., 2009). The effect of growth factors and other regulatory proteins on fracture 
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repair have also been characterized by observational studies of fracture repair in normal 
animal subjects compared to those with genetically defined deficiencies, i.e., knockout mice. 
These approaches have identified candidate genes through protein and gene expression 
studies in situ or global studies in different models of fracture repair (Zhang, et al., 2002; 
Rundle, et al., 2006; Ota, et al., 2009; Komatsu, et al., 2010). Subsequent development of 
knockout mice deficient in the expression of the gene(s) has then established the functional 
significance of their expression during fracture healing, and key molecular pathways have 
been elucidated. In this way the study of various knockout mouse strains with different 
gene deficiencies has provided valuable information on molecular regulation of fracture 
repair. These studies have also revealed two other problems. There is considerable 
redundancy in the regulation of fracture repair, such that the predicted phenotype is often 
masked by the expression of genes with redundant functions. Also, these studies have been 
forced to adapt to the problem that several growth factors that cannot be compensated for 
are embryonic or perinatal lethal, and very difficult to use in bone repair studies on live 
animals. The fracture model has therefore been further adapted to use conditional knockout 
mice that express the gene of interest from a regulatable system, such as tamoxifen or tet-
related regulation. In these cases the investment in the development of the mouse strain has 
to be considered, but these studies have nevertheless proven extremely valuable. 
 

 
Fig. 1. Fracture repair. The time of appearance and duration of the different processes that 
regulate the stages of fracture callus development are shown. Bony union of the fracture 
callus in the mouse and the rat fracture models occurs during the fourth week of healing, 
and remodeling follows. 

4. Bone development 
The similarities between bone repair and bone formation extend to intramembranous bone 
and endochondral bone repair, two different types of bone that heal through the molecular 
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mechanisms that were functional during their development. This concept is stated as “repair 
recapitulates development” and has been associated with bone, as it has with other tissues 
(Gerstenfeld et al., 2003; Bais et al., 2009). It is highly informative to view fracture repair in 
the context of the cells that mediate the development of the different types of bone during 
embryogenesis: osteoblast maturation for intramembranous bone repair and chondrocyte 
maturation and osteoblast maturation for endochondral bone repair. Both intramembranous 
and endochondral bone formation are observed during embryonic skeletal development 
and both of these processes of bone formation are recapitulated during fracture repair. As 
encountered with other tissues during healing, an examination of the molecular pathways of 
fracture repair has established that bone repair shares several similarities with embryonic 
bone formation. 

4.1 Intramembranous bone formation 
The flat bones of the skeleton are formed by membranous bone formation, and include the 
vertebrae and the bones of the skull vault, mandible, and scapula. In contrast to 
endochondral bone formation, in areas of intramembranous bone formation mesenchymal 
cells differentiate directly into osteoblasts without a cartilage intermediate. As the 
osteoblasts proliferate and differentiate they synthesize the osteoid that eventually 
mineralizes. During intramembranous bone formation, angiogenesis is essential and bone 
formation occurs in regions rich in blood vessels. Osteoblast development is promoted 
through the expression and reaction to the expression of different transcription factors and 
families of growth factors (Fig. 2). 
 

 
Fig. 2. Osteoblast development. Major transcription factors and growth factors that promote 
the different stages of osteoblast development are illustrated (adapted from Karsenty, 2009). 

Bones of intramembranous origin heal entirely through intramembranous bone formation. 
Additionally, an endochondral bone fracture that is sufficiently stable can also heal entirely 
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through a fracture callus formed by intramembranous bone formation, without a cartilage 
intermediate. Intramembranous bone formation also occurs in “gap” repair during direct 
bone healing, when woven bone bridges the injury between the ends of the cortical bone 
without any callus formation; that bone is subsequently remodeled to lamellar bone. This 
type of bone repair is the principle upon which distraction osteogenesis by the Ilizarov 
technique is based. 

4.2 Endochondral bone formation 
The long bones of the limbs, the ribs and vertebrae are all formed through endochondral 
bone formation. During embryonic development, in areas where the aforementioned bones 
are created, mesenchymal stem cells (MSCs) concentrate and create regions of high cell 
density that represent outlines of future bones. As MSCs within long bone structures 
differentiate, they proceed down the endochondral bone formation path. The cells either 
differentiate into bone-forming osteoblasts (Fig. 2) or differentiate into cartilage-forming 
chondrocytes (Fig. 3). This type of bone formation occurs in areas from which blood vessels 
are reduced or excluded. As endochondral bone formation proceeds, the proliferating 
chondrocytes in the avascular regions cease to proliferate and hypertrophy. At this point, 
blood vessels invade the hypertrophic cartilage and osteoblasts form bone around the 
hypertrophic chondrocytes, resulting in the formation of a primary ossification center. The 
hypertrophic cartilage is progressively replaced with (trabecular-type) woven bone of the 
bony fracture callus that is itself eventually remodeled to cortical bone to complete healing.  
 

 
Fig. 3. Chondrocyte development. Major transcription factors and growth factors that 
promote the different stages of chondrocyte development are illustrated (adapted from de 
Crombrugghe and Akiyama, 2009; Kronenberg et al., 2009). 

Two important tissue repair processes do differ from embryonic development: 1) 
inflammation and 2) angiogenesis. Inflammation characteristic of fracture repair is 
completely absent during bone development. Repair studies conducted in utero have 
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introduced inflammation in an embryo and impaired embryonic tissue repair developed to 
the point where embryonic tissues uncharacteristically formed scars. These characteristics 
are important considerations for bone therapy, a tissue that does undergo an acute 
inflammatory phase mediated from the innate immune system that is necessary for fracture 
repair. However, evidence from T cell and B cell deficient mice has also suggested that even 
in the absence of an immune response, the adaptive immune system mediates an 
inflammation that can impede fracture repair, suggesting immune regulation of the pro- and 
anti-inflammatory cytokines (Toben et al., 2011). Additionally, bone therapy must also 
consider the sources of chronic or infectious inflammation that can impede healing and 
produce delayed healing or scarring. Therefore, inflammation offers the chance to regulate 
and promote an important early stage of healing that is distinct to tissue repair, but one in 
which poor regulation could ultimately severely impair healing. Studies on knockout mice 
have demonstrated the requirement for innate inflammatory cells and signaling molecules 
for efficient bone repair. 
Angiogenesis, the development of new blood vessels from existing blood vessels, is 
characteristic of fracture repair, while vasculogenesis, the de novo development of blood 
vessels, is the mechanism by which the embryonic vasculature develops. Perfusion of the 
fracture callus vasculature in a rat femur osteotomy model revealed that the invasion of the 
vasculature in the healing fracture, while similar in structure and progression to the growth 
plate during development, did seem to display a variable spatial organization different from 
the linear orientation of the developmental growth plate (Mark et al., 2004). This might be 
due to the chondrocyte organization affected by the enlarged circumference of the fracture 
callus relative to the growth plate. Street et al. (2002) demonstrated that locally applied 
vascular endothelial growth factor (VEGF) promoted angiogenesis and bone healing in two 
different models of bone repair: mouse femur fractures that heal by endochondral bone 
formation, and in rabbit tibial unicortical defects that heal by intramembranous bone 
formation. These results establish that angiogenic factors are important in regulating the 
different types of bone repair and suggest that repair and development utilize the same 
growth factor families; it seems likely that they would also act through the same 
mechanisms.  However, the regulation of angiogenesis involves several different families of 
growth factors, signaling molecules and extracellular matrix enzymes, and intervention to 
improve angiogenesis probably involves complex regulation that requires a detailed 
understanding, for dysregulated angiogenesis has been associated with cancer. 

5. Development of gene therapy for fracture repair 
5.1 Bone healing 
For the description of the effects of therapeutic efficacy, of gene therapy, it is first important 
to agree on the definition of bone healing. The ultimate objective of bone repair is the 
bridging of the cortical defect with bone and the return to pre-fracture mechanical strength 
and function. An orthopedic definition of healing concludes that healing is successful when 
there is bridging of the cortical injury in three of four aspects when viewed by X-ray (the 
two cortices viewed in the anterior-posterior aspect, and those cortices viewed in the lateral-
medial aspect). However, a definition often used to evaluate the healing of in vivo models of 
fracture repair for research purposes simply defines healing as the appearance of a bony 
callus over the cortical injury, a condition that will remodel to pre-fracture bone absent 
complicating factors, such as infection. Both definitions describe the same process, although 
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at different stages. It is critical to develop atherapy that actually promotes bony union, 
rather than a therapy that simply produces a larger fracture callus. It is therefore necessary 
to evaluate the characteristics of the healing fracture to identify the target tissues or the 
particular defect, engineer the vehicle and select the transgene that provides the best 
opportunity for timely expression in the appropriate fracture tissues.  

5.2 Source of cells 
There has been considerable effort dedicated to identifying the source of the cells that 
contribute to the fracture callus tissues, and some debate as to whether the cells required for 
fracture callus development are derived from the circulation, as would be expected for stem 
cells, or whether they are derived from cells resident in the periosteum and bone marrow. 
The studies of Meyers et al. (2010) support mesenchymal stem cell (MSC) homing to the 
fracture site mediated by CXCR4 expression and that these cells contribute to healing. On 
the other hand, the experiments of Colnot et al. (2006, 2009) seem to indicate that the bone 
formation capacity of the fracture callus originates locally and support the periosteum as the 
primary source of cells for bone and cartilage formation in the fracture callus. Through bone 
marrow transplant studies, this work determined that the bone formation cells were derived 
from the recipient and not from the donor through the circulation; the inflammatory and 
osteoclast populations were derived from the donor through the circulation, which is in 
agreement with the hematopoietic origin of these lineages. Other studies  demonstrated that 
the periosteum responded to chondrogenic stimulation by BMP-2 (Yu et al., 2010). Finally, 
these studies have established that while the endosteum has osteogenic potential, the 
periosteum possesses chondrogenic and osteogenic potential, evidence that bone formation 
potential is local in origin. Other populations of cells that are not derived from the 
periosteum are also required for fracture repair, most notably the inflammatory cells and 
osteoclasts that are derived from the hematopoietic cell repertoire and arrive at the fracture 
site through the bone marrow or the reforming periosteal circulation. This conclusion argues 
against developing a gene therapy with circulating multipotent stem cells as the primary 
source of cells for the repair of bone tissue. Whatever the defect, it is critical to identify and 
target the cell populations and the particular function that might be deficient. 
If the periosteum is the tissue targeted for gene therapy in the clinic, the delivery 
approach and the vector/transgene combination must account for the morphology and 
the cellular composition of the periosteum during fracture healing. Immediately post-
fracture, the most obvious time to use gene therapy to intervene to improve fracture 
repair, the periosteum is only a few layers of fibroblast and pre-osteoblast cells in 
thickness, making accurate therapeutic gene delivery possible but vector retention very 
difficult. Additionally, the periosteum is usually disrupted by fracture, and a significant 
interruption in the periosteum can impede the therapeutic application, as well as more 
significantly impair normal fracture repair. While the fracture periosteum thickens very 
rapidly in the initial stages of fracture repair, the therapy must be applied to dividing cells 
to disperse the therapy in the callus that forms. This problem is addressed by using a 
targeting system that can best transfect the resident cells present in the tissue at that time, 
such as a Murine Leukemia Virus (MLV)-based vector or an electroporated non-viral 
vector that would transduce or transfect the cells that proliferate in the first few days 
post-fracture (Iwaki et al., 1997). The therapy can then be propagated throughout the 
fracture tissues as the host cells proliferate (Rundle et al., 2003). The choice of vector for a 
particular stage of healing is therefore very important. 
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introduced inflammation in an embryo and impaired embryonic tissue repair developed to 
the point where embryonic tissues uncharacteristically formed scars. These characteristics 
are important considerations for bone therapy, a tissue that does undergo an acute 
inflammatory phase mediated from the innate immune system that is necessary for fracture 
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in the absence of an immune response, the adaptive immune system mediates an 
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different models of bone repair: mouse femur fractures that heal by endochondral bone 
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at different stages. It is critical to develop atherapy that actually promotes bony union, 
rather than a therapy that simply produces a larger fracture callus. It is therefore necessary 
to evaluate the characteristics of the healing fracture to identify the target tissues or the 
particular defect, engineer the vehicle and select the transgene that provides the best 
opportunity for timely expression in the appropriate fracture tissues.  

5.2 Source of cells 
There has been considerable effort dedicated to identifying the source of the cells that 
contribute to the fracture callus tissues, and some debate as to whether the cells required for 
fracture callus development are derived from the circulation, as would be expected for stem 
cells, or whether they are derived from cells resident in the periosteum and bone marrow. 
The studies of Meyers et al. (2010) support mesenchymal stem cell (MSC) homing to the 
fracture site mediated by CXCR4 expression and that these cells contribute to healing. On 
the other hand, the experiments of Colnot et al. (2006, 2009) seem to indicate that the bone 
formation capacity of the fracture callus originates locally and support the periosteum as the 
primary source of cells for bone and cartilage formation in the fracture callus. Through bone 
marrow transplant studies, this work determined that the bone formation cells were derived 
from the recipient and not from the donor through the circulation; the inflammatory and 
osteoclast populations were derived from the donor through the circulation, which is in 
agreement with the hematopoietic origin of these lineages. Other studies  demonstrated that 
the periosteum responded to chondrogenic stimulation by BMP-2 (Yu et al., 2010). Finally, 
these studies have established that while the endosteum has osteogenic potential, the 
periosteum possesses chondrogenic and osteogenic potential, evidence that bone formation 
potential is local in origin. Other populations of cells that are not derived from the 
periosteum are also required for fracture repair, most notably the inflammatory cells and 
osteoclasts that are derived from the hematopoietic cell repertoire and arrive at the fracture 
site through the bone marrow or the reforming periosteal circulation. This conclusion argues 
against developing a gene therapy with circulating multipotent stem cells as the primary 
source of cells for the repair of bone tissue. Whatever the defect, it is critical to identify and 
target the cell populations and the particular function that might be deficient. 
If the periosteum is the tissue targeted for gene therapy in the clinic, the delivery 
approach and the vector/transgene combination must account for the morphology and 
the cellular composition of the periosteum during fracture healing. Immediately post-
fracture, the most obvious time to use gene therapy to intervene to improve fracture 
repair, the periosteum is only a few layers of fibroblast and pre-osteoblast cells in 
thickness, making accurate therapeutic gene delivery possible but vector retention very 
difficult. Additionally, the periosteum is usually disrupted by fracture, and a significant 
interruption in the periosteum can impede the therapeutic application, as well as more 
significantly impair normal fracture repair. While the fracture periosteum thickens very 
rapidly in the initial stages of fracture repair, the therapy must be applied to dividing cells 
to disperse the therapy in the callus that forms. This problem is addressed by using a 
targeting system that can best transfect the resident cells present in the tissue at that time, 
such as a Murine Leukemia Virus (MLV)-based vector or an electroporated non-viral 
vector that would transduce or transfect the cells that proliferate in the first few days 
post-fracture (Iwaki et al., 1997). The therapy can then be propagated throughout the 
fracture tissues as the host cells proliferate (Rundle et al., 2003). The choice of vector for a 
particular stage of healing is therefore very important. 
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Cells derived from the circulation are commonly thought to be MSC in origin or function, 
are attracted to the fracture site and subsequently proliferate to become soft tissue. Another 
concern with stem cells is that the probability of transformation to a cancerous state appears 
to be more characteristic than with other types of cells. Stem cells have great potential for 
fracture therapy, but their contributions to the fracture tissues and their responses to 
manipulations as therapeutic vehicles must be carefully considered. 

5.3 Growth factor genes 
A considerable effort has been expended in determining the genes that are critical at 
different stages of repair for the healing process. Gene therapy attempts to intervene with 
factors that improve the normal healing process. The skeletal gene therapy strategies to date 
have targeted the osteoblasts, osteogenic progenitors, chrondrogenic progenitors and other 
cells within the fracture repair region.  
To begin to identify appropriate target genes that might be used to accelerate healing, 
several laboratories subjected mRNA isolated from different aspects of fracture repair to 
gene profiling procedures to gain insight to the molecular pathways regulating each 
situation, including the stages of fracture repair (Hadjiargyrou et al., 2002; Li et al., 2005; 
Rundle et al., 2006) and the expression of genes of current therapeutic interest, such as stem 
cell genes  (Bais et al., 2009). A variety of genes, involved in activation and repression, were 
discovered to participate in each stage of the repair process and suggest therapeutic 
candidates for fracture repair, but the first target genes selected for fracture therapy were 
those that influenced the rate of osteoblast differentiation and thus bone formation (Fig. 2).  

5.4 Fracture model 
Fracture models have taken different paths for research purposes: 1) genetic models to 
describe the functional importance of a gene or gene pathway for healing, and 2) procedural 
manipulations that examine mechanisms of healing or model clinical situations for the 
evaluation of therapeutic intervention. 
Intramembranous bone repair models have modeled bone repair on those bones that 
undergo intramembranous bone formation, often using a rodent calvarial defect model. In 
this case, a defect of a critical size that will not heal without intervention is produced in the 
calvaria and viral or cell-mediated therapy applied on a scaffold (Gysin et al., 2002; Pelled et 
al., 2010). These models have been successful in promoting the healing of the critical size 
defect and show great potential for developing therapy to repair skull and facial injuries, or 
conditions resulting from birth defects or cancer.    
Endochondral bone repair models have become the most common model for bone repair, 
traditionally using rodents. The rat has been the preferred model for pharmacological 
studies, and the femur fracture model was originally developed in the rat (Bonnarens and 
Einhorn, 1984). The phases of endochondral bone healing in rodents have been 
characterized in detail in numerous reviews, but the initial description of endochondral 
bone healing in the rat (Bolander, 1992) is still the standard of fracture callus development to 
which impaired healing is compared and by which therapy is evaluated (Fig. 2).  
The development of genetically defined (knockout) mouse strains has necessitated 
adaptation of the rat model to the mouse. There is an obvious problem with the size of the 
animal model; because the mouse tibia was larger than other limb bones and more 
accessible for surgery, tibial fracture models were developed first (Hiltunen et al., 1993). 
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This model is used quite often, but the variable architecture of the tibia makes fracture 
production and healing more variable, and fracture calluses usually present with some 
asymmetry. The mouse femur has a much more consistent architecture, and although 
smaller and very close to the body and therefore more difficult to surgically manipulate, the 
mouse femur facture model has been used. Fracture repair studies also tend to be driven by 
the availability of the desired mouse strain and whether it is viable to serve as a subject of 
bone repair. This problem has necessitated the development of conditional knockout mouse 
strains as described above. To add to the difficulties of fracture analysis, the genetic 
background of the mouse strain under study can impact healing, and result in variations in 
callus size and tissue content that should be considered when analyzing bone development 
and fracture repair in knockout mice (Jepsen et al., 2008). Even with consistent fractures and 
bone architecture, differences in fracture repair can be subtle, especially among strains of 
knockout mice. Traditional approaches using X-ray examination to visualize the fracture 
callus have been confined to fracture production, or at best preliminary screening of healing. 
It is necessary to refine analysis techniques to improve the sensitivity. In this respect, micro-
CT analysis of fracture repair has become invaluable (Morgan et al., 2009; Bouxsein et al., 
2010). The disadvantage here is that the soft tissue callus is excluded from the analysis, so 
that conclusions on fracture repair are limited to bone formation. However, recent 
adaptations of the micro-CT have resolved differences in the vasculature of osteopontin 
knockout mice, a powerful application for evaluating angiogenesis in bone repair (Duvall et 
al., 2007). Histomorphometry is also used quite frequently to evaluate soft and hard fracture 
callus tissues with high resolution (Gerstenfeld et al., 2005).  
The development of the even more challenging models of fracture repair that one would 
expect to encounter in a clinical situation has emphasized the study of surgical segmental 
defects. Recently, investigations have characterized endochondral bone formation during 
fracture healing in response to delayed stabilization, or when stabilization of the fracture is 
reduced or delayed (Miclau et al., 2007). Although the periosteum is disrupted during the 
standard closed fracture model, it is severely interrupted in these models. The periosteum is 
a critical source of cells for fracture repair; segmental cortical bone graft transplantations 
from ROSA 26A mice demonstrated that approximately 70% of the recipient graft was 
derived from the donor, as observed by β-galactosidase staining. Moreover, the donor cell 
transplants mediated BMP-2 therapy that improved segmental defect vascularization and 
healing (Zhang et al., 2005). A recent study demonstrated that a periosteal covering was 
necessary for healing a segmental defect in a “trabecular” metal cylinder implant to the 
femur diaphysis of the goat. In the absence of a periosteum, the implant lacked the bone 
ingrowth associated with healing (Bullens et al., 2010).  Whether on not the periosteum is 
the main source of cells for fracture repair, impaired fracture repair with periosteal resection 
indicates that it is a major mediator of fracture callus development. Other approaches have 
induced ischemia through femoral artery resection which demonstrated the importance of 
the circulation to fracture repair (Lu et al., 2007). These models produce significantly 
delayed or non-union fracture healing. Evaluation of PTH therapy in an open rat femur 
fracture model revealed that it was not as successful as in the closed fracture model (Tagil et 
al., 2010), indicating that fracture therapy cannot be extrapolated to all clinical conditions. 

5.5 Delivery of therapy to the fracture model 
The delivery of gene therapy can be critical for the success of bone repair. Without injury, 
the periosteum consists of only a few cell layers of osteoblasts and fibroblasts. Its 
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standard closed fracture model, it is severely interrupted in these models. The periosteum is 
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development into a fracture callus is dramatic. However, at the time of fracture and for a 
few days thereafter, the periosteum presents a small target for accurate application of the 
vector and transformation of the resident cells. The two options that exist for the delivery of 
therapy to a rodent fracture are percutaneous applications to the bone surface, and 
intramedullary injections. Most of our fracture therapy has utilized percutaneous injections. 
Injections of a radio-opaque contrast dye soon after fracture (Fig. 4A) established that even 
small volumes applied percutaneously leak from the periosteal surface into the surrounding 
tissues (Fig. 4B). The percutaneous application to the lateral aspect of the mouse femur 
fracture limited transgene expression to that aspect of the fracture callus. Intramedullary 
injections can distribute the injection around the fracture circumference, but leakage into the 
supra-periosteal tissues still occurs. The vector can facilitate transformation of the target 
tissues; in the case of rapidly proliferating periosteal cells in early fracture healing (Iwaki et 
al, 1997), transgene expression was propagated quite well from the MLV-based vector 
following percutaneous injection (Roe et al., 1993). The efficiency of delivery might also be 
compensated for by the transgene; a BMP transgene produced heterotopic bone in the 
surrounding tissue (Rundle et al., 2003), while a Cyclooxygenase (COX)-2 transgene did not 
(Rundle et al., 2008). Hence, the choice of vector and transgene can compensate for some of 
the difficulties in accurate delivery of the therapy and growth factor genes are discussed 
below with the gene therapy vectors they utilized for gene transduction and expression.  
 

 
Fig. 4. Fracture therapy delivery by lateral percutaneous injection to the mouse femur 
fracture site. To illustrate the delivery technique, a radio-opaque contrast dye is injected and 
tracked by fluoroscopy. The injection needle is placed on the fracture at midshaft, and 25 ul 
of the dye injected. The intramedullary stabilizing pin of this model is visible perpendicular 
to the needle. (A) Immediately before injection. (B) Immediately after injection. Scale bar = 5 
mm.  

6. Vectors for fracture therapy 
6.1 Viral vectors 
Because there are several significant advantages to viral vectors, they are by far the most 
extensively studied vector for gene therapy. Viral vectors possess the ability to transduce 
their DNA into a variety of cells. They are relatively easy and cheap to produce and some 
will integrate into the host genomic DNA. The two main types of viral vectors used for in 
vivo fracture repair gene therapy are adenoviruses and retroviruses (Klamut et al., 2004; 
Evans, 2010; Pelled et al., 2010). 
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Adenoviruses are double-stranded DNA viruses that do not generally insert into the 
genome of the host cell but remain extrachromosomal. Adenoviruses are highly efficient in 
that they have a wide host cell range, transduction is followed by rapid transgene 
expression and they can transduce dividing and non-dividing cells; but these vectors 
provide only transient gene expression because they do not integrate into genomic DNA. 
Direct injection of a transgene into the fracture site in small and large animal models, 
performed percutaneously, was accomplished using adenoviral vectors encoding bone 
morphogenetic proteins (BMPs), vascular endothelial growth factor (VEGF) and other 
growth factors (Evans, 2010). Adenovirus directed BMP-2, BMP-4, and BMP-6 have all been 
reported to stimulate bone formation when directly injected at the fracture site (Baltzer et al., 
2000a; Baltzer et al., 2000b; Chen et al., 2002; Bertone et al., 2004). However, in some models 
adenovirus directed BMP delayed healing (Egermann et al., 2006) and even when enhanced 
healing is reported, it is often accompanied by ectopic bone formation in the musculature, 
which is counterproductive. Clinical trials with adenoviral vectors have indicated that these 
vectors stimulate an immune response and this feature impedes the repair process and 
opportunities for multiple applications. Thus, adenoviral vectors have not yet been used 
successfully and are unlikely to be used in the clinic to accelerate fracture repair.  
Adeno-associated vectors (AAV) are single stranded-DNA viruses that do not integrate 
readily into the host-cell genome but are capable of transducing a number of cell types 
whether they are dividing or not.  Problems with producing the virus in large quantities, the 
small transgene carrying capacity and other technological considerations have limited the 
use of this vector for gene therapy applications. However, AAVs have been incorporated 
into Gene Activated Matrices (GAMs) to reduce their immune response and to effectively 
deliver a gene therapeutic to a bone defect. AAV in a GAM (collagen implant) transduced 
host cells surrounding the implant and led to remodeling of the allograft and replacement 
with bone (Koefoed et al., 2005; Evans, 2010). 
Retroviruses are RNA viruses and therefore in order to replicate they must integrate into the 
host DNA. Retroviruses are highly regarded as orthopedic vectors because they possess the 
ability to transduce osteoblasts, bone marrow stromal cells, chondrocytes, and muscle-
derived stem cells. Retroviruses transduce a variety of cells with high efficiency; they are 
highly stable; they have a large transgene capacity (i.e., more than 8kb of genomic 
information can be incorporated into the cassette), are easy to construct, do not elicit an 
immune response and expression of the transgene is robust and persistent because of DNA 
integration. However, there is a risk of insertional mutagenesis which is discussed below. 
Although retroviruses can only infect dividing cells (Roe et al., 1993), this disadvantage can 
make them efficient vectors for expressing transgenes during wound repair (Fig. 5). 
Certain growth factors or signaling molecules that act early in the normal fracture repair 
process (BMP-4, COX-2, LMP-1) stimulate bone formation in small animal fracture models 
using retroviral gene therapy (Rundle et al., 2003; Rundle et al., 2008; Strohbach et al., 2008). 
Studies with single growth factor gene therapy with retroviral vectors in closed fractures in 
the rat femur fracture model demonstrated that retroviral-based gene therapy produced 
specific effects on fracture healing, and was even capable of improving it. A MLV-based 
vector expressing a hybrid BMP-2/4 gene that increased BMP-4 secretion, and therefore 
osteogenesis, was the first retroviral-based gene therapy studied by our group. Post-fracture 
administration of the MLV-BMP-4 vector to the rat femur fracture periosteum produced a 
dramatic enhancement of hard callus bone formation when compared to controls, with 
results somewhat similar to the BMP-2 protein administrations in a similar study (Einhorn 
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development into a fracture callus is dramatic. However, at the time of fracture and for a 
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Fig. 4. Fracture therapy delivery by lateral percutaneous injection to the mouse femur 
fracture site. To illustrate the delivery technique, a radio-opaque contrast dye is injected and 
tracked by fluoroscopy. The injection needle is placed on the fracture at midshaft, and 25 ul 
of the dye injected. The intramedullary stabilizing pin of this model is visible perpendicular 
to the needle. (A) Immediately before injection. (B) Immediately after injection. Scale bar = 5 
mm.  

6. Vectors for fracture therapy 
6.1 Viral vectors 
Because there are several significant advantages to viral vectors, they are by far the most 
extensively studied vector for gene therapy. Viral vectors possess the ability to transduce 
their DNA into a variety of cells. They are relatively easy and cheap to produce and some 
will integrate into the host genomic DNA. The two main types of viral vectors used for in 
vivo fracture repair gene therapy are adenoviruses and retroviruses (Klamut et al., 2004; 
Evans, 2010; Pelled et al., 2010). 
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into Gene Activated Matrices (GAMs) to reduce their immune response and to effectively 
deliver a gene therapeutic to a bone defect. AAV in a GAM (collagen implant) transduced 
host cells surrounding the implant and led to remodeling of the allograft and replacement 
with bone (Koefoed et al., 2005; Evans, 2010). 
Retroviruses are RNA viruses and therefore in order to replicate they must integrate into the 
host DNA. Retroviruses are highly regarded as orthopedic vectors because they possess the 
ability to transduce osteoblasts, bone marrow stromal cells, chondrocytes, and muscle-
derived stem cells. Retroviruses transduce a variety of cells with high efficiency; they are 
highly stable; they have a large transgene capacity (i.e., more than 8kb of genomic 
information can be incorporated into the cassette), are easy to construct, do not elicit an 
immune response and expression of the transgene is robust and persistent because of DNA 
integration. However, there is a risk of insertional mutagenesis which is discussed below. 
Although retroviruses can only infect dividing cells (Roe et al., 1993), this disadvantage can 
make them efficient vectors for expressing transgenes during wound repair (Fig. 5). 
Certain growth factors or signaling molecules that act early in the normal fracture repair 
process (BMP-4, COX-2, LMP-1) stimulate bone formation in small animal fracture models 
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Studies with single growth factor gene therapy with retroviral vectors in closed fractures in 
the rat femur fracture model demonstrated that retroviral-based gene therapy produced 
specific effects on fracture healing, and was even capable of improving it. A MLV-based 
vector expressing a hybrid BMP-2/4 gene that increased BMP-4 secretion, and therefore 
osteogenesis, was the first retroviral-based gene therapy studied by our group. Post-fracture 
administration of the MLV-BMP-4 vector to the rat femur fracture periosteum produced a 
dramatic enhancement of hard callus bone formation when compared to controls, with 
results somewhat similar to the BMP-2 protein administrations in a similar study (Einhorn 
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et al., 2003). No evidence of viral vector expression in extraskeletal tissues was detected, 
suggesting that transfection was limited to the injury. MLV-based retroviral FGF-2 vectors 
were also tested for enhancement of fracture repair. FGF-2 has been proposed to function 
through cell proliferation, and recombinant FGF therapy had demonstrated increased callus 
size (Nakajima et al., 2001). FGF-2 gene therapy stimulated proliferation of periosteal and 
adjacent cells of the soft callus but did not lead to the development of hard callus or 
accelerate bony bridging (unpublished data). Therefore, FGF alone is not an ideal 
therapeutic candidate, but FGF could potentially be used in a combination therapy to 
enhance the early formation of cartilage callus if combined with a transgene that would 
enhance the subsequent ossification of the cartilage callus. Studies introducing single 
growth factor genes into a fracture site have generally shown an augmentation of hard and 
soft callus formation without improved bony union of bone tissues at the fracture gap, as 
determined by X-ray examination. 
 

 
Fig. 5. Retroviral vector transgene expression in fracture tissues. The MLV-based vector 
construct expressed a-galactosidase transgene. Femur fractures were harvested at 7 days 
post-fracture and stained for -galactosidase expression. Injections were performed at one 
day post-fracture as described in Fig. 4. Staining revealed -galactosidase transgene 
expression on the lateral aspect of the fracture callus (dark spot, upper bone). The lower 
fracture received a negative control gene expressed from the same vector and injected in the 
same manner. Scale bar = 5 mm. 

Retroviral-based COX-2 gene therapy for fracture repair did differ from other transgene 
therapies. COX-2 is the rate limiting enzyme in the synthesis of prostaglandins during tissue 
repair. The COX-2 product Prostaglandin-E2 induces the expression of multiple osteogenic 
growth factors, stimulates osteogenesis and supports cortical and trabecular bone formation, 
angiogenesis, and reduces apoptosis. COX-2 expression increases the osteoblastic potential 
of MSCs and supports osteoblast differentiation. COX-2 deficient mice also demonstrated 
that COX-2 was essential for the fracture repair process (Simon et al., 2002; Zhang et al., 
2002). To prepare a retroviral gene therapeutic, the COX-2 gene was manipulated to remove 
sequences that destabilize mRNA, AU-rich elements (AREs) in the 3’translated region, to 
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increase mRNA half-life. In addition, the Kozak sequence was modified to improve 
translation. The COX-2 expressing retrovirus was injected 24 hours after fracture to target 
proliferating cells at the fracture site to maximize the number of cells that were transduced 
within the fracture tissue. COX-2 expression did not produce inflammation at the fracture 
site, nor were systemic effects of prostaglandin production observed. The COX-2 gene was 
expressed in osteoblasts and other cells at the fracture site. Unlike BMP-2 and FGF-2 that 
were expressed from retroviral vectors, application of the COX-2 retroviral vector 
accelerated bony union of the callus tissues and hence improved healing of the fractured 
bone, possibly through angiogenic mechanisms (Rundle et al., 2008). Similar results were 
observed in PTH treatments in the rat femur fracture, although unlike COX-2 gene therapy, 
this approach required repeated applications of PTH (Alkhiary et al., 2005). 
Lim Mineralizing Protein (LMP)-1 was also examined for its therapeutic efficacy. LMP-1 is 
an osteogenic factor that is a part of the BMP pathway and is a critical regulator of osteoblast 
differentiation. It is especially novel because it is an intracellular factor, unlike most 
transgenes utilized in gene therapy which are secreted soluble factors. Therefore, the effects 
of LMP-1 gene therapy are limited to the cells that are transduced by the retrovirus, an 
important consideration if the target cells of the host tissue are limited. LMP-1 affects 
osteoblast differentiation by binding to Smurf1, an E3 ligase, preventing it from 
ubiquitinating BMP-activated Smads and Runx2 and targeting them for proteosomal 
degradation (Boden et al., 1998; Sangadala et al., 2006). The LMP-1 retroviral gene 
therapeutic contained the human LMP-1 coding region and an optimized Kozak sequence 
which was ligated into the 6.8-kb CSLA retroviral backbone. LMP-1 expressing retrovirus 
(Fig. 6A) was injected 24 hours post-fracture. Immunohistochemistry of the fracture callus at 
21 days revealed LMP-1 expression in chondroblasts and osteoblasts. Radiographs 
demonstrated bridging of the fracture callus at 21 days in LMP-1 treated animals and not in 
control animals (Fig. 6B). Additionally, the bone mineral content at the fracture site was 
increased in LMP-1 treated animals and these findings demonstrated that injection of the 
LMP-1 retroviral vector enhanced fracture healing (Strohbach et al., 2008). 
Direct injection of MLV-based vectors have been used extensively in gene therapy studies 
including those described above, and are generally successful (Evans, 2010). However, there 
is a risk of insertional mutagenesis associated with each type of retrovirus (Mitchell, et al., 
2004; Lewinski et al., 2006).  Such mutagenesis has been conclusively demonstrated in MLV-
based gene therapy for the Interleukin-2 receptor gamma chain deficiency in Severe 
Combined Immunodeficiency (SCID)-X1 (Howe et al., 2008) where transduction of cells led 
to the development of a clonal T cell acute lymphocytic leukemia. The leukemia was caused 
by retroviral integration near to proto-oncogenes, although other genetic abnormalities 
unrelated to the vector also contributed.  The majority of gene therapy applications with 
lentiviral vectors have been ex vivo, because of this vector’s association with the human 
immunodeficiency virus.  Repair of bone defects treated with syngeneic rat bone marrow 
cells transduced with lentiviral vectors expressing BMPs have been compared to repair with 
cells transduced with adenoviral vectors (Hsu, et al., 2007; Miyazaki, et al., 2008; Virk, et al., 
2008).  Prolonged therapeutic BMP expression provided with the lentiviral vector in a 
critical sized femoral defect model provided superior repair associated with regional gene 
therapy than that observed with adenoviral vectors (Hsu et al., 2007; Virk, et al., 2008). In a 
spinal fusion model, MSCs expressing BMP after lentiviral transfer induced more abundant 
bone within the spinal fusion mass then cells transduced with adenovirus. Cells transduced 
with lentivirus or adenovirus expressing BMP both outperformed recombinant BMP protein 
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determined by X-ray examination. 
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increase mRNA half-life. In addition, the Kozak sequence was modified to improve 
translation. The COX-2 expressing retrovirus was injected 24 hours after fracture to target 
proliferating cells at the fracture site to maximize the number of cells that were transduced 
within the fracture tissue. COX-2 expression did not produce inflammation at the fracture 
site, nor were systemic effects of prostaglandin production observed. The COX-2 gene was 
expressed in osteoblasts and other cells at the fracture site. Unlike BMP-2 and FGF-2 that 
were expressed from retroviral vectors, application of the COX-2 retroviral vector 
accelerated bony union of the callus tissues and hence improved healing of the fractured 
bone, possibly through angiogenic mechanisms (Rundle et al., 2008). Similar results were 
observed in PTH treatments in the rat femur fracture, although unlike COX-2 gene therapy, 
this approach required repeated applications of PTH (Alkhiary et al., 2005). 
Lim Mineralizing Protein (LMP)-1 was also examined for its therapeutic efficacy. LMP-1 is 
an osteogenic factor that is a part of the BMP pathway and is a critical regulator of osteoblast 
differentiation. It is especially novel because it is an intracellular factor, unlike most 
transgenes utilized in gene therapy which are secreted soluble factors. Therefore, the effects 
of LMP-1 gene therapy are limited to the cells that are transduced by the retrovirus, an 
important consideration if the target cells of the host tissue are limited. LMP-1 affects 
osteoblast differentiation by binding to Smurf1, an E3 ligase, preventing it from 
ubiquitinating BMP-activated Smads and Runx2 and targeting them for proteosomal 
degradation (Boden et al., 1998; Sangadala et al., 2006). The LMP-1 retroviral gene 
therapeutic contained the human LMP-1 coding region and an optimized Kozak sequence 
which was ligated into the 6.8-kb CSLA retroviral backbone. LMP-1 expressing retrovirus 
(Fig. 6A) was injected 24 hours post-fracture. Immunohistochemistry of the fracture callus at 
21 days revealed LMP-1 expression in chondroblasts and osteoblasts. Radiographs 
demonstrated bridging of the fracture callus at 21 days in LMP-1 treated animals and not in 
control animals (Fig. 6B). Additionally, the bone mineral content at the fracture site was 
increased in LMP-1 treated animals and these findings demonstrated that injection of the 
LMP-1 retroviral vector enhanced fracture healing (Strohbach et al., 2008). 
Direct injection of MLV-based vectors have been used extensively in gene therapy studies 
including those described above, and are generally successful (Evans, 2010). However, there 
is a risk of insertional mutagenesis associated with each type of retrovirus (Mitchell, et al., 
2004; Lewinski et al., 2006).  Such mutagenesis has been conclusively demonstrated in MLV-
based gene therapy for the Interleukin-2 receptor gamma chain deficiency in Severe 
Combined Immunodeficiency (SCID)-X1 (Howe et al., 2008) where transduction of cells led 
to the development of a clonal T cell acute lymphocytic leukemia. The leukemia was caused 
by retroviral integration near to proto-oncogenes, although other genetic abnormalities 
unrelated to the vector also contributed.  The majority of gene therapy applications with 
lentiviral vectors have been ex vivo, because of this vector’s association with the human 
immunodeficiency virus.  Repair of bone defects treated with syngeneic rat bone marrow 
cells transduced with lentiviral vectors expressing BMPs have been compared to repair with 
cells transduced with adenoviral vectors (Hsu, et al., 2007; Miyazaki, et al., 2008; Virk, et al., 
2008).  Prolonged therapeutic BMP expression provided with the lentiviral vector in a 
critical sized femoral defect model provided superior repair associated with regional gene 
therapy than that observed with adenoviral vectors (Hsu et al., 2007; Virk, et al., 2008). In a 
spinal fusion model, MSCs expressing BMP after lentiviral transfer induced more abundant 
bone within the spinal fusion mass then cells transduced with adenovirus. Cells transduced 
with lentivirus or adenovirus expressing BMP both outperformed recombinant BMP protein 
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therapy (Miyazaki, et al., 2008). Both the MLV-based and the lentiviral-based  retroviral 
vectors have displayed characteristic preferences for integration sites, with the MLV-based 
vector integration associated with transcription start regions and lentiviral vector 
integration associated with sites of active gene transcription (Mitchell et al., 2004). Studies 
with chimeric viruses demonstrated that these characteristics were determined, at least for 
MLV, by the integrase and gag proteins (Lewinsky et al., 2006). This tendency toward 
activation of adjacent genes could also be minimized by the removal of segments of the U3 
enhancer sequence of the viral long terminal repeat, although this step necessitated further 
modification of the vector to maximize its production (Jang et al., 2011).  
 

 
Fig. 6. LMP-1 gene therapy in the rat femur fracture. The MLV-based vector construct 
expressed a LMP-1 transgene. (B)  Percutaneous injections were performed at one day post-
fracture to the lateral and medial aspects of the fracture site. X-rays examination at 21 days 
post-fracture revealed that the LMP-1 transgene promoted bone formation that bridged the 
fracture gap (top). The control transgene injected in the same manner did not promote bone 
formation and healing appeared normal (middle). The unfractured contralateral bone 
(bottom) is presented for comparison. Scale bar = 10 mm. 

Obviously, in spite of having the pathologic elements of the genome engineered so that they 
are absent from the vector, again lentiviral vectors suffer from the association with human 
immunodeficiency virus (HIV) in public opinion. Given this association, patients might 
explore other therapeutic options, even for severe or chronic clinical conditions. Because of 
their efficiency for gene transduction and expression, their ease of use and the number of 
studies in which they have been utilized, the viral vectors will probably continue to be used 
mainly for experimental purposes. Problems with viral vector safety could be obviated by 
the development of efficient non-viral gene therapy vectors for gene therapy in bone 
(Pountos et al., 2010). Progress towards this goal is discussed below. 
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6.2 Cell vectors 
Using cells as a method of gene therapy can be looked at in two broad categories: use of 
stem cells or somatic cells. When stem cells were first discovered, there was great hope from 
the scientific community for the untold potential that these cells possessed. However, with 
the scientific hope came public concern. These concerns have been somewhat alleviated with 
the discovery of adult stem cells. Orthopedic gene therapy with adult stem cells has  focused 
on the use of mesenchymal stem cells (MSCs). MSCs can be found in the bone marrow and 
obtained by a relatively simple bone marrow biopsy. After biopsy the cells can be expanded 
in culture and then used to treat the same individual that they were taken from. The 
advantage of this approach is that there is little risk of an immune response as the cells are 
unaltered and genetically identical to the individual they are being implanted into. 
However, there are a few fairly obvious disadvantages of this approach. First, a bone 
marrow biopsy is painful and there is a risk of infection. Second, and more importantly, if 
the individual from which the cells were taken has a defect in the healing process at the 
molecular level, use of their bone marrow MSCs (BMSCs) to treat a non-union fracture 
would not likely provide a benefit. A major limitation for BMSCs in allogeneic applications 
is, of course, the immune response, which could eliminate the possibility of further 
applications, including those from donors who share a significant portion of the original 
donor haplotype, much as has been observed in clinical transfusions.   
Delivering osteogenic transgenes or cells with transgenes in a minimally invasive way 
remains the goal for development of clinical therapeutics. MSCs expressing BMP-2, TGF-1, 
LMP-1, IGF-I, growth and differentiation factor (GDF)-5 have been shown to enhance bone, 
cartilage and tendon repair.  Delivering osteogenic transgenes or cells with transgenes in a 
minimally invasive way remains the goal for development of clinical therapeutics. The use 
of allogeneic cells or ex vivo gene delivery may be attractive with regard to safety but would 
dramatically increase the cost of the gene therapy.  MSC and  skin fibroblasts may be able to 
differentiate into osteoblasts and chondrocytes, but difficulties with the isolation of large 
quantities of genetically modified cells and with the choice of cell scaffold material to seed 
genetically modified cells is likely to impede the development of these approaches.  
Use of BMSCs for ex vivo based gene therapy for fracture and bone repair has been explored 
and provided some encouraging results in animal models. Transduction of BMSCs with BMPs 
prior to implantation at a fracture site stimulates bone formation. These cells become 
incorporated into the endochondral fracture callus (Gamradt et al., 2006). Furthermore, 
combination therapy of more than one BMP such as BMP-2 and BMP-7 or BMP-4 was shown 
to produce cooperative interactions that enhance bone regeneration. Transduction of MSCs 
with BMP-2/7 or BMP-4/7 demonstrated enhanced osteogenesis (Zhao et al, 2005). Likewise, 
combination therapy of BMP-2 and BMP-7 transduction of cells implanted into a cranial defect 
enhanced healing (Koh et al., 2008).  Combination therapy of VEGF and BMP-6 transduction of 
osteoprogenitor cells has also shown preliminary promising results for future fracture repair 
studies (Cui et al., 2010). In addition to BMPs, one study found that cells transduced with IGF-I 
injected post-fracture resulted in accelerated progression toward complete fracture healing as 
measured by percent of mineralized callus and mineralized matrix compared to controls (Shen 
et al., 2002). However, no functional structural testing was done to determine if IGF-I 
transduced cell application actually restored mechanical integrity more quickly.  
A newly explored source of MSCs is from human adipose tissue. Adipose-derived stromal 
cells (ADSCs) are very similar to BMSCs but ADSCs have the advantage of being more 
readily accessible and harvesting does not involve a highly painful procedure like a bone 
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therapy (Miyazaki, et al., 2008). Both the MLV-based and the lentiviral-based  retroviral 
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studies (Cui et al., 2010). In addition to BMPs, one study found that cells transduced with IGF-I 
injected post-fracture resulted in accelerated progression toward complete fracture healing as 
measured by percent of mineralized callus and mineralized matrix compared to controls (Shen 
et al., 2002). However, no functional structural testing was done to determine if IGF-I 
transduced cell application actually restored mechanical integrity more quickly.  
A newly explored source of MSCs is from human adipose tissue. Adipose-derived stromal 
cells (ADSCs) are very similar to BMSCs but ADSCs have the advantage of being more 
readily accessible and harvesting does not involve a highly painful procedure like a bone 
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marrow biopsy (Kawai et al., 2009). Preliminary studies of the use of ADSCs to stimulate 
bone formation and fracture repair are promising. Non-transduced ADSCs transplanted into 
the fracture site in a rat model enhanced fracture repair when compared to transplanted 
fibroblasts or placebo (Shoji et al., 2010). ADSCs transduced with adenoviral BMP-2 
implanted on a collagen-ceramic carrier inserted into a critical sized femoral defect 
demonstrated induced bone formation, which was not observed with untransduced ADSCs 
(Peterson et al., 2005). ADSCs expressing BMP-2 implanted in a critical size defect 
stimulated bone formation and healing far beyond control treatment (Li et al., 2007).  
Additionally, muscle-derived stem cells (MDSCs) have been used in ex vivo gene therapy for 
repair of bone defects. Therapies for bone repair using MDSCs all involve manipulation of the 
BMP pathway, generally overexpression of  BMP-2 or BMP-4 because they are such potent 
osteogenic factors. Implantation of MDSCs transduced with BMP-2 using either an adenoviral 
or retroviral vector stimulate bone formation in critical-size defect mouse models (Lee et al., 
2001; Lee et al., 2002). Likewise, transduction of MDSCs with BMP-4 as an ex vivo cellular 
therapy to stimulate bone formation was effective in rodent models (Wright et al., 2002; Shen 
et al., 2004). Furthermore, combination therapy of VEGF and BMP-2 or BMP-4 overexpressing  
MDSCs  accelerates bone healing in a skull defect mouse model (Peng et al., 2005).  
Skin fibroblasts, a somatic cell, have also been explored as a potential cellular vector for ex 
vivo mediated gene therapy to enhance bone formation. When transduced with a retroviral 
vector for Runx-2, skin fibroblasts seeded on collagen scaffolds and implanted into mice 
demonstrated the capability to mineralize in vivo (Phillips and Garcia, 2008). Although 
easier to obtain than bone marrow cells, the problem of immunological reaction remains if 
these cells are isolated from allogeneic donors. 
Hematopoietic cells offer an additional vehicle for bone therapy. Hematopoietic stem cells 
have been enriched for Sca-1+ expression and modified using a MLV-based viral vector to 
express FGF-2. These cells efficiently engrafted into the bone marrow and expressed FGF-2 
that produced a dramatic increase in endosteal bone formation (Hall et al., 2007). This study 
supports a role for hematopoietic cells in gene therapy, at least for the bone marrow. In 
addition, this approach might be invaluable for prevention of fractures in osteoporotic 
patients, because their effect of increasing bone mineral density in conditions such as 
osteoporosis could dramatically reduce the incidence of fractures. 

6.3 Non-viral plasmid vectors 
Adenoviral, AAV, retroviral, and lentiviral based gene therapies have proven effective in 
fracture repair, but safety issues inherent with use of these therapeutics in clinical trials have 
not been resolved. A current focus of gene therapy is the development of non-viral plasmid 
vectors. There are several reasons for this. First, plasmid vectors do not insert into the 
genome of the cell into which they are introduced, and there is no risk of insertional 
mutagenesis. Second, non-viral plasmid vectors are not immunogenic, and there is minimal 
risk of a host immune response. Third, plasmids are being developed that possess specific 
expression time-frames and have cellular specificity (i.e., they will only be expressed in 
restricted target cell populations even if transfected into tissues). Non-viral vectors, such as 
plasmid vectors and linear DNA, have the potential to provide a much safer form of gene 
therapy, but they have not been optimized for the clinic to provide therapeutic levels of 
gene expression for a sufficient time period, at least in tissues other than muscle. 
Historically, Gene Activated Matrices (GAMs) were developed with non-viral (plasmid) 
vectors to heal bone (Bonadio, 1999). The first GAM was a collagen sponge with plasmid 
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DNA containing the parathyroid hormone (PTH) 1-34 transgene. The strategy was to 
transfect in situ host cells that invaded the collagen sponge that was saturated with plasmid 
DNA that had been placed in the bone defect. Although shown to be effective in a rodent 
implant model (Bonadio, 1999; Geiger, et al., 2005), this therapeutic approach has not been 
further developed for extensive use in the clinic.  
Currently, the major disadvantage of non-viral plasmid vectors for gene therapy is low 
transfection efficiency. The most widely utilized method of non-viral plasmid transfection 
is lipid-based or other soluble mediators that cause alterations in the cellular membrane 
allowing for introduction of the plasmid into a cell. More recently, electroporation has 
been explored in combination with plasmid vectors possessing DNA nuclear entry 
sequences. Efficient delivery of non-viral plasmids in muscle, cornea, lung, smooth 
muscle and vasculature (Dean et al., 2003, 2005; Zhou and Dean, 2007) has been achieved. 
However, expression of transgene from the plasmid vector continues for only 3-7 days, a 
time frame achieved with adenoviral vectors. With respect to bone repair, electroporation 
of a BMP-9 expression plasmid into a collagen sponge implant healed a murine radial 
segmental defect (Kimelman-Bleich et al., 2010). This result is quite promising for the 
future of non-viral gene therapy in the clinic, although few such studies have been 
performed to date. 
Clinical trials have not been conducted with non-viral agents that stimulate fracture repair, 
however, phase I and II clinical trials with injections of FGF-1 in the pCOR DNA plasmid-
based gene delivery system (called NV1FGF, Soubrier et al., 1999) into muscle provides an 
effective therapy for peripheral vascular disease and induces therapeutic angiogenesis 
(Baumgartner, et al., 2008). NV1FGF restored capillary and arteriolar density in animal 
models of hind limb ischemia. In phase II clinical trials, NV1FGF effectively increased FGF-1 
mRNA and circulating protein levels, and reduced the number of amputations and deaths 
of subjects with critical limb ischemia (Maulik, 2009). These studies provide proof of concept 
that minimally toxic plasmid vectors are capable of providing therapeutic levels of a type of 
growth factor (FGF-1) that might also stimulate fracture repair. Because this vector is 
already undergoing clinical trials and has demonstrated minimal toxicity, it is well 
positioned to enter clinical trials for bone healing. These studies have served as an impetus 
to develop non-viral plasmid-based vectors for fracture repair.  
There are several barriers to plasmid-based gene therapies in most tissues other than 
muscle. These include low levels of gene transfer and expression in vivo when targeting 
genes into non-replicating or slowly replicating cells. However, movement of DNA into the 
nucleus remains the crucial step for gene transfer and expression in non-dividing and 
slowly dividing cells. Early during fracture repair, periosteal cells and MSCs derived from 
the marrow proliferate to provide chondrogenic and osteoblastic lineage cells to repair the 
fracture, and a window of opportunity for application of a viral gene therapeutic was 
identified. We found that this same rapidly dividing cell population is also an excellent 
target for non-viral gene therapy if used in conjunction with in vivo electroporation. With 
regard to enhancing vector delivery and therapeutic gene expression, our group and others 
have focused on modifying plasmid DNA by incorporating a copy of a DNA Targeting 
Sequence (DTS) from the SV40 enhancer into a plasmid vector to increase nuclear entry of 
the DNA delivered into the cytoplasm following electroporation (Fig. 7A,B). This method 
has been shown to increase gene delivery and expression in muscle, blood vessels, lung and 
cornea tissue in vivo (Li, et al., 2001; Dean et al, 2003; Young, et al. 2003; Dean et al., 2005; 
Zhou and Dean 2007).  
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implant model (Bonadio, 1999; Geiger, et al., 2005), this therapeutic approach has not been 
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Currently, the major disadvantage of non-viral plasmid vectors for gene therapy is low 
transfection efficiency. The most widely utilized method of non-viral plasmid transfection 
is lipid-based or other soluble mediators that cause alterations in the cellular membrane 
allowing for introduction of the plasmid into a cell. More recently, electroporation has 
been explored in combination with plasmid vectors possessing DNA nuclear entry 
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muscle and vasculature (Dean et al., 2003, 2005; Zhou and Dean, 2007) has been achieved. 
However, expression of transgene from the plasmid vector continues for only 3-7 days, a 
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of a BMP-9 expression plasmid into a collagen sponge implant healed a murine radial 
segmental defect (Kimelman-Bleich et al., 2010). This result is quite promising for the 
future of non-viral gene therapy in the clinic, although few such studies have been 
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that minimally toxic plasmid vectors are capable of providing therapeutic levels of a type of 
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already undergoing clinical trials and has demonstrated minimal toxicity, it is well 
positioned to enter clinical trials for bone healing. These studies have served as an impetus 
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There are several barriers to plasmid-based gene therapies in most tissues other than 
muscle. These include low levels of gene transfer and expression in vivo when targeting 
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the marrow proliferate to provide chondrogenic and osteoblastic lineage cells to repair the 
fracture, and a window of opportunity for application of a viral gene therapeutic was 
identified. We found that this same rapidly dividing cell population is also an excellent 
target for non-viral gene therapy if used in conjunction with in vivo electroporation. With 
regard to enhancing vector delivery and therapeutic gene expression, our group and others 
have focused on modifying plasmid DNA by incorporating a copy of a DNA Targeting 
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the DNA delivered into the cytoplasm following electroporation (Fig. 7A,B). This method 
has been shown to increase gene delivery and expression in muscle, blood vessels, lung and 
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Fig. 7. Development of non-viral plasmid vectors for fracture repair. (A)  A non-viral 
plasmid proposed for fracture repair contains two robust nonspecific viral promoters (RSV 
and CMV) that drive expression of the transgene and the Sleeping Beauty transposase, 
respectively. The Sleeping Beauty transposon (Harris, et al., 2002) stimulates transgene 
integration and increases the duration of transgene expression. The RSV promoter can be 
replaced with a cell specific promoter for cell-specific expression (Type I collagen promoter 
or osteocalcin promoter to target osteoblasts or a Type II collagen promoter to target 
chondrocytes). A SV40 DTS is inserted in the Sal I site to direct nuclear entry to enhance 
delivery to the nucleus and expression of the transgene. (B) For nuclear entry, natural 
transcription factors bind to gene promoter and enhancer regions that are present on the 
plasmid DNA.  The transcription factors have nuclear localization signals (NLSs) that 
protect the plasmid DNA and facilitate its movement into the nucleus. Translocation to the 
nucleus requires the NLSs bind to the nuclear import machinery (importin /) and move 
the DNA/protein complex through the nuclear pore complex (NPC) into the nucleus, where 
it is stably integrated and transcribed. (C)  Once plasmid DNA is delivered to the nucleus, 
transgenes are expressed and the SB transposase is produced.  SB transposition of a 
therapeutic gene and promoter from the plasmid to the chromosome occurs with integration 
only into genomic regions with TA-base pairs. Insertion of the transgene and promoter 
extends expression until attenuated by cellular silencing mechanisms that ultimately limit 
transgene expression. 
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Lack of tissue specificity also remains a significant safety problem with currently developed 
non-viral therapies. The SV40 DNA nuclear targeting sequences (DTS) have supported 
nuclear import of plasmid DNA in a number of cells, but several laboratories have 
discovered that some promoter sequences undergo cell specific DNA nuclear import (Dean, 
2005). The smooth muscle gamma actin (SMGA) promoter (Miller and Dean, 2008; Young, et 
al., 2003), the endothelial cell flk-1 (receptor) promoter, human surfactant protein C (SP-C) 
promoter (Degiulio, et al., 2010) and the collagen-I2 promoter (Strong, et al., 2006) all 
undergo nuclear import in restricted cell popultions. Thus, these cell-specific plasmid 
nuclear import sequences have the potential to provide targeted and enhanced gene 
expression in specific cells when incorporated into clinically tested nonviral vectors.  
To increase the duration of in vivo transgene expression from both adenoviral and plasmid 
vectors that do not integrate into the host genome, the Tcl/mariner family of transposable 
elements (Izsvak et al., 2010) has been utilized. The Sleeping Beauty element undergoes cut-
and paste transposition through a DNA intermediate (Fig. 7C). This process requires 
Sleeping Beauty transposase (SB) expression and short direct-repeat sequences in the 
transposon terminal inverted repeats that bracket the transgene and TA rich target regions 
in chromatin.  SB transposase expression allows plasmid-based and adenovirus based 
transposons to integrate stably into chromatin and provide long-term transgene expression 
in vivo  (Yant, et al.,  2002). This system has been used to transduce human CD34+ 
stem/progenitor cells and achieve long-term transgene expression (Sumiyoshi, et al., 2009). 
Thus, this system can be used to integrate genes into stem/progenitor cells and to maintain 
pluripotency and could find use in fracture repair. However, insertional mutagenesis of the 
transgene might also become enough of a safety issue to delay clinical application. 
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8. Conclusion 
Gene therapy for fracture repair has continually evolved over the last decade. Potential gene 
therapeutics now range from plasmid vectors placed in collagen supports, adenoviral 
vectors used in supports or in direct injections, direct retrovirus injections, ex vivo MSC 
therapies and electroporation mediated delivery of enhanced plasmid vectors. During this 
evolution, effective therapeutic genes have been identified based on an increased 
understanding of regulatory pathways involved during different stages of the fracture 
repair process. Based on perceived safety issues, non-viral and cell based therapeutics have 
recently received more attention and will likely be the vector of choice in the future. Recent 
studies engineering plasmid vectors to overcome problems with efficient delivery to non-
dividing cells in tissues, inefficient DNA transport to the nucleus, and to increase cell 
specificity suggest that gene therapy for fracture repair has a bright future. 
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1. Introduction  

When instability of the lumbar spine causes persistent pain or neurological impairment, it is 
usually treated by spinal fusion. Unfortunately, despite the development of spinal 
instrumentation such as pedicle screws, rods and intervertebral cages, nonunion rates are 
still close to 15%. Autogenous bone grafting has been the gold standard as the bone graft 
material of choice, however, its use has several disadvantages, such as a limited supply and 
a reasonable percentage of donor site problems. For these reasons, alternative sources of 
bone grafting materials or replacements have been explored and developed. One possibility 
is the use of bone morphogenetic proteins (BMPs), which belong to the transforming growth 
factor (TGF) superfamily and are known to be capable to eliciting new bone formation can 
provide an alternative to bone grafting (Reddi et al., 1998, Khan et al., 2002, Vaccaro et al., 
2002, Veillette et al., 2007). Three types of BMP- based bone tissue engineering have been 
tried to date: cell therapy involving the transplantation of autogenous mesenchymal cells 
differentiated by BMP, gene therapy involving the transduction of genes encoding BMPs 
into cells at the repair site (Kaito et al, 2005), and cytokine therapy involving recombinant 
BMP and carriers that retain and release BMP as needed. Of the three types of BMP-based 
bone tissue engineering techniques, cytokine therapy has received significant attention. 
Several kinds of combination with cytokine and carriers were reported (Khan et al., 2004). 
However, uncontrolled release of high dose BMP has been known to cause inflammation, 
soft tissue edema, and unintended bone formation (Carlisle et al., 2005, Mroz et al., 2010). 
An alternative to recombinant proteins, is the use of novel methods and gene transfer 
techniques to achieve bone formation in the spine. Gene therapy is ideal for orthopaedic use 
because, in most cases, local and transient expression of osteogenic factors is necessary for 
bone formation (Helm et al., 2000). Regional gene therapy for spinal fusion is an attractive 
option to treat multi-operated unstable spines where osteogenic cells, blood supply and 
bone stock are limited (Wang et al., 2003). 
The recent progress in molecular biology, genetics, and stem cell biology demonstrate that 
gene therapy for spinal fusion could result in effective bone formation by sustained and 
controlled release of osteogenic factors (Yoon et al., 2004). Ex vivo gene therapy, which is the 
combination of gene therapy and cell therapy, is currently the most fascinating areas of 
orthopedic research and surgery. In this chapter, the authors summarize the latest research 
in ex vivo gene therapy for spinal fusion and discuss the clinical implications of these 
treatments. 
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1. Introduction  

When instability of the lumbar spine causes persistent pain or neurological impairment, it is 
usually treated by spinal fusion. Unfortunately, despite the development of spinal 
instrumentation such as pedicle screws, rods and intervertebral cages, nonunion rates are 
still close to 15%. Autogenous bone grafting has been the gold standard as the bone graft 
material of choice, however, its use has several disadvantages, such as a limited supply and 
a reasonable percentage of donor site problems. For these reasons, alternative sources of 
bone grafting materials or replacements have been explored and developed. One possibility 
is the use of bone morphogenetic proteins (BMPs), which belong to the transforming growth 
factor (TGF) superfamily and are known to be capable to eliciting new bone formation can 
provide an alternative to bone grafting (Reddi et al., 1998, Khan et al., 2002, Vaccaro et al., 
2002, Veillette et al., 2007). Three types of BMP- based bone tissue engineering have been 
tried to date: cell therapy involving the transplantation of autogenous mesenchymal cells 
differentiated by BMP, gene therapy involving the transduction of genes encoding BMPs 
into cells at the repair site (Kaito et al, 2005), and cytokine therapy involving recombinant 
BMP and carriers that retain and release BMP as needed. Of the three types of BMP-based 
bone tissue engineering techniques, cytokine therapy has received significant attention. 
Several kinds of combination with cytokine and carriers were reported (Khan et al., 2004). 
However, uncontrolled release of high dose BMP has been known to cause inflammation, 
soft tissue edema, and unintended bone formation (Carlisle et al., 2005, Mroz et al., 2010). 
An alternative to recombinant proteins, is the use of novel methods and gene transfer 
techniques to achieve bone formation in the spine. Gene therapy is ideal for orthopaedic use 
because, in most cases, local and transient expression of osteogenic factors is necessary for 
bone formation (Helm et al., 2000). Regional gene therapy for spinal fusion is an attractive 
option to treat multi-operated unstable spines where osteogenic cells, blood supply and 
bone stock are limited (Wang et al., 2003). 
The recent progress in molecular biology, genetics, and stem cell biology demonstrate that 
gene therapy for spinal fusion could result in effective bone formation by sustained and 
controlled release of osteogenic factors (Yoon et al., 2004). Ex vivo gene therapy, which is the 
combination of gene therapy and cell therapy, is currently the most fascinating areas of 
orthopedic research and surgery. In this chapter, the authors summarize the latest research 
in ex vivo gene therapy for spinal fusion and discuss the clinical implications of these 
treatments. 



 
Gene Therapy Applications 

 

228 

2. Ex vivo gene therapy  
Regional gene therapy is ideal for spinal fusion because local and transient expression of 
osteogenic factors is necessary for bone formation, compared to systemic genetic disorders 
in which consistent and systemic expression of specific genes are required (Baltzer et al., 
2004). Therefore, there is more flexibility with respect to the use of vectors for treatment of 
these problems and it may stave off the side effects associated with the current use of high 
dose and uncontrolled release of recombinant BMPs (Mroz et al., 2010). Regional gene 
therapy can be employed via either an in vivo or an ex vivo approach. In an in vivo technique, 
the vector is delivered directly to the target site. The advantage of the in vivo approach is 
that it involves only one step. The disadvantages of this technique are that it is more difficult 
to transduce cells in vivo, and one cannot select the target cells that will be transduced. 
Reports of successful fusion using the in vivo approach have been mostly reported in 
athymic rats (Alden TD et al., 1999). On the other hand, in an ex vivo approach, the vector is 
delivered into harvested cells. The transduced cells are then implanted into a specific 
regeneration site. The advantage of the ex vivo technique is that there is an increased 
transduction efficiency and safety as compared to when performed in vitro. In addition, the 
transduced mesenchymal stem cells (MSCs) could act not only as a production plant for 
osteogenic factors, but also as a source of osteogenic cells. The ex vivo technique also allows 
for attachment of a desirable carrier material which can act as an osteoconductive scaffold 
(Oakes DA et al., 2000). The disadvantage of this strategy is that this approach is more labor 
intensive, and therefore may not be cost-effective (Phillips et al., 2005). 

3. Vectors for gene delivery 
3.1 Non-viral vectors  
Vectors may be classified broadly as either viral (Kootstra et al., 2003) or non-viral (Li S et 
al., 2001). Non-viral vectors are easy to handle, chemically more stable than viruses and 
have no limit as to the size of the genetic materials that can be introduced into the cell. 
However their use is limited because the transfection efficiency is low and the duration of 
expression of the protein product tends to be short due partly to the episomal nature of the 
transgene. Non-viral gene delivery includes direct injection of naked DNA, direct injection 
or liposomal transfection of plasmids and particle-mediated gene transfer (i.e.; gene gun). 
Plasmids are circular DNA initially found in bacteria and work to acquire resistance to 
antibiotics. They are usually used in combination with cationic liposomes or scaffolds to 
form what has been termed the “gene activated matrix” (GAM) (Fang et al., 1996). A 
particle-mediated transfer (gene gun) is a projection of a metallic particle coated with DNA 
by electrical charge or gas pressure into the target cells. The disadvantage of this technique 
is transient and limited gene expression and toxicity caused by metal particles (Benn et al., 
1996).  Despite many advantages such as the ability to transfer a large amount of DNA, a 
decreased risk of insertion into the host DNA and no incitement of immune response (repeat 
administration is possible), the low gene transduction rate and short-time gene expression 
are limiting the use of these non-viral vectors. Current investigations are attempting to 
overcome these limitations. 

3.2 Viral vectors 
Currently, the most efficient vectors are utilize viruses. Viral vectors are usually designed so 
that genes required for viral replication are replaced by a specific therapeutic gene of 
interest. The resulting recombinant vector is replication incompetent. However, they are still 
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able to deliver genetic material directly to a cell’s nucleus efficiently, and then the cellular 
machinery can produce the therapeutic protein coded by the introduced genetic material. 
Vectors vary in the efficiency of gene transfer, the genetic carrying capacity, ease of 
production, and reactions with host immunity (Khan et al., 2000, Alden et al., 2002, Evans et 
al., 2004, Nishida et al., 2008).  

3.2.1 Retrovirus 
Retroviral vectors have single-stranded RNA and have been derived from oncoretroviruses 
such as the murine leukemia virus (MLV). The advantage of using a retroviral vector is that 
it transduces the genes into the host chromosomes very efficiently and reliably during cell 
division (Miller DG et al., 1990). Therefore the integrated genes are passed on to subsequent 
daughter cells, giving the gene the potential for lifelong expression. However, this 
integration may occur only during cell division, thus, only highly proliferative cells can be 
transduced with retroviral vectors. Therefore, it may not be suitable for in vivo direct 
injection. Some of the major disadvantages of retroviral vectors are the low infectivity, 
instability of their virions, a limited capacity of genetic materials (~8kb) and risk of 
oncogenesis by the insertion of genetic materials (Li et al., 2002). There have also been 
concerns about the potential ability of the recombinant retroviruses to convert into 
replication competent viruses.  

3.2.2 Adenovirus 
The most commonly tested viral delivery vehicle for gene therapy for bone healing has been 
the adenovirus. Adenoviruses are double-stranded DNA viruses with a genome size of 
approximately 35kilobases. The genetic material is inserted into the nucleus in an episomal 
state, and not integrated within the host chromosome. The viral genome is divided into 
immediate early genes, early genes, and late genes according to the time during which the 
genes are expressed. First-generation adenoviral vectors often have deleted the E1and E3 
region which necessary for virus replication and can accommodate up to 8kb of foreign 
DNA (Lai et al., 2002). Recombinant adenoviral vectors can be produced at high levels, 
transfer genes to both dividing cells and non-dividing cells efficiently, and maintain more 
genetic material than other viruses (Gugala et al., 2003). The transgene remains episomal so 
that the therapeutic gene expression is stopped when the genetically modified cell divides. 
This episomal nature reduces the risk of insertional mutagenesis. The main disadvantage of 
the adenovirus is the high immunogenic potential. The humoral and cellular immune 
responses can actually remove the transduced cells, resulting in decreased gene expression 
(McCoy et al., 1995). Also, the immunologic memory established against the viral vector by 
the initial exposure limits the ability to give a second administration of gene therapy. Newer 
formulations of adenovirus vectors have undergone removal of many viral antigens to 
minimize this challenge and the so-called gutless vectors have virtually no adenovirus genes 
to minimize these responses (Hammerschmidt et al., 1999). As another approach for this 
immunological response, transient immunosuppression using cyclophosphamide has been 
shown to improve BMP expression after BMP adenoviral vector gene therapy (Okubo et al., 
2000, Kim et al., 2003). Lieberman et al used ex vivo adenoviral gene transfer to create BMP-2 
producing bone marrow cells for the delivery of BMP-2 to heal a critical-sized femoral 
segmental defect in a rat model (Lieberman et al., 1998). The genetically modified cells were 
implanted with inactivated demineralized bone matrix as a substrate. At two months, 92% 
of the defects healed radigraphically, and there was no significant difference in 
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3.2.1 Retrovirus 
Retroviral vectors have single-stranded RNA and have been derived from oncoretroviruses 
such as the murine leukemia virus (MLV). The advantage of using a retroviral vector is that 
it transduces the genes into the host chromosomes very efficiently and reliably during cell 
division (Miller DG et al., 1990). Therefore the integrated genes are passed on to subsequent 
daughter cells, giving the gene the potential for lifelong expression. However, this 
integration may occur only during cell division, thus, only highly proliferative cells can be 
transduced with retroviral vectors. Therefore, it may not be suitable for in vivo direct 
injection. Some of the major disadvantages of retroviral vectors are the low infectivity, 
instability of their virions, a limited capacity of genetic materials (~8kb) and risk of 
oncogenesis by the insertion of genetic materials (Li et al., 2002). There have also been 
concerns about the potential ability of the recombinant retroviruses to convert into 
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The most commonly tested viral delivery vehicle for gene therapy for bone healing has been 
the adenovirus. Adenoviruses are double-stranded DNA viruses with a genome size of 
approximately 35kilobases. The genetic material is inserted into the nucleus in an episomal 
state, and not integrated within the host chromosome. The viral genome is divided into 
immediate early genes, early genes, and late genes according to the time during which the 
genes are expressed. First-generation adenoviral vectors often have deleted the E1and E3 
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DNA (Lai et al., 2002). Recombinant adenoviral vectors can be produced at high levels, 
transfer genes to both dividing cells and non-dividing cells efficiently, and maintain more 
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that the therapeutic gene expression is stopped when the genetically modified cell divides. 
This episomal nature reduces the risk of insertional mutagenesis. The main disadvantage of 
the adenovirus is the high immunogenic potential. The humoral and cellular immune 
responses can actually remove the transduced cells, resulting in decreased gene expression 
(McCoy et al., 1995). Also, the immunologic memory established against the viral vector by 
the initial exposure limits the ability to give a second administration of gene therapy. Newer 
formulations of adenovirus vectors have undergone removal of many viral antigens to 
minimize this challenge and the so-called gutless vectors have virtually no adenovirus genes 
to minimize these responses (Hammerschmidt et al., 1999). As another approach for this 
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of the defects healed radigraphically, and there was no significant difference in 
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biomechanical testing between the group that had been treated with genetically modified 
cells and those that had been treated with rhBMP-2 alone. Their results showed that BMP-2 
producing bone marrow cells created by means of adenoviral gene transfer produced 
sufficient proteins to heal a segmental femoral defect in a rat model.  

3.2.3 Adeno associated virus 
Adeno-associated viruses (AAVs) are a defective single stranded parvovirus (requires a 
helper virus such as adenovirus or herpes simplex virus for replication) that integrates its 
genetic material into a specific site located on chromosome 19 which can minimize the risk 
of insertional mutagenesis (Monahan et al., 2000). The virus infects a wide variety of 
dividing and non-dividing cells with high efficiency and little inflammatory response. Also, 
long-term gene expression has been reported in several tissues types. The disadvantages of 
AAVs are the difficulty in the virus production and limited titers of virus which can be 
generated (Kotin et al., 1994).  

3.2.4 Herpes virus 
Herpes viruses are double-stranded DNA viruses that can cause significant human 
pathology, including cold sores and encephalitis. Gene therapy studies using herpes viral 
vectors typically use genetically modified herpes simplex Type 1 (HSV-1). Herpes viral 
vectors have the advantage of being able to accommodate up to 40 kb of foreign DNA, and 
can be used to a variety of cell populations with limited toxicity (Evans et al., 1997). 
However, the disadvantage is that HSVs are highly immunogenic. 

3.2.5 Lentivirus 
Whereas retroviruses can only infect dividing cells, lentiviruses such as the human 
immunodeficiency virus type 1 (HIV-1) can also infect non-proliferating cells. What could be 
termed the third-generation lentivirus conserves only three (gag, pol, and rev) of the nine 
genes present in the genome of the original HIV-1. This eliminates the possibility that a wild 
-type virus will be reconstituted through recombination and create room for a relatively 
large gene delivery. Lentiviral-based gene transfer provides improved delivery, integration, 
and expression of target genes in vitro as well as in vivo. Furthermore, lentiviruses are 
capable of inserting into the host genome ensuring prolonged gene expression with a 
limited host immune response (Feeley et al., 2006). However, safety issues of HIV-based 
vectors are a major concern when adapting these vectors for clinical use (Bai et al., 2003, Dull 
et al., 1998, Zufferey et al., 1997, Zufferey et al., 1998).  

4. Osteoinductive factors for ex vivo gene therapy 
4.1 BMPs 
BMPs comprise a large and diverse family, and many may have a distinct role not only in 
the cascade of bone morphogenesis but also in orchestrating tissue architecture throughout 
the body. More than 20 BMPs have been identified in humans and rodents (Bragdon B et al., 
2011). Signal transduction of BMPs consists of interaction with both type-1(BMPR-1) and 
type-2(BMPR-2) BMP receptors, phospholylation of the GS domain of BMPR-1 by BMPR-2, 
phosphorylation of Smad1/5/8, and the translocation of the Smad1/5/8 partnering with the 
Smsd4 to the nucleus to activate the transcription for BMP-response genes (Reddi et al., 
2001, Bragdon B et al., 2011). To date, most attempts at gene therapy to achieve spinal fusion 
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have involved transfection with various BMPs (Li et al., 2003). Among BMPs, BMP-2 and 
BMP-7 have been the most extensively studied, both in animal studies and in clinical trials 
of spinal fusion. Recently, some combinations of BMPs have been demonstrated to have a 
synergic effect on bone formation (Israel et al., 1996, Zhu et al., 2004, Zhao et al., 2005). 

4.2 LIM 
LIM mineralization protein-1 (LMP-1) is an intracellular LIM-domain protein that is directly 
involved in osteoblast differentiation. LMP-1 also appears to elicit the increased synthesis of 
BMPs. Unlike a BMP, which is a secreted protein that binds to cell-surface receptors to 
initiate a response, LMP-1 is an intracellular signaling molecule and must be synthesized 
inside cells to exert its osteoinductive effects. Thus, the use of LMP-1 to form bone must 
involve the techniques of gene therapy to deliver the cDNA inside the cells and result in the 
synthesis of LMP-1 protein in situ (Cha et al., 2003, Pola et al., 2004). 

4.3 NELL-1 
NELL-1 (NEL-like molecule-1; NEL[a protein strongly expressed in neural tissue encoding 
epidermal growth factor like domain]) is a novel growth factor believed to specifically target 
cells committed to the osteochondral lineage. NELL-1 was isolated and characterized in 
craniosynostosisi patients as specifically upregulated within prematurely fusing sutures 
(Zhang et al., 2002). The phenotype of the Nell-1 transgenic overexpression mouse revealed 
cranial suture overgrowth similar to human craniosynostosis, suggesting a distinct role for 
Nrll-1 in bone formation. Conversely, a mouse model with mutated RNU-induced alleles, 
including Nell-1, resulted in cranial and other vertebral skeletal defects (Desai et al., 2006). 
In committed osteoblasts, Nell-1 upregulation accelerates osteogenic differentiation and 
bone formation. Interestingly, human NELL-1 was reported to be directly regulated by 
Cbfa1/Runx2, confirming its osteochondral specificity (Truong S et al., 2007). Additionally, 
co-administration to C2C12 myoblasts with AdBMP-2 and AdNell-1 showed a synergistic 
effect on osteogenic differentiation as detected by alkaline phosphatase activity and 
osteopontin production. Importantly, Nell-1 alone did not induce osteogenic differentiation 
of myoblasts. 

5. Cells combined with ex vivo gene therapy 
MSCs from adult tissues present fewer ethical and tumorigenicity problems in their use than 
embryonic stem (ES) cells. These MSCs have demonstrated not only self-renewal ability but 
also “plasticity” meaning they have the ability to differentiate into phenotypes not restricted 
to the tissue from which they are derived (Augello et al., 2010). Another key feature of these 
MSCs is their rapid expansion in vitro without loss of progenitor characteristics. Various 
sources of MSCs that could be used for ex vivo gene therapy include bone marrow, muscle 
and adipose tissue (Lee et al., 2008, Gottfried et al., 2008). In clinical practice, the most 
widely used source of MSCs is bone marrow. The advantages of using bone marrow are the 
technique to collect them from the iliac crest is simple and is associated with the least 
morbidity. However, the problem of low MSC concentration upon harvest (1 in 10,000 cells) 
have led to an interest in adipose derived stem cells as they have been shown to have a 
higher prevalence (1 in 4,000 cells). The multipotentiality of adipose-derived stem cells 
(ADSCs) has been demonstrated in vivo and they have been shown to differentiate to bone 
cells in reaction to BMP signaling (Zuk et al., 2001, Zuk et al., 2010, Zuk et al., 2011). Hsu et 
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al. reported that stem cells from human adipose cell transfected with AdBMP-2 can work as 
cellular delivery vehicles in an athymic rat posterolateral spine fusion model (Hsu et al., 
2008). Miyazaki et al. have compared the osteogenic and osteoinductive ability between 
human bone marrow stem cells and human adipose derived stem cells for adenovirus 
mediated ex vivo gene therapy in an athymic rat spinal fusion model and demonstrated that 
both cells have similar ability for inducing new bone and spinal fusion (Miyazaki et al., 
2008) 

6. Spinal fusion by ex vivo gene therapy 
6.1 BMP-2 ex vivo gene therapy 
Riew et al attempted to prolong the bone-inducing effect of BMP-2 using an adenoviral 
vector carrying the human BMP-2 gene to transduce marrow-derived mesenchymal stem 
cells in New Zealand White rabbits. In their model, they isolated and expanded bone 
marrow mesenchymal cells from the resected ribs. Immunocytochemistry was used to show 
that approximately 80% of mesenchymal cells could be modified genetically to overexpress 
BMP-2 protein by treatment with an adenoviral vector encoding human BMP-2 (AdBMP-2). 
A similar efficiency of gen e transfer was shown with the control vector encoding a marker 
gene β-galactosidase (Adβ-gal). Four weeks after rib harvest, the rabbits underwent spinal 
fusion at L5-6. Genetically modified mesenchymal stem cells loaded onto collagen sponges 
were placed between the transverse processes of L5 and L6 with AdBMP-2 transduced 
mesenchymal stem cells placed on the left side and the Adβ-gal cells on the right. After the 
second postoperative week, all rabbits were examined weekly using a radiograph. Of the 
five study rabbits, one showed radiographic evidence of new bone formation on the side 
implanted with AdBMP-2 at 5 weeks after surgery. No new bone was noted on the control 
Adβ-gal side. No new bone formation was observed on either side in the other four study 
rabbits. Rabbits were sacrificed 7 weeks after the operation, and histologic examination of 
the rabbit with new bone revealed mature bone with a trabecular structure. The authors 
concluded that it was possible to transduce mesenchymal stem cells with human BMP-2 
gene so that the transformed cells could produce BMP-2 in vivo that would exert an 
osteoinductive effect (Riew et al., 1998). Riew et al also reported using ex vivo AdBMP-2 
transduction to perform anterior spinal fusion on pigs. Bone marrow cells were harvested 
from a resected rib and were expanded. Cells were then incubated overnight with AdBMP-
2. Anterior arthrodesis was performed by a thoracoscopic technique and the researchers 
reported a 100% fusion rate by histologic and radiologic evaluation for six of six disc spaces 
treated with AdBMP-2, whereas none of the controls fused (Riew et al., 2003). 
Wang et al. compared single-level posterolateral spine fusion rates between rhBMP-2 with 
various carriers, bone marrow cells transduced for 48 hours with AdBMP-2 and iliac crest 
bone graft (ICBG) in rats. They reported higher fusion rates with ex vivo BMP-2 transduction 
as compared with autogenous ICBG. All of the animals treated with AdBMP-2 and rhBMP-2 
achieved solid fusion masses at four weeks, whereas none of the control groups fused. 
Qualitatively, the ex vivo AdBMP-2-treated rats produced abundant trabecular fusion 
masses, whereas the rhBMP-2-treated rats exhibited thinner, lacelike trabecular fusion 
masses. The researchers concluded that ex vivo AdBMP-2 transduction produced solid 
posterolateral spinal fusion in rats and was superior to ICBG alone (Wang et al., 2003). The 
same group also reported that human bone marrow cells can be infected by AdBMP-2 and 
produce sufficient bone in vivo to fuse the lumbar spine in athymic rats (Peterson et al. 2005). 
Miyazaki et al. have compared lentiviral and adenoviral gene therapy. They had implanted 
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a collagen sponge containing rat bone marrow cells transfected with either Lenti-BMP-2 or 
Adeno-BMP-2 and achieved solid fusion masses at eight weeks, whereas the new bone 
volume and levels fused are greater in the Lenti-BMP-2 treated group. They concluded that 
lentiviral gene therapy with BMP-2 shows great potential for application in various 
pathologies of the spine despite the fact that the safety of using lentiviral vectors and the 
side effects of prolonged BMP-2 production are required to be elucidated before the 
application of this technology in humans (Miyazaki et al., 2008). 

6.2 BMP-7 ex vivo gene therapy 
Hidaka et al. recently reported successful posterolateral spinal fusion in immune-
competent rats in ex vivo study using rat bone marrow cells that were expanded for four 
weeks, then treated with AdBMP-7 or Adβ-gal for two hours. Three million cells were 
implanted with allograft bone at the L4-5 level using a paraspinal muscle-splitting 
approach. A β-galastosidase assay was performed in homogenetes of fusion masses 
harvested three, seven, and 14 days after surgery to evaluate the extent and duration of 
adenovirus mediated gene transfer in this model. The gene expression was maximal on 
day three, waning to background levels by 14 days. Additionally, with AdBMP-7 
treatment, radiographic fusion rates were 70% and mechanical fusion rates were 80% 
versus 0% by either parameter in control groups at eight weeks after the index procedure. 
Fusion masses of AdBMP-7 treated spines had the microscopic appearance of normal 
trabecular bone and showed a 23-fold higher uptake of fluorochrome indicating increased 
bone formation. (Hidaka et al., 2003).  

6.3 BMP-9 ex vivo gene therapy 
Dumont et al. reported that human bone marrow mesenchymal stem cells were transduced 
with AdBMP-9 or Adβ-gal for 12hours and then, the cells (1 million cells/ml) were injected 
into the lumbar region with the use of fluoroscopic guidance in an athymic rat model. At 
eight weeks, the sites treated with the cells transduced AdBMP-9 showed copious bone 
formation, whereas the control injections showed no osteogenic activity. They did not 
mention about the fusion rate or bone volume of the newly induced bone (Dumont et al., 
2002). 

6.4 Combination of different BMPs 
Although a variety of BMPs still are being investigated for their therapeutic potential, a 
combination of different BMPs and other growth factors may prove to be the most effective 
initiators of bone formation. The use of BMP2/7 and BMP4/7 heterodimers has 
demonstrated increased bone induction and compared with that of their homodimer 
counterparts (Israel et al., 1996). Zhu et al. reported that supernatants from the culture 
media of a producer cell (A549) co-transfected by AdBMP-2 and AdBMP-7 induced much 
higher osteocalcin expression and alkaline phosphatase activity in both C2C12 and MC3T3-
E-1 cells than the supernatants from the cells transfected either AdBMP-2 or AdBMP-7 alone 
even though the concentration of the produced BMPs are much lower in the co-transfected 
group. They further demonstrated that co administration of AdBMP-2 and AdBMP-7 
resulted in a significantly greater number of mechanically stable fusions ans also 2-fold 
higher mineralization rate and bone volume in the fusion mass versus single BMP gene 
transfer (co-administrated group; 73% fusion, AdBMP-2 group; 8% fusion and AdBMP-7 
group 16% fusion (Zhu et al., 2004). 
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6.5 LIM 
Although the exact mechanism of LMP-1 remains unclear, solid spinal fusions have been 
achieved in rat and rabbit models using ex vivo LMP-1-transduced bone marrow cells and 
buffy-coat blood cells.  
Boden et al investigated the feasibility of achieving lumbar spine fusion by liposomal-
mediated transfer of a different osteoinductive protein gene, the LIM mineralization protein-
1 (LMP-1) gene. LMP-1 is an intracellular protein that plays a key role in the BMP-6 
stimulation of osteoblasts. Because LMP-1 is an intracellular signaling molecule, the 
technique of gene therapy is best suited to deliver the LMP-1 cDNA within the cell. Marrow 
fibroblasts were isolated from the hind limbs of rats and transfected with a plasmid 
containing LMP-1 in the forward orientation (study group) or the reverse orientation 
(control group) using lipofection. Once the cells were transfected, they were soaked in a 
devitalized bone matrix carrier. 14 athymic rats were used. Implants were composed of a 
devitalized bone matrix carrier loaded with bone marrow cells transfected with either the 
LMP-1 gene (active) or the reverse LMP-1 (control). In the pilot phase, two rats received 
subcutaneous implants on the right (active) and left (control) sides of the chest. The same 
rats received implants to the lumbar (active) and received implants to the posterior thoracic 
(control) spine. In the experimental phase, 12 rats received active and control implants in the 
thoracic (T11-12) and lumbar (L5-6) spine. Rats that received bone marrow cells transfected 
with the active gene in the thoracic region and vice versa. Four weeks postoperation, all rats 
were sacrificed. The samples of the rats that received subcutaneous implants underwent 
high-definition radiographs and undecalcified histology. All thoracic and lumbar spines in 
the experimental group underwent assessment of fusion by manual palpation, radiography, 
and undecalcified histology. Examination of subcutaneous implants from the two pilot rats 
revealed complete bone formation with marrow and osteoblast-lined trabeculae on the 
active side (carrier plus marrow cells with active LMP-1 cDNA) with no bone formation on 
the control side (carrier plus marrow cells with reverse LMP-1 cDNA). The two lumbar 
spines of the pilot rats that were implanted with the active LMP-1 cDNA were completely 
fused, whereas the two thoracic control fusion sites that had been implanted with reverse 
LMP-1 cDNA failed to show new bone formation. In the experimental group, three of the 12 
rats died of perioperative anesthetic complications. In the remaining nine rats, complete 
arthrodesis was shown manually, radiographically, and histologically in nine of nine (100%) 
sites receiving bone marrow cells transfected with inactive LMP-1 cDNA were fused. The 
authors concluded that the local delivery of LMP-1 cDNA to bone marrow cells was feasible 
and efficacious for enhancing spine arthrodesis. 
 Boden et al. reported solid posterior fusion in an athymic rat model using bone marrow 
cells transduced for two hours with AdLMP-1 in a demineralized bone matrix carrier 
(Boden et al., 1998). Viggeswarapu et al. showed bone marrow or buffy-coat cells 
transduced with AdLMP-1 for 10 minutes combined with demineralized bone matrix or 
collagen-ceramic-composite sponges induced posterolateral lumbar fusion in rabbits 
(Viggeswarapu et al., 2001). 

6.6 Nell-1 
Lu et al reported the osteoinductive properties of Nell-1 in rat spinal fusion model. 
Demineralized bone matrix (DBM) carriers containing either adenovirus coding for Nell-1 
(AdNell-1) or Lac Z (AdLacZ) were implanted at the intertransverse process of L4-5 in 
athymic rats. After six weeks, direct application of adenoviral Nell-1 in a DBM carrier 
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achieved significantly higher rates of spinal fusion over Lac Z controls: 60% Nell-1 versus 
20% Lac Z by manual palpation and 70% Nell-1 versus 20% Lac Z by micoroCT and 
histology. Histological assessment of bone quality and maturity revealed more mature, 
higher quality bone in all the Nell-1 treated specimens relative to Lac Z at six weeks. They 
concluded that Nell-1, which is regulated by the master bone regulatory gene Runx2, may 
exert its effects more specifically in osteoblastic cells than BMPs which affects multiple cell 
types. 

7. Conclusion and future direction 
Spinal fusion will continue to be an important part of the surgical treatment of spinal 
pathology for the foreseeable future. Promising research in progress involves the 
understanding of the biology of bone formation (White et al., 2004) and the use of gene  
 

Authors Vector Gene cell animal Fusion 
rate 

F/U 
weeks carrier 

Riew et al adenovirus BMP-
2 Rat BMC rabbits 20% 7 collagen 

Boden et al plasmid LIM-1 Ratfibloblast Athymic 
rats 100% 4 DBM 

Peterson et al adenovirus BMP-
2 Human BMC Athymic 

rats 100% 12 CS 

Wang et al adenovirus BMP-
2 Rat BMC rats 100% 8 DBM 

Hsu et al adenovirus BMP-
2 

Human 
ADSC 

Athymic 
rats 100% 12 CS 

Miyazaki et al lentivirus BMP-
2 Rat BMC rats 100% 8 CS 

Viggeswarapu et 
al adenovirus LIM-1 BCC rabbits 100% 5 DBM 

PBC 4 CCC 

Hidaka et al adenovirus BMP-
7 Rat BMC rats 70% 8 allograft 

Dumont et al adenovirus BMP-
9 Human BMC Athymic 

rats N/A 8 none 

Riew et al adenovirus BMP-
2 Pig BMC pigs 100% 6 none 

Miyazaki et al adenovirus BMP-
2 Rat BMC rats 100% 8 CS lentivirus

Miyazaki et al adenovirus BMP-
2 

Human 
ADSC Athymic 

rats 100% 8 CS 
Human BMC

Lu et al adenovirus Nell-1 none Athymic 
rats 70% 6 DBM 

BMC: bone marrow cell, ADSC: adipose derived stem cell, CCC: collagen-ceramic-composite, CS: 
collagen sponge, Buffy-coat cell: BCC, Peripheral blood cell: PBC 

Table 1. Animal studies on ex vivo gene therapy for spinal fusion. 
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Table 1. Animal studies on ex vivo gene therapy for spinal fusion. 



 
Gene Therapy Applications 

 

236 

therapy or tissue engineering in facilitating the natural processes of a spinal fusion. A viral 
vector can be used to transfer a gene into human cells to produce various recombinant 
growth factors that may modify the fusion cascade both qualitatively and quantitatively. 
Viral vectors, particularly the adenovirus, may serve as transports for the material encoding 
osteogenic factors. However, significant advances need to be made in vector design for low 
immunogenetic potential, controlled gene expression techniques like tetracycline-regulated 
system, the way of preventing insertional mutagenesis, and tissue targeting before human 
clinical trials can be safely and successfully conducted. 
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1. Introduction 
The application of gene therapy in the field of Urology is not limited to cancer therapy but is 
also being evaluated for non-cancer related bladder dysfunctions as well as erectile 
dysfunction (ED). This article will review the use of gene therapy for these conditions; the 
vectors used and limitations associated with different gene delivery systems and the 
attempts to overcome these shortcomings.  

2. Bladder cancer 

Bladder cancer is the 7th most common cancer worldwide. It has a natural history of 
superficial recurrences and local progression. It is estimated that within 18 months of first 
diagnosis approximately 50% of patients will have a recurrence (Anderson & Naish 2008). 
Thus there is a need for frequent monitoring of these patients. In the US the estimated life-
time cost of therapy for bladder cancer patients with non-muscle invasive disease was US 
$21.03 million  based on a Medicare database (Cooksley et al. 2008). The majority of this is 
spent on surveillance and the treatment of recurrences. Tumors occur on the luminal surface 
of the bladder and the architecture of the bladder permits topical intravesical therapies. The 
bladder is isolated from other organs and tissues and intravesical therapy permits contact 
with the entire internal surface of the bladder with minimal systemic side-effects.  
The present gold standard therapy for superficial bladder cancers is immunotherapy with 
Mycobacterium bovis, Bacillus Calmette Guerin (BCG) following local transurethral 
resection of the bladder tumor (TURBT). BCG induces a mononuclear and neutrophilic 
infiltrate in the bladder wall which results in an inflammatory response as measured by 
cytokine production that causes sloughing of both tumor and normal cells (Herr and 
Morales 2008).  The presence of IL-2, IL-8 and IL-18 in the urine of patients has been 
reported to correlate with response to therapy (Thalmann et al. 1997; Thalmann et al. 2000; 
Saint et al. 2003). Unfortunately, BCG has several shortcomings: it is a live vaccine and 
commonly causes side effects and occasionally septicemia. In addition some patients (20-
42%) do not respond to therapy (Kamat and Lamm 2000).  In place of BCG, recombinant 
cytokines such as IFN-, TNF-, and IL-2 have been used in a number of clinical trials with 
encouraging results (Glazier et al. 1995; Den Otter et al. 1998; Stavropoulos et al. 2002). 
However, recombinant cytokines are costly, unstable in urine and have poor permeability 
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across the glycosaminoglycan (GAG) layer of the urothelium.  Gene therapy is a natural 
alternative approach to ensure cytokine production in the bladder environment. 

2.1 Viral transfection systems for bladder cancer 
Initially replication defective viruses were generated with the sole purpose of gene delivery 
(Thomas et al. 2003). The viruses evaluated included: Adenovirus (type 2 and 5), Adeno-
associated virus (Parvoviridae family), Herpes simplex virus, Retrovirus (Dumey et al. 2005), 
Canary pox virus and Vaccinia virus (Lee et al. 1994). Table 1 lists their characteristics.  
However, because of the limited transduction capability of some viruses, replicating and 
conditionally replicating viruses were developed. These viruses amplify the transfection 
efficiency, as virus transduced cells produce more viruses that can infect the surrounding 
cells. Replication of wild type viruses also induces cytolysis of infected cells.  

2.1.1 Limitations and Improvements  
2.1.1.1 Non-specificity of transfection 
Siemens et al. compared adeno-, canary pox and vaccinia viruses in terms of their ability to 
transfect tumor cells after intravesical delivery in a murine model of bladder cancer 
(Siemens et al. 2003). The vaccinia and avian pox viruses were better at transfecting tumor 
cells than adenoviruses but all three resulted in transfection of extravesical tissue (e.g. 
kidney, liver, spleen). In contrast Wood et al reported only sporadic extravesical transfection 
after intravesical adenovirus instillations (Wood et al. 1999).   
To reduce non specific viral transduced gene expression, oncolytic adenoviruses have been 
engineered to express the E1A and E1B genes under the control of the uroplankin II gene 
promoter (Zhang et al. 2002; He et al. 2009) which limits expression to urothelial cells. 
Another strategy to target viral replication to tumor cells is to place the adenovirus E1A 
gene under the control of the telomerase promoter (Lanson et al. 2003), the midkine gene 
promoter (Terao et al. 2007) or the Cox-2 promoter  (Shirakawa et al. 2004). All these genes 
are highly expressed in tumor cells.  
Bladder cancer cells often over-express the epidermal growth factor receptor (EGFR) and 
targeting EGFR with bi-specific antibodies improved the delivery of adenovirus to cancer 
cells (van der Poel et al. 2002). A gammaretrovirus carrying a chimeric envelope protein 
containing a single chain variable fragment (scFv) antibody to the human epidermal growth 
factor receptor 2 (HER2) was shown to specifically target cells expressing Her2 (Tsai et al. 
2010).  

2.1.1.2 Transfection efficiency  
The internal surface of the bladder is covered by uroplakin proteins and the GAG layer 
which together provide a barrier to transfection of urothelial cells. Agents that disrupt this 
protective layer such as ethanol, HCl, dodecyl-B-d-maltoside and sodium dodecyl sulphate 
have been shown to improve viral transduction of the bladder (Engler et al. 1999; Lin et al. 
2002; Ramesh et al. 2004). 
Though adenoviruses are the most popular viruses for gene therapy they require adhesion 
with the cellular coxsackie-adenoviral receptor (CAR) for transduction of mammalian cells. 
Neoplastic tissue unlike normal bladder cells have reduced CAR expression (Buscarini et al. 
2007)  as a result of epigenetic control mechanisms (Pong et al. 2003).  
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Virus Transfection 
efficiency Immunogenicity DNA 

inserts Gene expression 

Adenovirus High with 
CAR receptor high 8kb Transient expression, DNA 

remains episomal 
Adeno-associated 

virus 
Good, no 
receptor low 4.5kb Stable, DNA episomes found 

Herpes simplex 
virus 

High in 
neurons high >30kb Stable in neurons and transient 

in others, episomal 

Moloney murine 
leukemia virus 

High in 
dividing cells low 8kb 

Stable expression, DNA 
integration into host genome 

Hematopoietic cells 

Lentivirus Non dividing 
cells low 8kb Stable expression, Integration 

in host chromosome, 

Canary pox virus Most cells low 25kb Transient expression, Viral 
DNA limited to cytoplasm 

Vaccinia virus Most cells high Up to 
25kb 

Transient expression, Viral 
DNA  limited to cytoplasm 

Table 1. Characteristics of viral vectors for gene therapy 

To circumvent the need for receptor mediated uptake, polymers have been used to enhance 
adenovirus transfection of bladder cells (Kasman et al. 2009) or even small molecule 
excipients such as Syn3 (Connor et al. 2001; Yamashita et al. 2002; Nagabhushan et al. 2007). 
A recent study has shown that CAR receptor expression and thus adenoviral expression can 
be increased by treatment with histone deacetylase inhibitors (HDACI) such as trichostatin 
A and sodium phenylbutyrate (Sachs et al. 2004). 
2.1.1.3 Previous Immunity 
Vaccinia viruses have long been used in man as vaccines against smallpox. This raised the 
issue of whether previous immunization would block the effectiveness of these viruses as 
gene delivery vehicles. Intravesical instillation of vaccinia viruses was successfully 
demonstrated in pre-immunized mice (Lee et al. 1994). The immunogenicity of adenoviruses 
is a major limitation in most therapeutic strategies. However it may be advantageous in 
bladder cancer therapy where non-specific inflammation as a consequence of BCG 
instillation has been associated with tumor removal.  
2.1.1.4 Promoter inactivation  
Adenovirus genes expressed from a CMV promoter induced better gene expression than 
those expressed using a RSV promoter (Freund et al. 2000). But quite often the CMV 
promoter is inactivated in vivo. It has been found that adenoviral transfection together with 
HDAC inhibitor trichostatin or retinoic acid improved CMV promoter activity. Treatment 
with these drugs could improve and prolong adenoviral transgene expression (Gaetano et al 
2000). The development of tissue specific promoters as described above may resolve this 
problem.  

2.2 Non-viral transfection systems for bladder cancer 
The strength and weakness of non-viral vectors is the transient expression of the delivered 
genes. For non-viral gene delivery the genes are encoded on plasmid DNA of bacterial 
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across the glycosaminoglycan (GAG) layer of the urothelium.  Gene therapy is a natural 
alternative approach to ensure cytokine production in the bladder environment. 

2.1 Viral transfection systems for bladder cancer 
Initially replication defective viruses were generated with the sole purpose of gene delivery 
(Thomas et al. 2003). The viruses evaluated included: Adenovirus (type 2 and 5), Adeno-
associated virus (Parvoviridae family), Herpes simplex virus, Retrovirus (Dumey et al. 2005), 
Canary pox virus and Vaccinia virus (Lee et al. 1994). Table 1 lists their characteristics.  
However, because of the limited transduction capability of some viruses, replicating and 
conditionally replicating viruses were developed. These viruses amplify the transfection 
efficiency, as virus transduced cells produce more viruses that can infect the surrounding 
cells. Replication of wild type viruses also induces cytolysis of infected cells.  

2.1.1 Limitations and Improvements  
2.1.1.1 Non-specificity of transfection 
Siemens et al. compared adeno-, canary pox and vaccinia viruses in terms of their ability to 
transfect tumor cells after intravesical delivery in a murine model of bladder cancer 
(Siemens et al. 2003). The vaccinia and avian pox viruses were better at transfecting tumor 
cells than adenoviruses but all three resulted in transfection of extravesical tissue (e.g. 
kidney, liver, spleen). In contrast Wood et al reported only sporadic extravesical transfection 
after intravesical adenovirus instillations (Wood et al. 1999).   
To reduce non specific viral transduced gene expression, oncolytic adenoviruses have been 
engineered to express the E1A and E1B genes under the control of the uroplankin II gene 
promoter (Zhang et al. 2002; He et al. 2009) which limits expression to urothelial cells. 
Another strategy to target viral replication to tumor cells is to place the adenovirus E1A 
gene under the control of the telomerase promoter (Lanson et al. 2003), the midkine gene 
promoter (Terao et al. 2007) or the Cox-2 promoter  (Shirakawa et al. 2004). All these genes 
are highly expressed in tumor cells.  
Bladder cancer cells often over-express the epidermal growth factor receptor (EGFR) and 
targeting EGFR with bi-specific antibodies improved the delivery of adenovirus to cancer 
cells (van der Poel et al. 2002). A gammaretrovirus carrying a chimeric envelope protein 
containing a single chain variable fragment (scFv) antibody to the human epidermal growth 
factor receptor 2 (HER2) was shown to specifically target cells expressing Her2 (Tsai et al. 
2010).  

2.1.1.2 Transfection efficiency  
The internal surface of the bladder is covered by uroplakin proteins and the GAG layer 
which together provide a barrier to transfection of urothelial cells. Agents that disrupt this 
protective layer such as ethanol, HCl, dodecyl-B-d-maltoside and sodium dodecyl sulphate 
have been shown to improve viral transduction of the bladder (Engler et al. 1999; Lin et al. 
2002; Ramesh et al. 2004). 
Though adenoviruses are the most popular viruses for gene therapy they require adhesion 
with the cellular coxsackie-adenoviral receptor (CAR) for transduction of mammalian cells. 
Neoplastic tissue unlike normal bladder cells have reduced CAR expression (Buscarini et al. 
2007)  as a result of epigenetic control mechanisms (Pong et al. 2003).  
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Table 1. Characteristics of viral vectors for gene therapy 

To circumvent the need for receptor mediated uptake, polymers have been used to enhance 
adenovirus transfection of bladder cells (Kasman et al. 2009) or even small molecule 
excipients such as Syn3 (Connor et al. 2001; Yamashita et al. 2002; Nagabhushan et al. 2007). 
A recent study has shown that CAR receptor expression and thus adenoviral expression can 
be increased by treatment with histone deacetylase inhibitors (HDACI) such as trichostatin 
A and sodium phenylbutyrate (Sachs et al. 2004). 
2.1.1.3 Previous Immunity 
Vaccinia viruses have long been used in man as vaccines against smallpox. This raised the 
issue of whether previous immunization would block the effectiveness of these viruses as 
gene delivery vehicles. Intravesical instillation of vaccinia viruses was successfully 
demonstrated in pre-immunized mice (Lee et al. 1994). The immunogenicity of adenoviruses 
is a major limitation in most therapeutic strategies. However it may be advantageous in 
bladder cancer therapy where non-specific inflammation as a consequence of BCG 
instillation has been associated with tumor removal.  
2.1.1.4 Promoter inactivation  
Adenovirus genes expressed from a CMV promoter induced better gene expression than 
those expressed using a RSV promoter (Freund et al. 2000). But quite often the CMV 
promoter is inactivated in vivo. It has been found that adenoviral transfection together with 
HDAC inhibitor trichostatin or retinoic acid improved CMV promoter activity. Treatment 
with these drugs could improve and prolong adenoviral transgene expression (Gaetano et al 
2000). The development of tissue specific promoters as described above may resolve this 
problem.  

2.2 Non-viral transfection systems for bladder cancer 
The strength and weakness of non-viral vectors is the transient expression of the delivered 
genes. For non-viral gene delivery the genes are encoded on plasmid DNA of bacterial 



 
Gene Therapy Applications 

 

246 

origin. Non-viral delivery agents include liposomes (N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-
trimethylammonium chloride, DOTAP), polyethylenimine (PEI), viral envelopes (with 
fusogenic properties)  conjugated to liposomes (Hemagglutinating Virus of Japan (HVJ) 
liposomes), chitosans as well as physical means such as the use of an electrogun or 
ultrasound (Harimoto et al. 1998; Lawrencia et al. 2001; Ogawa et al. 2004; Bonnet et al. 2008; 
Tsai et al. 2009; Zaharoff et al. 2009).  Plasmid DNA delivery systems result in cellular entry 
via the endosomes (Al-Dosari & Gao 2009). Endosomal escape is often difficult and when 
successful the plasmid DNA is mainly restricted to the cytoplasm. A small amount may 
make it to the nucleus and exist as episomal DNA molecules that can be lost during 
replication (Al-Dosari & Gao 2009).  Besides the delivery agents, the plasmid DNA sequence 
can also modulate the efficiency of transfection as discussed below.  

2.2.1 Limitations and Improvements 
2.2.1.1 Promoter inactivation 
It has been reported that the CMV promoter often used for plasmid gene expression does 
not always result in good gene expression (Loser et al. 1998) as a consequence of promoter 
inactivation.  This can be overcome by using a HDAC inhibitor, as demonstrated with OSU-
HDAC42 (Lai et al. 2010). An alternative strategy is to utilize tissue/cancer cell specific 
promoters such as the COX-2, H19 and human IGF2-P4 gene promoters (Ohana et al. 2002; 
Zhang et al. 2008; Amit & Hochberg 2010).  
2.2.1.2 Transfection efficiency 
The primary focus of improving plasmid DNA transfection is improving escape from the 
endosomes and this is achieved by developing new additives and lipoplexes or even 
polyplexes that use either acidification or osmotic pressure changes or membrane fusogenic 
molecules to allow DNA escape (Al-Dosari and Gao 2009). We developed a formulation 
comprised of DOTAP and Methyl--cyclodextrin solubilized cholesterol (MBC) that 
transfects urothelial cells in vivo within 2 hours of exposure. Transfection was confined to 
the bladder (Lawrencia et al. 2001) and occurred in the superficial and deeper layers of the 
urothelial tumours (Wu et al. 2003).  

2.2.1.3 Specificity of plasmid expression and activity/duration 
Antibodies have been used to target delivery of plasmids to tumor cells. ScFv antibody to 
Her-2 (Tsai et al. 2009) or transferrin have been demonstrated to successfully target plasmids 
to tumor cells (Pirollo et al. 2008). The latter strategy targets both primary and metastatic 
disease when delivered systemically.  Targeting of plasmid DNA to the nucleus can also be 
induced by introducing mammalian transcription factor binding sites in the plasmid and 
this increased the duration of expression (Gill et al. 2009).  
Plasmid DNA expression is transient because of the episomal nature of transfected DNA. In 
bladder cancer therapy this can be overcome by repeated intravesical instillations. Another 
strategy to improve gene expression is to add a scaffold matrix attachment region (S/MAR) 
to the plasmid DNA. S/MAR serve both to ensure prolonged gene expression, by reducing 
the silencing of plasmid DNA as well as to ensure plasmid DNA replication as episomes 
(Gill et al. 2009).  
Integration of plasmid DNA into chromosomal DNA is achievable now. The techniques 
used include retroviral integrase (Tanaka et al. 1998), sleeping beauty (SB) transposons 
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(Hackett et al. 2010) or phage recombinase mediated integration (Olivares et al. 2002). Thus 
in the future a single intravesical instillation may be sufficient for prolonged therapeutic 
effects.  
2.2.1.4 Liposome free delivery 
For small molecules such as CpG oligodeoxynucleotides (ODN), intravesical delivery to 
urothelial cells can be achieved without a transfection agent (Ninalga et al. 2005). But 
plasmid DNA requires a delivery agent. Nanoparticles (10-100nm in size) with bound 
plasmid DNA are recognized by cell surface nucleolin on HeLa cells and this  
results in DNA transport to the nucleus (Chen et al. 2008) and avoidance of endosomal 
entrapment.  
2.2.1.5 Inflammation 
The CpG sequences on plasmid DNA induce inflammation that could reduce gene 
expression by either destruction of transfected cells or promoter inactivation (Yew et al. 
2000). Minicircle DNA (mcDNA), are supercoiled DNA with only the therapeutic gene 
cassette. They are generated in vivo by site specific recombination in E coli and exhibit 
improved gene expression in terms of the level and duration of gene expression  (Darquet et 
al. 1997).   

2.3 Preclinical evaluation of genes and evolving gene therapy strategies  
The different categories of genes used successfully in animal studies are listed in Table 2. 
Both Sub-cutaneous (sc) and orthotopic models of bladder cancer have been used to 
evaluate gene therapy. While the data from sc studies have shown the efficacy of the 
expressed genes, it is the orthotopic models that best reflect clinical disease and therapeutic 
gene delivery. In general regardless of the delivery system or gene delivered tumor growth 
reduction or even eradication has been reported in murine models of bladder cancer.  Most 
therapeutic schedules used in the animal studies require repeated instillations of the gene 
delivery vehicle whether it is a viral or non-viral vector. However, a recent study of viral 
gene delivery of IFN indicated that a high dose could reduce the need for increased 
intravesical instillations (Tao et al. 2006). Transfection using transposons may also reduce 
the need for repeated transfection of plasmid DNA. 
New therapies aim to combine several strategies at once.  These include the use of oncolytic 
viruses and immune modulation using GMCSF (Cozzi et al. 2001; Ramesh et al. 2006); wild 
type p53 and ribozyme erb-2 (Irie et al. 2006) and Rb94 or oncolytic viruses and 
chemotherapeutic drugs (Zhang et al. 2002; Pirollo et al. 2008).  In vitro studies have shown 
that combining AdHSVTK, ganciclovir and chemotherapy may have therapeutic benefit 
(Freund et al. 2003). Further the beneficial effect of 5-FU and adenovirus cytosine deaminase 
gene therapy could be enhanced by irradiation (Zhang et al. 2003). Such multi-factor 
therapies may be better at eradicating tumor cells.  Another strategy is to modify immune 
cells in vitro for cancer therapy. Dendritic cell manipulation by transfection with adenovirus 
carrying the survivin gene has been shown to induce cytotoxic T lymphocytes ( CTLs) 
(Kikkawa et al. 2009).  

2.4 Gene therapy clinical trials  
Table 3 lists several Phase I trials that have been carried out for bladder cancer. However, 
results from only a few of these trials are published. 
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origin. Non-viral delivery agents include liposomes (N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-
trimethylammonium chloride, DOTAP), polyethylenimine (PEI), viral envelopes (with 
fusogenic properties)  conjugated to liposomes (Hemagglutinating Virus of Japan (HVJ) 
liposomes), chitosans as well as physical means such as the use of an electrogun or 
ultrasound (Harimoto et al. 1998; Lawrencia et al. 2001; Ogawa et al. 2004; Bonnet et al. 2008; 
Tsai et al. 2009; Zaharoff et al. 2009).  Plasmid DNA delivery systems result in cellular entry 
via the endosomes (Al-Dosari & Gao 2009). Endosomal escape is often difficult and when 
successful the plasmid DNA is mainly restricted to the cytoplasm. A small amount may 
make it to the nucleus and exist as episomal DNA molecules that can be lost during 
replication (Al-Dosari & Gao 2009).  Besides the delivery agents, the plasmid DNA sequence 
can also modulate the efficiency of transfection as discussed below.  

2.2.1 Limitations and Improvements 
2.2.1.1 Promoter inactivation 
It has been reported that the CMV promoter often used for plasmid gene expression does 
not always result in good gene expression (Loser et al. 1998) as a consequence of promoter 
inactivation.  This can be overcome by using a HDAC inhibitor, as demonstrated with OSU-
HDAC42 (Lai et al. 2010). An alternative strategy is to utilize tissue/cancer cell specific 
promoters such as the COX-2, H19 and human IGF2-P4 gene promoters (Ohana et al. 2002; 
Zhang et al. 2008; Amit & Hochberg 2010).  
2.2.1.2 Transfection efficiency 
The primary focus of improving plasmid DNA transfection is improving escape from the 
endosomes and this is achieved by developing new additives and lipoplexes or even 
polyplexes that use either acidification or osmotic pressure changes or membrane fusogenic 
molecules to allow DNA escape (Al-Dosari and Gao 2009). We developed a formulation 
comprised of DOTAP and Methyl--cyclodextrin solubilized cholesterol (MBC) that 
transfects urothelial cells in vivo within 2 hours of exposure. Transfection was confined to 
the bladder (Lawrencia et al. 2001) and occurred in the superficial and deeper layers of the 
urothelial tumours (Wu et al. 2003).  

2.2.1.3 Specificity of plasmid expression and activity/duration 
Antibodies have been used to target delivery of plasmids to tumor cells. ScFv antibody to 
Her-2 (Tsai et al. 2009) or transferrin have been demonstrated to successfully target plasmids 
to tumor cells (Pirollo et al. 2008). The latter strategy targets both primary and metastatic 
disease when delivered systemically.  Targeting of plasmid DNA to the nucleus can also be 
induced by introducing mammalian transcription factor binding sites in the plasmid and 
this increased the duration of expression (Gill et al. 2009).  
Plasmid DNA expression is transient because of the episomal nature of transfected DNA. In 
bladder cancer therapy this can be overcome by repeated intravesical instillations. Another 
strategy to improve gene expression is to add a scaffold matrix attachment region (S/MAR) 
to the plasmid DNA. S/MAR serve both to ensure prolonged gene expression, by reducing 
the silencing of plasmid DNA as well as to ensure plasmid DNA replication as episomes 
(Gill et al. 2009).  
Integration of plasmid DNA into chromosomal DNA is achievable now. The techniques 
used include retroviral integrase (Tanaka et al. 1998), sleeping beauty (SB) transposons 
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(Hackett et al. 2010) or phage recombinase mediated integration (Olivares et al. 2002). Thus 
in the future a single intravesical instillation may be sufficient for prolonged therapeutic 
effects.  
2.2.1.4 Liposome free delivery 
For small molecules such as CpG oligodeoxynucleotides (ODN), intravesical delivery to 
urothelial cells can be achieved without a transfection agent (Ninalga et al. 2005). But 
plasmid DNA requires a delivery agent. Nanoparticles (10-100nm in size) with bound 
plasmid DNA are recognized by cell surface nucleolin on HeLa cells and this  
results in DNA transport to the nucleus (Chen et al. 2008) and avoidance of endosomal 
entrapment.  
2.2.1.5 Inflammation 
The CpG sequences on plasmid DNA induce inflammation that could reduce gene 
expression by either destruction of transfected cells or promoter inactivation (Yew et al. 
2000). Minicircle DNA (mcDNA), are supercoiled DNA with only the therapeutic gene 
cassette. They are generated in vivo by site specific recombination in E coli and exhibit 
improved gene expression in terms of the level and duration of gene expression  (Darquet et 
al. 1997).   

2.3 Preclinical evaluation of genes and evolving gene therapy strategies  
The different categories of genes used successfully in animal studies are listed in Table 2. 
Both Sub-cutaneous (sc) and orthotopic models of bladder cancer have been used to 
evaluate gene therapy. While the data from sc studies have shown the efficacy of the 
expressed genes, it is the orthotopic models that best reflect clinical disease and therapeutic 
gene delivery. In general regardless of the delivery system or gene delivered tumor growth 
reduction or even eradication has been reported in murine models of bladder cancer.  Most 
therapeutic schedules used in the animal studies require repeated instillations of the gene 
delivery vehicle whether it is a viral or non-viral vector. However, a recent study of viral 
gene delivery of IFN indicated that a high dose could reduce the need for increased 
intravesical instillations (Tao et al. 2006). Transfection using transposons may also reduce 
the need for repeated transfection of plasmid DNA. 
New therapies aim to combine several strategies at once.  These include the use of oncolytic 
viruses and immune modulation using GMCSF (Cozzi et al. 2001; Ramesh et al. 2006); wild 
type p53 and ribozyme erb-2 (Irie et al. 2006) and Rb94 or oncolytic viruses and 
chemotherapeutic drugs (Zhang et al. 2002; Pirollo et al. 2008).  In vitro studies have shown 
that combining AdHSVTK, ganciclovir and chemotherapy may have therapeutic benefit 
(Freund et al. 2003). Further the beneficial effect of 5-FU and adenovirus cytosine deaminase 
gene therapy could be enhanced by irradiation (Zhang et al. 2003). Such multi-factor 
therapies may be better at eradicating tumor cells.  Another strategy is to modify immune 
cells in vitro for cancer therapy. Dendritic cell manipulation by transfection with adenovirus 
carrying the survivin gene has been shown to induce cytotoxic T lymphocytes ( CTLs) 
(Kikkawa et al. 2009).  

2.4 Gene therapy clinical trials  
Table 3 lists several Phase I trials that have been carried out for bladder cancer. However, 
results from only a few of these trials are published. 
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Table 3. Clinical trials for bladder cancer gene therapy. NCT designation indicates data 
obtained from http://www.who.int/ictrp/en/;  
Other alphabet and number designations are for data obtained from  
http://www.wiley.com/legacy/wileychi/genmed/clinical where the alphabets indicate 
country of registration and the numbers only designation are for data obtained from 
http://www.gemcris.od.nih.gov/Contents/GC_HOME.asp . Note some trials were 
registered on more than one web-site. 
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Information about completed, on-going and planned trials were obtained from the 
following sources: gene therapy clinical trials world wide web-site http://www.wiley.com 
/legacy/wileychi/genmed/clinical/; the clinical trials.gov, US National Institutes of Health 
and the Genetic Modification Clinical research Information System database 
http://www.gemcris.od.nih.gov/Contents/GC_HOME.asp and the World Health 
Organization International Clinical Trials registry platform portal http://www.who.int 
/ictrp/en/.  
A Phase I trial on vaccinia virus instillation showed increased lymphocyte recruitment and 
the induction of an inflammatory response in the bladder (Gomella et al. 2001). There were 
no clinical manifestations of vaccinia toxicity indicating the safety and therapeutic potential 
of this virus as a gene therapy vector. Adenovirus delivery of p53 was also shown to 
successfully deliver p53 gene to bladder cells but there was no change in 
immunohistochemical detection of p53 in bladder tissue (Pagliaro et al. 2003). However, 
adenovirus therapy was safe and well tolerated (Pagliaro et al. 2003). Delivery of adenovirus 
carrying p53 with a transduction enhancing agent improved p53 gene delivery and protein 
expression was found in patient tissue samples (Kuball et al. 2002). Though higher doses of 
the virus were administered, no dose toxicity was observed (Kuball et al. 2002). Similarly no 
serious adverse effects were reported by Malmstrom et al. from a recently concluded Phase 
I/IIa trial using AdCD40L (Malmstrom et al. 2010). They observed gene transfer in biopsies 
and the infiltration of T lymphocytes (Malmstrom et al. 2010). 
A plasmid was used to deliver the diphtheria toxin gene under the control of the H19 gene 
regulatory sequence in a Phase I/IIa trial for non–muscle invasive bladder cancer (Sidi et al. 
2008). They reported mild toxicity and observed complete and partial response in some 
patients. Thus based on these Phase I trials, both non viral and viral vectors appear to be 
well tolerated in man.  
Several new trials are either in progress or about to commence. These use non-viral and 
viral delivery vectors as listed in Table 3. A proposal for a Phase I trial for intravesical 
therapy in bladder cancer patients using plasmid DNA carrying the IFN- gene and our 
liposome based delivery system is being evaluated by the Health Sciences Authority, 
Singapore.  

2.5 Other urological malignancies 
Though not covered here several clinical trials are on-going, evaluating gene therapy for 
prostate and renal cancers. In general the vectors and genes used are similar though tissue 
specific promoters may differ. Information on these trials can be obtained from the web-sites 
listed above. Unlike bladder cancer however, gene delivery to these tissues is not as simple. 
Thus tissue specific targeted gene expression has been developed. Another strategy is the 
use of macrophages transfected ex vivo with a plasmid carrying the E1A/B construct under 
the control of the hypoxia response element (HRE) as well as a replication competent 
adenovirus with the E1A under the control of the prostate specific antigen promoter. At the 
hypoxic tumor site the E1A protein is produced and the adenoviruses released infect tumor 
cells and cause their lysis (Muthana et al. 2011). Such a strategy prevents virus 
neutralization in vivo. 

3. Non-cancer related urological problems  
The bladder is made up of a reservoir and an outlet (bladder neck, urethra and urethral 
sphincter) whose activities are controlled by smooth and striated muscles. There are more 
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patients with bladder dysfunctions related to its primary function of urine storage and 
voiding than cancer. These include: lower urinary tract symptoms (LUTS), interstitial 
cystitis (IC), overactive bladder (OAB), spinal cord injuries affecting micturition and urinary 
incontinence (UI).  It is estimated that by 2018, some 2.3 billion people worldwide will be 
affected by at least one LUTS, OAB, UI and LUTS suggestive of bladder obstruction (Irwin 
et al. 2011). LUTS is an umbrella term that encompasses urine storage (increased  frequency, 
at least one episode of nocturia per night, urgency and UI), voiding and post-micturition 
symptoms (Abrams et al. 2003). Another urological problem is erectile dysfunction (ED).  
Both LUTS and ED are increased with aging and in patients with diabetes (Brown et al. 
2005). With the worldwide increase in the incidence of diabetes the incidence of these 
urological problems will increase.   
Most current therapies for the above mentioned conditions are palliative rather than 
therapeutic. Gene therapy however, may provide a way to cure the disease and the recent 
review by Christ  lists some of these strategies (Christ 2011).  Most of the bladder related 
problems seem to be linked to muscle and neuronal defects and because of the latter the 
most common vectors used for animals studies of bladder dysfunctions are HSV vectors. 

3.1 Urinary incontinence 
Urinary incontinence is a general term used to cover three types of incontinence namely 
stress, urge and overflow (Chancellor et al. 2001).  Stress incontinence occurs when the 
urinary sphincter muscle is unable to prevent urine leakage following jumping or coughing.  
This is more common in women than men. Treatment approaches include exercise, surgery 
and collagen injections into the sphincter muscle. Often multiple injections are required 
which adds to the cost of treatment and some patients are allergic to bovine collagen.  Tissue 
engineering and ex vivo gene therapy are alternative therapeutic strategies that are being 
evaluated (Shokeir et al. 2010).  Phase I trials of the delivery of autologous myoblasts and 
fibroblasts from muscle biopsies to female patients with stress incontinence have shown 
some benefit (Mitterberger et al. 2007). In mice, combining myoblast and gene therapy such 
as the ex vivo transformation of myoblasts with the VEGF gene resulted in improved 
volume and function of muscle cells (Delo et al. 2008). 
Urge incontinence is characterized by increased urinary urgency and frequency caused by 
involuntary bladder contractions leading to uncontrollable urine leakage. One study has 
evaluated intravesical non-viral delivery of a cDNA for the K+ channel and showed that this 
resulted in increased K+ channels in the smooth muscle of the bladder and amelioration of 
bladder overactivity (Christ et al. 2001).   
Overflow incontinence results from nerve damage such that patients cannot urinate. One 
common cause is diabetes related neuropathy. Diabetes related cystopathy is often 
irreversible and restoring bladder functions to diabetic patients is difficult  (Sasaki et al. 
2002). Animal studies have identified nerve growth factor (NGF) as a good candidate for 
gene therapy for diabetes induced incontinence (Apfel et al. 1994).  HSV delivery of NGF 
increased NGF in the bladder wall and dorsal root ganglion and improved voiding function 
in streptozotocin (STZ) induced diabetic rats (Goins et al. 2001; Sasaki et al. 2004).   

3.2 Interstitial cystitis/painful bladder syndrome 
Interstitial cystitis or painful bladder syndrome occurs predominantly in females (Persu et 
al. 2010). It is believed to result from underlying inflammation in the bladder. It cannot be 
adequately treated by drugs and prolonged drug therapy can lead to dependency and 
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therapeutic. Gene therapy however, may provide a way to cure the disease and the recent 
review by Christ  lists some of these strategies (Christ 2011).  Most of the bladder related 
problems seem to be linked to muscle and neuronal defects and because of the latter the 
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fibroblasts from muscle biopsies to female patients with stress incontinence have shown 
some benefit (Mitterberger et al. 2007). In mice, combining myoblast and gene therapy such 
as the ex vivo transformation of myoblasts with the VEGF gene resulted in improved 
volume and function of muscle cells (Delo et al. 2008). 
Urge incontinence is characterized by increased urinary urgency and frequency caused by 
involuntary bladder contractions leading to uncontrollable urine leakage. One study has 
evaluated intravesical non-viral delivery of a cDNA for the K+ channel and showed that this 
resulted in increased K+ channels in the smooth muscle of the bladder and amelioration of 
bladder overactivity (Christ et al. 2001).   
Overflow incontinence results from nerve damage such that patients cannot urinate. One 
common cause is diabetes related neuropathy. Diabetes related cystopathy is often 
irreversible and restoring bladder functions to diabetic patients is difficult  (Sasaki et al. 
2002). Animal studies have identified nerve growth factor (NGF) as a good candidate for 
gene therapy for diabetes induced incontinence (Apfel et al. 1994).  HSV delivery of NGF 
increased NGF in the bladder wall and dorsal root ganglion and improved voiding function 
in streptozotocin (STZ) induced diabetic rats (Goins et al. 2001; Sasaki et al. 2004).   

3.2 Interstitial cystitis/painful bladder syndrome 
Interstitial cystitis or painful bladder syndrome occurs predominantly in females (Persu et 
al. 2010). It is believed to result from underlying inflammation in the bladder. It cannot be 
adequately treated by drugs and prolonged drug therapy can lead to dependency and 
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tolerance to drugs that may require dose escalation to remain effective. Thus it is a candidate 
for gene therapy. Delivery of the preproenkephalin gene by HSV (Yokoyama et al. 2009)  has 
been shown to be beneficial in reducing pain.  A HSV vector carrying the ionotropic glycine 
receptor (GlyR) whose expression was induced by glycine had an analgesic effect (Goss et 
al. 2011). This vector when inoculated into the bladder wall of an inflammation model of 
IC/PBS in rats was activated by systemic glycine delivery. 

3.3 Overactive bladder 
Overactive bladder (OAB) is defined as “urinary urgency, usually accompanied by 
frequency and nocturia, with or without urgency urinary incontinence” (Haylen et al. 2010)  
Detrusor over activity is considered a single marker for OAB. It can occur as a result of 
spinal injury and could result in a lack of control of micturition. This has been demonstrated 
in animal models of spinal injury. HSV vector delivery of glutamic acid decarboxylase has 
shown benefit in a rat model of spinal injury (Miyazato et al. 2009; Miyazato et al. 2010). 

3.4 Erectile dysfunction 
Approximately 150 million men are projected to suffer from ED and the incidence of ED 
increases with age. Normal erectile function occurs as a result of 3 synergistic events 
namely: neurological mediated penial arterial inflow increase; cavernosal smooth muscle 
relaxation and restriction of venous outflow from the penis (Andersson & Wagner 1995). In 
ED one or more of these events may be impaired.  The penis is an excellent candidate for 
gene therapy because it is easily accessible, has limited blood flow and a slow cellular 
turnover (Bivalacqua & Hellstrom 2001). Though therapy is available for erectile 
dysfunction there are a significant number of patients who do not respond to available 
therapy (Yoshimura et al. 2010). The recent review by Harraz et al. provides an excellent 
overview of gene therapy strategies used in animal models of ED that have been shown to 
resolve this problem (Harraz et al. 2010).  Rather than reproducing that information only 
recent publications not included in that review are mentioned here. Over expression of the 
transient receptor potential (TRP) channels  6 (dominant negative)  by transfection with a 
plasmid caused a decrease in calcium  levels in the corporal smooth muscle and improved 
erectile function in diabetic rats (Jung et al. 2010).  Using a STZ induced diabetes model to 
evaluate erectile dysfunction, it was found that implantation of mesenchymal stem cells 
transfected with VEGF improved erectile function compared to implantation of 
mesenchymal stem cells alone (Qiu et al. 2011). 

3.5 Clinical trials 
Only two clinical trials are listed on the http://www.gemcris.od.nih.gov/Contents 
/GC_HOME.asp for urological conditions unrelated to cancer.  One is the Phase I trial for 
ED and the other is a trial for overactive bladder syndrome. Both trials used plasmid DNA 
carrying the calcium activated potassium channel (Melman et al. 2007). The results of the 
Phase I trial for ED indicate the safety of this delivery system. 

4. Major issues and future prospects for gene therapy 
One major issue is the safety of gene therapy in terms of its impact on the environment as 
well as long term safety in patients. Schenk-Braat et al found that only half of all registered 

 
Gene Therapy in Urology 

 

253 

clinical trials included viral shedding data (Schenk-Braat et al. 2007) and what data was 
available was primarily for the time after virus delivery and not at the time of delivery. 
These questions should also be raised for plasmid based gene therapy. Long term follow-up 
data on patients who have received gene therapy may further ameliorate the safety concerns 
of this therapy. This will result in gene therapy being more readily applied to other non-
malignant conditions. The development of better plasmids and ways to integrate plasmids 
into the chromosome may lead to the greater use of plasmid rather than viral vectors for 
urological gene therapy. 
MicroRNAs (MiRNA) are new targets for cancer therapy. These are small non-coding RNA 
molecules that bind to complementary sequences in the protein coding regions of mRNA 
and block their translation. Their expression levels vary in cancer and normal tissues (Catto 
et al. 2011). MiRNA-203 and MiRNA-221 have been shown to modulate the growth and 
apoptosis of human bladder cancer cell lines (Lu et al. 2010; Bo et al. 2011) and these could 
be new targets for therapy.  Given the function of miRNA it is possible that these molecules 
could also be targets for non-cancer related bladder dysfunctions. This has not yet been 
explored and identifying such molecules may improve our knowledge of the development 
of these conditions. 

5. Conclusion 
The application of gene therapy for urological conditions is being evaluated in many 
preclinical disease models.  In general the results obtained are encouraging and soon these 
therapies may move to Phase I trials.    
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spinal injury and could result in a lack of control of micturition. This has been demonstrated 
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Approximately 150 million men are projected to suffer from ED and the incidence of ED 
increases with age. Normal erectile function occurs as a result of 3 synergistic events 
namely: neurological mediated penial arterial inflow increase; cavernosal smooth muscle 
relaxation and restriction of venous outflow from the penis (Andersson & Wagner 1995). In 
ED one or more of these events may be impaired.  The penis is an excellent candidate for 
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clinical trials included viral shedding data (Schenk-Braat et al. 2007) and what data was 
available was primarily for the time after virus delivery and not at the time of delivery. 
These questions should also be raised for plasmid based gene therapy. Long term follow-up 
data on patients who have received gene therapy may further ameliorate the safety concerns 
of this therapy. This will result in gene therapy being more readily applied to other non-
malignant conditions. The development of better plasmids and ways to integrate plasmids 
into the chromosome may lead to the greater use of plasmid rather than viral vectors for 
urological gene therapy. 
MicroRNAs (MiRNA) are new targets for cancer therapy. These are small non-coding RNA 
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and block their translation. Their expression levels vary in cancer and normal tissues (Catto 
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could also be targets for non-cancer related bladder dysfunctions. This has not yet been 
explored and identifying such molecules may improve our knowledge of the development 
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1. Introduction 
Significant improvements have been made during the last 20 years in the therapy of renal 
diseases including the broadening of treatment options. Gene therapy is a potential 
modality for renal diseases for which we are yet unable to offer specific treatment. In spite of 
the revolutionary progress in the field of gene therapy, delivery to achieve safe clinical 
application remains one of the biggest challenges in biomedical research. In the present 
chapter we focus on nucleic acid (NA) therapy targeting messenger (mRNA) and micro 
(miRNA) RNA in the kidney. 

2. RNA interference 
RNA interference (RNAi), the sequence-specific post-transcriptional gene silencing 
mediated by small (19-25 nucleotide length) double-stranded RNAs (dsRNA), is of potential 
use as a therapeutic approach for the treatment of a variety of diseases (Dykxhoorn & 
Lieberman, 2006; Castanotto & Rossi, 2009). Small, non-coding RNA molecules such as 
microRNA (miRNA) and short interfering RNA (siRNA) are important regulators of gene 
expression, helping to control cellular metabolism, growth and differentiation, to maintain 
genome integrity, and to combat viruses and mobile genetic elements (C. Zhang, 2009; 
Moazed, 2009). 

2.1 Biogenesis of small RNAs and mechanism of action 
Following completion of the human genome project, a series of non-coding small RNAs 
have been discovered. Two main categories of small RNAs have been defined on the basis of 
their precursors. The cleavage of exogenous double-stranded RNA (dsRNA) precursors 
produced during viral infection or after artificial transfection generates siRNAs, whereas the 
processing of genome-encoded endogenous stem–loop RNA structures generates miRNAs. 
Exogenous siRNAs and endogenous miRNAs are generated from dsRNA precursors that 
are produced in or introduced into cells (Siomi H. & Siomi M.C., 2009; Bartel, 2004).  
During the mechanism of RNAi, double-stranded RNA is cleaved by an RNAseIII 
ribonuclease called Dicer into smaller fragments (21 to 23 nucleotides). The resulting 
fragments are then bound to an Argonaut family protein which functions as the core 
component of a protein–RNA complex called the RNA-induced silencing complex (RISC) or 
its nuclear form the RNA-induced transcriptional silencing complex (RITS). SiRNA/miRNA 
duplex is unwind by helicase, and the guide or antisense strand will then engage in selective 
degradation of the mRNA that is complementary to the guide strand.  
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are produced in or introduced into cells (Siomi H. & Siomi M.C., 2009; Bartel, 2004).  
During the mechanism of RNAi, double-stranded RNA is cleaved by an RNAseIII 
ribonuclease called Dicer into smaller fragments (21 to 23 nucleotides). The resulting 
fragments are then bound to an Argonaut family protein which functions as the core 
component of a protein–RNA complex called the RNA-induced silencing complex (RISC) or 
its nuclear form the RNA-induced transcriptional silencing complex (RITS). SiRNA/miRNA 
duplex is unwind by helicase, and the guide or antisense strand will then engage in selective 
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As a post-transcriptional gene-silencing (PTGS) mechanism exogenous siRNA mediated 
RNAi causes degradation of the target mRNA and prevents protein synthesis (Rácz & 
Hamar, 2008). Physiologic function of RNAi is elimination of viral infections, as double 
stranded RNAs are often produced during the life cycle of viruses and are eliminated this 
way. However, siRNA mediated PTGS can be utilized therapeutically, by transfecting cells 
in vivo with siRNA complementary to a segment of a protein coding mRNA (Rácz & 
Hamar, 2006). The revolutionary aspect of siRNA therapy is that it acts on disease-
associated key proteins by down regulating components of the pathway without permanent 
effects on the genome. Thus, siRNA treatment has the potential to prevent injury from 
occurring in addition to addressing existing injury. 
Endogenous non-coding miRNAs are involved in post-transcriptional regulation of gene-
expression. MiRNAs are generated from endogenous hairpin structured transcripts 
throughout the genome. MiRNA encoding genes are transcribed by RNA polymerase II (pol 
II) providing long precursor transcripts, known as primary miRNAs (pri-miRNAs). After 
transcription, Drosha RNase: a type III nuclear ribonuclease cleaves nucleotides from the 
pri-miRNA, processing it into shorter pre-miRNAs. Nuclear export factor Exportin-5 
(Exp5/Xpo5) transports the pre-miRNA to the cytoplasm. Further cytoplasmic processing 
by Dicer (type III ribonuclease) cleaves pre-miRNA generating mature, double-stranded, 18-
25 nucleotide-long miRNA. The guide strand is incorporated into RISC and remains stably 
associated with RISC, becoming the mature miRNA. The opposite (passenger) strand is 
disposed. The miRNA guides the RISC to the target mRNA with complementary sequence. 
In case of incompletely complementary sequences, translation of the target mRNA is 
silenced, and the mRNA is degraded by the RISC in case of fully complementary sequence. 
Unlike RNAi induced by siRNA, miRNA during regulation, cleavage of the mRNA occurs 
more seldom, only by complete match between the miRNA and the mRNA (Kaucsár et al., 
2010). 
MiRNAs and siRNAs control post-transcriptional gene expression by directing 
endonuclease cleavage of the target mRNA. This mechanism of action is referred to as slicer 
activity. For slicer activity fully complementary miRNA and target mRNA sequences are 
required. However, in some cases, few mismatches can be tolerated for cleavage. MiRNAs 
may also act a slicer-independent manner such as mRNA repression, or mRNA decapping 
(Valencia-Sanchez et al., 2006).  
Regulatory miRNAs compose networks. This notion is supported by (i) the high number of 
non-coding RNAs which are functionally active and target signaling molecules, (ii) many 
genes encoding miRNAs are closely clustered in the genome and (iii) in some cases different 
miRNAs control a single mRNA target or vice versa a single miRNA may influence 
expression of multiple different target proteins. Human and murine kidney specific miRNA 
expression profiles have been reported and summarized (in Kaucsár et al., 2010). 

2.1 Further small RNA types 
A non-coding RNA (ncRNA) is a functional RNA molecule that is not translated into a 
protein. Non-coding RNAs include long known transfer RNA (tRNA) and ribosomal RNA 
(rRNA) involved in translation, as well as newly described RNAs involved in gene 
expression regulation such as:  
 Small nuclear RNA (snRNA) - involved in mRNA splicing.  
 Small nucleolar RNA (snoRNA) - direct the modification of ribosomal RNAs.  
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 Micro RNA (miRNA) and short interfering RNA (siRNA) - regulate gene expression.  
 The P-element induced wimpy testis in Drosophila (piwi) (Saito et al., 2006) proteins 

regulate stem- and germ-line cell division (Cox et al., 2000). Piwi-interacting RNAs 
(piRNAs) isolated from mouse testes (Kim, 2006) are involved in defense of germ-line 
cells against parasitic DNA elements such as retrotransposons.  

MiRNAs and siRNAs are about 20-25 nucleotides long. piRNAs have a broader average size 
~24–31 nucleotides. siRNAs have been widely used in functional genomics and also have 
therapeutic potential.  

3. Challenges in RNA-based therapy knocking down disease 
Presently, therapeutic RNAi application faces three major obstacles:  
i. stability of siRNA when administered in vivo,  
ii. delivery across barriers in living organisms, and  
iii. circumvention of immune response.  
Efforts to improve the effect of RNAi-based nucleic acid (NA) therapy include,  
i. stabilization of the nucleic acid against enzymatic degradation,  
ii. enhancing cellular uptake of the nucleic acid, and  
iii. limiting immunoactivation during in vivo application. 
Stability of siRNA in vivo in biological milieu is one of the obstacles for therapeutic 
application. Numerous modifications are available, since chemically synthesized siRNAs 
became cheap and easy to synthesize. (For chemical modifications see 4.2.). 
Delivery problems include rapid degradation of NAs and rapid renal clearance. Double 
stranded NAs have an advantageous resistant profile against nuclease degradation which 
can be further reduced by chemical modifications. Rapid renal clearance eliminates the 
therapeutically applied small NA from the circulation; however, this can be utilized as an 
advantage in targeting the kidney as tubular epithelial cells (TEC) may take up the NAs 
from the ultrafiltrate. Thus, TEC can be efficiently targeted this way (Molitoris et al., 2009). 
Exogenously administered siRNAs may have undesired side effects (Rácz & Hamar, 2008).  
Such unwanted side-effects may include: unintended knockdown of partially 
complementary sequences may occur resulting in off-target silencing. Side effects induced 
by siRNAs have been shown to be concentration dependent. Off-target silencing is more 
likely to occur in case of high siRNA concentrations but sometimes may occur even in low 
siRNA concentration (Jackson et al, 2003). Moreover, high siRNA concentration can also 
induce gene activation of apoptosis and stress response (Semizarov et al., 2003) or can lead 
to non-selective translational shutdown (erre nem találtam hiv-t).  
Immunological response is an other obstacle in therapeutic siRNA application. Toll-like 
receptors (TLRs) recognize pathogen-associated molecular patterns (PAMPs), such as 
bacterial wall endotoxins (LPS), viral dsRNA, and cytosine-guanine (CG) motifs. TLRs also 
recognize siRNA, and consequently TLR intracellular signaling pathways are activated 
leading to immune activation. Moreover, dsRNAs induce interferon response directly. 
Delivery across barriers in living organisms, e.g. across biological membranes is a major 
issue for potential therapeutic application of siRNAs. Chemical modifications, 
complexation, conjugation with lipid bilayer-penetrating carriers assist this purpose. This 
chapter focuses on delivery issues of RNAi in order to influence pathological conditions in 
the kidney. 
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4. Delivery strategies 
Delivery strategies to induce cellular uptake of the therapeutic nucleic acid include physical 
force or vector systems such as viral-, lipid- or complex- based delivery, or nanocarriers. 
From the initial applications with less possible clinical relevance, when NAs were addressed 
to renal cells with hydrodynamic high pressure injection systemically, a wide range of gene 
therapeutic viral and non-viral carriers have been applied already to target 
posttranscriptional events in different animal kidney disease models in vivo. 

4.1 Physical approaches 
One of the strategies for introducing NAs into cells and tissues is physical force. During 
these approaches hydrodynamic pressure is applied to force the NAs into tissue 
parenchyma and cells. The hydrodynamic pressure can be established systemically during 
the hydrodynamic procedure or locally during direct injections into the target organ. 
Intrarenal, local delivery to the kidney can be achieved by different routes such as via the 
renal artery targeting glomeruli, via the renal vein targeting the tubulointerstitium, via the 
ureter into the renal pelvis and by subcapsular administration for intraparenchymal effects. 
Effects of the hydrodynamic pressure can be further enhanced by temporary pore openings 
in cell membranes by electroporation or sonoporation with ultrasound or micro-injection.  
DY547-labeled non-target control siRNA or rhodamine-labeled p85α siRNA uptake 
followed by hydrodynamic or standard tail vein injection was noted in the kidney with 
consequent protein inhibition in case of p85α siRNA, but no signal was observed after 
intraperitonal or per rectum administration (Larson et al., 2007). Hydrodynamic 
administration resulted in a higher uptake in the kidney as well as in other target organs in 
contrast to standard intravenous injection (Larson et al., 2007). 
In a mouse model of renal ischemia-reperfusion, Fas siRNA pretreatment hydrodynamically 
through the tail vein and/or injected locally into renal vein protected NMRI mice from  
renal ischemia-reperfusion injury (Hamar et al., 2004). Sufficient downregulation of the  
FAS apoptosis receptor substantially reduced functional deterioration of the kidney 
manifesting in significant survival advantage. Similar good results were achieved by 
silencing apoptosis cascade elements (Zheng et al., 2008) or the central inflammatory 
signaling element: nuclear factor kappa-b (NFkB) (Feng et al., 2009).  
Apoptosis antagonizing transcription factor (AATF), a regulator of apoptotic pathways, was 
targeted in an in vitro model of kidney ischemia-reperfusion injury. In human kidney 
proximal tubule HK-2 cells and in primary renal tubule epithelial cells RNA interference–
mediated silencing of AATF heightened whereas overexpression of transgenic AATF 
ameliorated superoxide accumulation and apoptotic cell death following hypoxia (Xie & 
Guo, 2006). 
Gremlin siRNA plasmid suspended in 2 ml of the TransIT-EE Hydrodynamic buffer 
delivered weekly by hydrodynamic tail vein injection reversed diabetic nephropathy in 
streptozotocin-induced diabetic, uninephrectomized mice. Furthermore, high glucose 
induced collagen IV and MMP-2 activity was inhibited by lipofectamin transfection of the 
same gremlin construct in cultured mouse mesangial cells (Q. Zhang et al., 2010). Gremlin is 
highly expressed in kidney with diabetic nephropathy, mainly observed in areas of 
tubulointerstitial fibrosis, and its mRNA level correlates with the degree of the fibrosis.  
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4.2 Chemical modifications 
Spontaneous uptake of siRNA by cells without additional carrier is reportedly less efficient 
when compared to strategies employing transfection reagents that complex or encapsulate 
siRNA. Chemical modification and bioconjugation with vehicles can drastically improve the 
stability and cellular uptake, allowing improvements in selectivity and reduced toxicity.  
While phosphodiester oligonucleotides are unstable in the biological milieu, several 
chemical modifications have been applied to enhance stability.  
Before RNAi was discovered antisense oligonucleotides were used for experimental nucleic 
acid sequence specific inhibition of protein synthesis. Main differences between siRNA used 
in RNAi and previously popular antisense oligonucleotides (ASOs) is, that ASOs are single 
stranded and thus, much more sensitive to extracellular nuclease degradation, whereas 
siRNAs are more resistant due to their double stranded structure (Paroo & Corey, 2004). 
First generation of chemically modified oligonucleotides was phosphorothioate RNA, later 
2’ sugar modifications (2’-O-methyl and 2’-O-methoxy-ethyl-RNAs) were introduced 
(Monia, 1997). The hydrophilic character and anionic backbone of siRNAs reduces their 
uptake by the cells. While siRNA duplexes are relatively more stable in serum than single 
stranded siRNA, they easily undergo degradation by nucleases in vivo. This, with their 
limited capability to cross cellular lipid bilayers, represents a significant barrier to the 
therapeutic development of siRNA. A variety of chemical modifications have been tested to 
enhance effectiveness of oligonucleotide intracellular delivery, including chemical 
modifications to sugars (2’-sugar), backbones, or nucleobases. Conjugation to membrane 
penetrating vehicles has been also demonstrated to enhance stability, prevent triggering of 
an immune response, control pharmacokinetic profiles and reduce nonspecific effects. 
However, some of these modifications may affect biological activity (Rácz & Hamar, 2006, 
2008). 

4.3 Viral vectors 
Besides chemical modifications vector systems have been used widely to protect and deliver 
NAs in vitro and in vivo. Gold standards of gene delivery are viral vectors. Several kinds of 
viral vectors have been used already in delivery applications into the kidney. Strategies 
employed in previous gene therapy applications can be readily adapted for use in RNAi. 
Viral vector containing expression cassettes coding for shRNA precursors, as an alternative 
to siRNA administration have been successfully used in the kidney employing plasmid 
DNA (pDNA) vectors. Few studies describe renal shRNA delivery with viral vectors such 
as, replication-deficient adenoviral delivery in rat cortical tubules, glomeruli or tubular 
epithelium of the outer medulla or lentiviral retrograde ureteral infusion to tubular epithelial 
cells in mice. Intraparenchymal delivery of lentivirus particularly induced transgene 
expression in the cortical and corticomedullary area of the kidney with lower expression in 
the medullary part. In a rat renal transplantation model, perfusion of the donor kidney with 
lentiviral vector induced significant target gene silencing. Transplantation offers an ex-vivo 
window enabling significant reduction of possible systemic side-effects of NA therapy. 
From a safety perspective, the use of lentiviral vectors may lead to unwanted insertion of the 
construct in vital gene regions. 
Recombinant adenoviruses and adeno-associated viruses (AVs, AAVs) are capable of transducing 
cells with high efficiency. However, adenoviral vectors have been reported to be 
immunogenic. In mice, intraparenchymal or intrapelvic delivery of recombinant AAV 
induced transgene expression by epithelium of the tubules or mainly in the medulla, 
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4. Delivery strategies 
Delivery strategies to induce cellular uptake of the therapeutic nucleic acid include physical 
force or vector systems such as viral-, lipid- or complex- based delivery, or nanocarriers. 
From the initial applications with less possible clinical relevance, when NAs were addressed 
to renal cells with hydrodynamic high pressure injection systemically, a wide range of gene 
therapeutic viral and non-viral carriers have been applied already to target 
posttranscriptional events in different animal kidney disease models in vivo. 

4.1 Physical approaches 
One of the strategies for introducing NAs into cells and tissues is physical force. During 
these approaches hydrodynamic pressure is applied to force the NAs into tissue 
parenchyma and cells. The hydrodynamic pressure can be established systemically during 
the hydrodynamic procedure or locally during direct injections into the target organ. 
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followed by hydrodynamic or standard tail vein injection was noted in the kidney with 
consequent protein inhibition in case of p85α siRNA, but no signal was observed after 
intraperitonal or per rectum administration (Larson et al., 2007). Hydrodynamic 
administration resulted in a higher uptake in the kidney as well as in other target organs in 
contrast to standard intravenous injection (Larson et al., 2007). 
In a mouse model of renal ischemia-reperfusion, Fas siRNA pretreatment hydrodynamically 
through the tail vein and/or injected locally into renal vein protected NMRI mice from  
renal ischemia-reperfusion injury (Hamar et al., 2004). Sufficient downregulation of the  
FAS apoptosis receptor substantially reduced functional deterioration of the kidney 
manifesting in significant survival advantage. Similar good results were achieved by 
silencing apoptosis cascade elements (Zheng et al., 2008) or the central inflammatory 
signaling element: nuclear factor kappa-b (NFkB) (Feng et al., 2009).  
Apoptosis antagonizing transcription factor (AATF), a regulator of apoptotic pathways, was 
targeted in an in vitro model of kidney ischemia-reperfusion injury. In human kidney 
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mediated silencing of AATF heightened whereas overexpression of transgenic AATF 
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Guo, 2006). 
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streptozotocin-induced diabetic, uninephrectomized mice. Furthermore, high glucose 
induced collagen IV and MMP-2 activity was inhibited by lipofectamin transfection of the 
same gremlin construct in cultured mouse mesangial cells (Q. Zhang et al., 2010). Gremlin is 
highly expressed in kidney with diabetic nephropathy, mainly observed in areas of 
tubulointerstitial fibrosis, and its mRNA level correlates with the degree of the fibrosis.  
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4.2 Chemical modifications 
Spontaneous uptake of siRNA by cells without additional carrier is reportedly less efficient 
when compared to strategies employing transfection reagents that complex or encapsulate 
siRNA. Chemical modification and bioconjugation with vehicles can drastically improve the 
stability and cellular uptake, allowing improvements in selectivity and reduced toxicity.  
While phosphodiester oligonucleotides are unstable in the biological milieu, several 
chemical modifications have been applied to enhance stability.  
Before RNAi was discovered antisense oligonucleotides were used for experimental nucleic 
acid sequence specific inhibition of protein synthesis. Main differences between siRNA used 
in RNAi and previously popular antisense oligonucleotides (ASOs) is, that ASOs are single 
stranded and thus, much more sensitive to extracellular nuclease degradation, whereas 
siRNAs are more resistant due to their double stranded structure (Paroo & Corey, 2004). 
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2’ sugar modifications (2’-O-methyl and 2’-O-methoxy-ethyl-RNAs) were introduced 
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2008). 
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as, replication-deficient adenoviral delivery in rat cortical tubules, glomeruli or tubular 
epithelium of the outer medulla or lentiviral retrograde ureteral infusion to tubular epithelial 
cells in mice. Intraparenchymal delivery of lentivirus particularly induced transgene 
expression in the cortical and corticomedullary area of the kidney with lower expression in 
the medullary part. In a rat renal transplantation model, perfusion of the donor kidney with 
lentiviral vector induced significant target gene silencing. Transplantation offers an ex-vivo 
window enabling significant reduction of possible systemic side-effects of NA therapy. 
From a safety perspective, the use of lentiviral vectors may lead to unwanted insertion of the 
construct in vital gene regions. 
Recombinant adenoviruses and adeno-associated viruses (AVs, AAVs) are capable of transducing 
cells with high efficiency. However, adenoviral vectors have been reported to be 
immunogenic. In mice, intraparenchymal or intrapelvic delivery of recombinant AAV 
induced transgene expression by epithelium of the tubules or mainly in the medulla, 
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respectively. Despite recent concerns, recombinant AAVs are attractive vectors as they 
appear to be safe and capable of long-term gene expression. Although efficient delivery 
vehicles, adenoviruses are strong stimulators of innate and adaptive immune responses. 
This may cause toxicity and limit repeated administration. To modify tropism and reduce 
immune responses, recent studies have used surface modified or helper-dependent ‘gutless’ 
vectors. Helper dependent and chemically modified vectors may have an improved safety 
profile that could be better suited to clinical application. 
Adeno-associated (AAV) virus-2 vector was used for inhibiting mineralocorticoid receptor 
(MR) by MR-shRNA expressing AAV. AAV MR-shRNA reduced MR expression in the 
kidney and prevented blood pressure increase, albuminuria, and renal failure in cold-
induced hypertension in Sprague–Dawley rats (Wang et al., 2006). 
Anti-luciferase siRNA-expressing piGENE hU6-stem21 pDNA was co-injected 
hydrodynamically with pGL3 firefly luciferase-expressing pDNA via tail vein in ddY mice 
in a dose- and time-dependence study of vector-based in vivo RNAi (Kobayashi et al., 2004). 
Authors investigated silencing efficiency in liver, kidney, lung and muscle. Viral vector 
mediated RNA silencing of the transgene 1 day after intravenous injection was almost as 
efficient in the kidney as in the liver. 
Hemagglutination virus of Japan–envelope vector was used in uninephrectomized 
streptozotocin-induced diabetic mice to target mammalian translocase of inner 
mitochondrial membrane 44 (TIM44) (Y. Zhang et al., 2006).  TIM44, a membrane anchor of 
mitochondrial heat-shock protein 70 (mtHsp70) to TIM23 complex is upregulated in diabetic 
mouse kidneys and is held responsible for superoxide production. RNAi to TIM44 reduced 
proteinuria, renal hypertrophy, renal cell proliferation and apoptosis, and suppressed 
superoxide production.  

4.4 Non-viral carriers 
Applying non-viral vehicles constitute promising alternatives to the use of viral vectors. 
Delivery of siRNA, especially with cationic preparations and biodegradable components 
have much better safety profiles than their viral counterparts, though their transfection 
efficiency is generally lower. The positive charge facilitates complex formation with NAs 
and endocytosis of the complex. The complex between the cationic carrier (lipids, polymers, 
peptides, nanoparticles) and the anionic NA is formed by electrostatic interaction.  

4.4.1 Lipid-based delivery 
Various lipid-based delivery systems have been developed for in vivo application of siRNA, 
including liposomes, micelles, emulsions, and solid lipid nanoparticles. Application of 
liposome-mediated gene carriers retrospects a long path from the seventies. Complexes 
between cationic lipid and DNA are named lipoplexes. Due to the high complexity of the 
self-assembly process, little is known about the mechanisms of formation. Multicomponent 
lipoplexes, incorporating three to six lipid species, have emerged as promising delivery 
candidates, with 10 to 100 times higher efficiency than binary complexes usually applied for 
gene delivery (Caracciolo et al., 2005, 2009). Our understanding about the bio-distribution of 
RNA-liposome complex is rather scarce; however, it is known to depend on the colloidal 
properties of the complex as well as their interaction with blood components. Surface charge 
is a main issue in half-life and destination of the complex. While lipoplexes with a strong 
anionic charge are usually absorbed by scavenger cells, resulting in a rapid elimination from 
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the blood, a strongly positive surface favors the accumulation in the liver (Y.-C. Tseng et al, 
2009). 
Liposome-based transfection reagents have been successfully employed for in vivo siRNA 
delivery to the kidney, such as  
cationic lipids 
 N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-trimethylammonium methylsulfate (DOTAP)  
 (3β-[N-(N’,N’-dimethylaminoethane)-carbamoyl])-cholesterol (DC-Chol)  
or neutral helper lipids 
 1,2-dioleoyl-sn-glycero-3-phosphatid-ylcholine (DOPC),  
 dioleoylphosphatidylethanolamine (DOPE).  
Protection of nucleic acids with encapsulation into the liposome makes these lipid delivery 
strategies attractive for gene transfer. However, composition and surface charge pattern are 
important issues in organ targeting and potential immune recognition and response. 
Lipoproteins have also been tested as lipid-based transfection reagents. Efficient and 
selective siRNA conjugation to bile acids and long-chain fatty acids, or cholesterol, depends 
on interactions with lipoprotein particles, lipoprotein receptors and transmembrane proteins 
(Wolfrum et al., 2007). High-density lipoprotein (HDL) directs siRNA delivery into the liver, 
gut, kidney and steroidogenic organs, whereas low-density lipoprotein (LDL) targets siRNA 
primarily to the liver. In a delivery study of lipoprotein-siRNA complexes it has been 
ascertained that 32P-cholesterol-siRNA bound to HDL or albumin but not to LDL resulted in 
an accumulation in the kidney, while with LDL the main target organ was the liver. 
Examples of successful lipid based siRNA delivery in renal pathologies 
Intravenous RNAi-mediated inhibition of p53 delivered by lipofectamin transfection agent 
minimized renal injury in a hypoperfusion/ischemia and a cisplatin model of kidney 
damage in rats. P53 siRNA minimized renal p53 protein increase after ischemia-reperfusion 
injury. Proximal tubule cells were protected against ischemic and cisplatin-induced acute 
injury by chemically modified, 2’O-methylated p53 siRNA (Molitoris et al., 2009). Following 
i.v. injection, rapid glomerular filtration with subsequent proximal tubule brush border 
binding and endocytosis by proximal tubule cells were observed. The minimal labeling in 
the vasculature indicated rapid renal clearance. 
Renal injury and diabetic nephropathy were ameliorated by cholesterol-tagged 12/15-
lipoxygenase (12/15-LO) targeting siRNAs in streptozotocin-induced mouse model of type 
1 diabetes (Yuan et al., 2008). Lipoxygenases (LO) are a family of non-heme iron-containing 
enzymes that insert molecular oxygen into polyunsaturated fatty acids. The 12/15-LO is 
involved in mesangial cell growth and extracellular matrix protein expression during 
glomerulosclerosis. Cholesterol conjugation was applied to enhance renal siRNA uptake. 
Significant reduction of 12/15-LO mRNA level was observed in murine mesangial cells in 
vitro and the examined tissues in vivo (spleen, kidney, liver, and heart), indicating broad 
tissue biodistribution of the siRNAs. Glomerular hypertrophy and mesangial matrix 
expansion were reduced.  
Breast adenocarcinoma (MDA-MB-231) cells in vitro and in female SCID mice in vivo were 
treated with cationic liposome loaded with COX-2 siRNA (Mikhaylova et al., 2009). COX-2 
is often upregulated in cancer. DOTAP/DOPE (DD) and DOTAP/DOPE/DOPE-PEG2000 
(DDP) lipid mixtures were used for producing lipoplexes. For imaging purposes liposomes 
were loaded with different contrast agents. Incubation of DDP lipoplexes for extended 
periods demonstrated siRNA-dependent, sequence-specific downregulation of COX-2 



 
Gene Therapy Applications 

 

268 

respectively. Despite recent concerns, recombinant AAVs are attractive vectors as they 
appear to be safe and capable of long-term gene expression. Although efficient delivery 
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Authors investigated silencing efficiency in liver, kidney, lung and muscle. Viral vector 
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is a main issue in half-life and destination of the complex. While lipoplexes with a strong 
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the blood, a strongly positive surface favors the accumulation in the liver (Y.-C. Tseng et al, 
2009). 
Liposome-based transfection reagents have been successfully employed for in vivo siRNA 
delivery to the kidney, such as  
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 N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-trimethylammonium methylsulfate (DOTAP)  
 (3β-[N-(N’,N’-dimethylaminoethane)-carbamoyl])-cholesterol (DC-Chol)  
or neutral helper lipids 
 1,2-dioleoyl-sn-glycero-3-phosphatid-ylcholine (DOPC),  
 dioleoylphosphatidylethanolamine (DOPE).  
Protection of nucleic acids with encapsulation into the liposome makes these lipid delivery 
strategies attractive for gene transfer. However, composition and surface charge pattern are 
important issues in organ targeting and potential immune recognition and response. 
Lipoproteins have also been tested as lipid-based transfection reagents. Efficient and 
selective siRNA conjugation to bile acids and long-chain fatty acids, or cholesterol, depends 
on interactions with lipoprotein particles, lipoprotein receptors and transmembrane proteins 
(Wolfrum et al., 2007). High-density lipoprotein (HDL) directs siRNA delivery into the liver, 
gut, kidney and steroidogenic organs, whereas low-density lipoprotein (LDL) targets siRNA 
primarily to the liver. In a delivery study of lipoprotein-siRNA complexes it has been 
ascertained that 32P-cholesterol-siRNA bound to HDL or albumin but not to LDL resulted in 
an accumulation in the kidney, while with LDL the main target organ was the liver. 
Examples of successful lipid based siRNA delivery in renal pathologies 
Intravenous RNAi-mediated inhibition of p53 delivered by lipofectamin transfection agent 
minimized renal injury in a hypoperfusion/ischemia and a cisplatin model of kidney 
damage in rats. P53 siRNA minimized renal p53 protein increase after ischemia-reperfusion 
injury. Proximal tubule cells were protected against ischemic and cisplatin-induced acute 
injury by chemically modified, 2’O-methylated p53 siRNA (Molitoris et al., 2009). Following 
i.v. injection, rapid glomerular filtration with subsequent proximal tubule brush border 
binding and endocytosis by proximal tubule cells were observed. The minimal labeling in 
the vasculature indicated rapid renal clearance. 
Renal injury and diabetic nephropathy were ameliorated by cholesterol-tagged 12/15-
lipoxygenase (12/15-LO) targeting siRNAs in streptozotocin-induced mouse model of type 
1 diabetes (Yuan et al., 2008). Lipoxygenases (LO) are a family of non-heme iron-containing 
enzymes that insert molecular oxygen into polyunsaturated fatty acids. The 12/15-LO is 
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glomerulosclerosis. Cholesterol conjugation was applied to enhance renal siRNA uptake. 
Significant reduction of 12/15-LO mRNA level was observed in murine mesangial cells in 
vitro and the examined tissues in vivo (spleen, kidney, liver, and heart), indicating broad 
tissue biodistribution of the siRNAs. Glomerular hypertrophy and mesangial matrix 
expansion were reduced.  
Breast adenocarcinoma (MDA-MB-231) cells in vitro and in female SCID mice in vivo were 
treated with cationic liposome loaded with COX-2 siRNA (Mikhaylova et al., 2009). COX-2 
is often upregulated in cancer. DOTAP/DOPE (DD) and DOTAP/DOPE/DOPE-PEG2000 
(DDP) lipid mixtures were used for producing lipoplexes. For imaging purposes liposomes 
were loaded with different contrast agents. Incubation of DDP lipoplexes for extended 
periods demonstrated siRNA-dependent, sequence-specific downregulation of COX-2 
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protein expression in breast cancer cells. Also, tumor-bearing female SCID mice treated with 
DDP-COX-2 lipoplexes DY-647 labeled localization of COX-2 siRNA was observed in the 
tumor, lung and liver shortly after injection. In contrast, the fluorescence intensity in the 
kidney was lower, however, second highest signal of detectable fluorescence was observed 
in the kidneys 24h post injection. 
Physical approaches (such as hydrodynamic in vivo delivery) are often combined with 
adaptation of different carriers. DY547- and rhodamine-labeled, chemically modified 
siRNAs mixed with DOTAP effectively appeared in the kidney after hydrodynamic and 
standard iv. injection, while i.p. and rectal administration were unsuccessful even with 
DOTAP liposomal transfection reagent (Larson et al., 2007).  
RLIP76 multifunctional transporter, which is frequently over-expressed in malignant cells 
has been chosen as a target for kidney cancer in a study that compare anti-RLIP76 IgG, 
RLIP76 siRNA, or RLIP76 antisense oligodeoxynucleotide in Caki-2 kidney cancer xenograft 
bearing Hsd: athymic nude nu/nu mice (Singhal et al., 2009). Treatment with RLIP76 
antibody, siRNA, or antisense caused regression of established Caki-2 kidney cancer 
xenografts. Messenger RNA targeting was performed with Quiagen’s lipid-based 
TransMessenger transfection reagent. Caki-2 cells express RLIP76 3-fold compared to 
normal human kidney mesangial cells. The tumor-bearing animals were alive 4-times longer 
due to the RLIP76 antibody, RLIP76 siRNA, or RLIP76 antisense treatment. Administration 
of RLIP76 antibody, siRNA, or antisense caused regression of established Caki-2 kidney 
cancer xenografts.  

4.4.2 Polymer-based delivery 
Polymer-based delivery systems have been extensively used for plasmid DNA and more 
recently for siRNA. As with lipid-based delivery systems, polymeric delivery of siRNA 
usually involves a cationic moiety as a core component. Cationic polymers are generally 
classified into synthetic and natural polymers. Synthetic polymers include branched or 
linear poly-(etilene-imine) (PEI), poly-(L-lysine) (PLL), and cyclodextrin-based polycations. 
Natural cationic polymers include chitosan, atelocollagen, and cationic polypeptides. Cationic 
polymers (polyplexes if complexed with DNA) are key players of non-viral transfer systems 
due to their exclusive physicochemical properties (Kimura et al., 2001). Most important 
characteristics of non-viral carriers are charge ratio, which define their ability to carry NAs 
in therapeutically sufficient quantities (Almofti et al., 2003). An extensive research in 
polymer therapeutics led to new generations of polymers improving safety, 
biocompatibility, and efficiency. One novel approach aims at glomerular protein 
knockdown using poly-(ethylene-glycol)-poly-(L-lysine) (PEG-PLL) copolymer-based 
nanocarriers while avoiding size-selective restraints of the glomerular filter (Shimizu et al., 
2010). These polymer nanocarriers have enhanced delivery and retention in the kidney 
compared to naked siRNA following intraperitoneal administration, more specifically to 
cells of the glomerulus. Furthermore, the applied PLL carrier proved superior with respect 
to glomerular targeting when compared to a viral delivery of siRNA. Notably, PEI-siRNA 
complexes displayed lower renal targeting compared to naked siRNA, however, naked 
siRNA taken up in the kidney was mostly degraded, whereas renal accumulation of PEI-
siRNA resulted in a significantly higher proportion of intact siRNA (Malek et al., 2009). 
In vivo pharmacokinetics, tissue distribution and adverse effects studies of PEG-PLL 
copolymer delivered siRNAs in mice revealed that PEI complexation substantially increased 
tissue uptake compared to naked siRNA (Malek et al., 2009). Application of naked siRNAs 
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with almost no uptake of intact siRNA molecules was observed in the kidney, while PEI 
complexation led to a significant increase in levels of intact siRNAs. PEI (–PEG) complex 
uptake proved to be composition dependent. 
In an other application of PEG-PLL glomerulonephritis was ameliorated by MAPK1 siRNA 
in lupus nephritis mouse model (Shimizu et al., 2010). PEG-PLL complexed siRNA 
transfected glomeruli successfully, unlike the naked siRNA.  MAPK1 mRNA expression in 
isolated glomeruli was significantly suppressed in mice treated with the MAPK1 siRNA 
PEG-PLL complexes, whereas control or HVJ-E viral vector mediated siRNA had no effect 
on protein expression.  
Based on a conception that hyaluronic acid (HA) plays an important role on receptor-
mediated endocytosis, the effect of HA modification of siRNA/PEI complex has been 
investigated in B16F1 melanoma tumor-bearing mice (Jiang et al., 2008). The hyaluronic acid 
conjugated complex exhibited higher gene silencing efficiency in B16F1 murine melanoma 
cells with HA receptors than the siRNA/PEI complex alone. According to an in vivo 
biodistribution study, siRNA/PEI-HA complex accumulated mainly in tissues with HA 
receptors such as liver, kidney, and tumor. Anti-VEGF siRNA/PEI-HA complex was used 
successfully as target specific antiangiogenic therapeutics in the tissues with HA receptors, 
such as liver cancer and kidney cancer. Intratumoral injection of anti-VEGF siRNA/PEI-HA 
complex resulted in an effective inhibition of tumor growth by the HA receptor mediated 
endocytosis to tumor cells in mice. 
Cationized gelatin delivered plasmid DNA expressing TGF-β type II receptor (TGF-βRII) 
complexed by siRNA prevented interstitial renal fibrosis (Kushibiki et al., 2005) in unilateral 
ureteral obstruction (UUO) model mice.  

4.4.3 Aptamers 
Aptamers (<lat.> aptus: fit), like antibodies are molecules that bind tightly to their specific 
molecular targets. Unlike antibodies aptamers can be synthesized and selected with pure 
chemical methods, and their production does not involve living systems. Target binding by 
aptamers is achieved by their 3 dimensional structure.  
RNA oligonucleotide aptamers recognize their target specifically on the basis of their unique 
3-dimensional structures. Application of aptamers as carriers is based on the specific 
interaction between the aptamer and its cellular membrane receptor. As aptamers bind their 
molecular targets like antibodies, internalization of the aptamer enables the cellular uptake 
via receptor-mediated endocytosis, thereby increasing local concentration of carried drugs 
in the targeted cells.  
Spiegelmer aptamers are l-enantiomers, which are immunologically inert, and are not 
degraded by nucleases. Ccl2 antagonistic, PEGylated spiegelmer mNOX-E36 aptamer 
ameliorated diabetic nephropathy in mice (Ninichuk et al., 2008). mNOX-E36–3’PEG 
reduced the number of glomerular macrophages, significantly improved the glomerular 
filtration rate, reduced renal Ccl2 mRNA and protein expression, and thus protected from 
diffuse glomerulosclerosis.  
Spiegelmer NOX-F37 aptamer targeting vasopressin-dependent activation of V1a and V2 
receptors effectively neutralized vasopressin (AVP) and increased diuresis in healthy rats 
(Purschke et al., 2006).  
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compared to naked siRNA following intraperitoneal administration, more specifically to 
cells of the glomerulus. Furthermore, the applied PLL carrier proved superior with respect 
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transfected glomeruli successfully, unlike the naked siRNA.  MAPK1 mRNA expression in 
isolated glomeruli was significantly suppressed in mice treated with the MAPK1 siRNA 
PEG-PLL complexes, whereas control or HVJ-E viral vector mediated siRNA had no effect 
on protein expression.  
Based on a conception that hyaluronic acid (HA) plays an important role on receptor-
mediated endocytosis, the effect of HA modification of siRNA/PEI complex has been 
investigated in B16F1 melanoma tumor-bearing mice (Jiang et al., 2008). The hyaluronic acid 
conjugated complex exhibited higher gene silencing efficiency in B16F1 murine melanoma 
cells with HA receptors than the siRNA/PEI complex alone. According to an in vivo 
biodistribution study, siRNA/PEI-HA complex accumulated mainly in tissues with HA 
receptors such as liver, kidney, and tumor. Anti-VEGF siRNA/PEI-HA complex was used 
successfully as target specific antiangiogenic therapeutics in the tissues with HA receptors, 
such as liver cancer and kidney cancer. Intratumoral injection of anti-VEGF siRNA/PEI-HA 
complex resulted in an effective inhibition of tumor growth by the HA receptor mediated 
endocytosis to tumor cells in mice. 
Cationized gelatin delivered plasmid DNA expressing TGF-β type II receptor (TGF-βRII) 
complexed by siRNA prevented interstitial renal fibrosis (Kushibiki et al., 2005) in unilateral 
ureteral obstruction (UUO) model mice.  

4.4.3 Aptamers 
Aptamers (<lat.> aptus: fit), like antibodies are molecules that bind tightly to their specific 
molecular targets. Unlike antibodies aptamers can be synthesized and selected with pure 
chemical methods, and their production does not involve living systems. Target binding by 
aptamers is achieved by their 3 dimensional structure.  
RNA oligonucleotide aptamers recognize their target specifically on the basis of their unique 
3-dimensional structures. Application of aptamers as carriers is based on the specific 
interaction between the aptamer and its cellular membrane receptor. As aptamers bind their 
molecular targets like antibodies, internalization of the aptamer enables the cellular uptake 
via receptor-mediated endocytosis, thereby increasing local concentration of carried drugs 
in the targeted cells.  
Spiegelmer aptamers are l-enantiomers, which are immunologically inert, and are not 
degraded by nucleases. Ccl2 antagonistic, PEGylated spiegelmer mNOX-E36 aptamer 
ameliorated diabetic nephropathy in mice (Ninichuk et al., 2008). mNOX-E36–3’PEG 
reduced the number of glomerular macrophages, significantly improved the glomerular 
filtration rate, reduced renal Ccl2 mRNA and protein expression, and thus protected from 
diffuse glomerulosclerosis.  
Spiegelmer NOX-F37 aptamer targeting vasopressin-dependent activation of V1a and V2 
receptors effectively neutralized vasopressin (AVP) and increased diuresis in healthy rats 
(Purschke et al., 2006).  
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4.4.4 Nanoparticles 
Various types of nanoparticles are used in biomedical research. Few experiments have been 
already completed for kidney targeting.  
 Nanocrystals are crystalline structures of aggregated molecules, mostly known as 

quantum dots and are used for biological imaging, semiconductors of material research 
and chemical engineering.  

 Nanotubes are self-assembling sheets of atoms (often carbon atoms) arranged in 
tubes.  

 Fullerenes are similar to carbon nanotubes in that their molecular framework is entirely 
composed of an extensive π-conjugated carbon skeleton.  

 Dendrimers are unique molecular architectures having well defined structures with 
inner cavities to bind biomolecules that make them appropriate for gene delivery. 

Quantum dots (Qdot) were applied for bioimaging purposes in the study, where uptake of 
siRNA/PEI complexes was enhanced with hyaluronic acid (HA) conjugation (referred 
earlier in 4.4.2, Jiang et al., 2008).  
Nanofibrous scaffold mediated RNAi was applied successfully silencing GAPDH in human 
embryonic kidney 293 cells (HEK 293) (Cao et al., 2010).  Polycaprolactone (PCL) nanofiber 
encapsulated GAPDH siRNA, and the released intact siRNA from scaffold resulted in 
successful transfection of HEK293 cells. 
So far no attempt has been documented for fullerene- or dendrimer-based RNAi in the kidney, 
however several gene delivery studies of dendriplexes or fullerenes carrying DNA to other 
organs were published (Tomalia et al., 2007; Shcharbin et al., 2010; Zhong et al., 2008; 
Maeda-Mamiya et al., 2010).  
Polyamidoamine (PAMAM) dendrimers bound EGFP-C2 marker gene and delivered it to 
many organs after intravenous injection that resulted in high expression in liver, kidney, 
lung, and spleen (Zhong et al., 2008).  
Human embryonic kidney cells (HEK293), mouse embryonic cells (NIH/3T3), SV40 
transformed monkey kidney fibroblasts (COS-7) and human epithelioid cervical 
carcinoma cells (HeLa) were efficiently transfected with dendriplexes carrying pDNA 
encoding firefly luciferase, beta-galactosidase or green fluorescent protein (Shcharbin et 
al., 2010). 
To investigate a fullerene as nanocarrier, tetra(piperazino)fullerene epoxide (TPFE) 
conjugated Insulin 2 gene coding pDNA was administered to mice (Maeda-Mamiya  et al., 
2009). Plasmid insertion was more efficient when delivered with fullerene than when 
delivered with Lipofectin in kidney, liver and spleen. Application of TPFE fullerene carrier 
did not elevate blood urea nitrogen (BUN), whereas plasmid carried with Lipofectin 
increased BUN level that indicated a mild kidney toxicity. 

5. Conclusion 

Nucleic acid therapies reviewed in the present chapter are aimed at silencing messenger 
RNA. Recent advances in delivery systems may soon advance NA therapy from science 
fiction to science and medicine, thus enabling therapy of presently uncurable diseases of the 
kidney such as cancer, or fibrosis. 
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Delivery 
method Carrier Target RNA Disease Model Functional assays Author 

Hydrodynamic
/ Lipid 

TransIT In 
Vivo Gene 
Delivery 
System, 
DOTAP 

p85α 
Acute 
renal 
injury 

Ischemia-
reperfusion 

Uptake, 
biodistribution 

Larson et 
al., 2007 

Hydrodynamic
/ Lipid 

Lipofectamine
2000 Fas 

Acute 
renal 
injury 

Ischemia-
reperfusion 

Blood urea 
nitrogen, Fas 

Immunohisto-
chemistry, 
apoptosis, 

histological scoring 

Hamar et 
al., 2004 

Hydrodynamic n.a. 
Apoptosis 

cascade 
elements 

Acute 
renal 
injury 

Ischemia-
reperfusion n.a. Zheng et 

al., 2008 

Hydrodynamic n.a. 
Nuclear factor 

kappa-b 
(NFkB) 

Acute 
renal 
injury 

Ischemia-
reperfusion n.a. Feng et al., 

2009 

Hydrodynamic
/Viral 

Lipofectamine
2000 

Apoptosis 
antagonizing 
transcription 
factor (AATF)

Acute 
renal 
injury 

Ischemia-
reperfusion 

Apoptosis,
oxidative stress, 

caspase activation, 
membrane  

lipid  
peroxidation 

Xie & Guo, 
2006 

Hydrodynamic 

pBAsi mU6 
Neo/ 

TransIT-EE
Hydrodynam

ic Delivery 
System 

Gremlin 
Diabetic 
nephro-
pathy 

Streptozotozin
-induced 
diabetes 

Proteinuria, serum 
creatinine, 

glomerular and 
tubular 

diameter, collagen 
type IV/BMP7 

expression

Q. Zhang et 
al., 2010 

Viral/Lipid 

pSUPER 
vector/ 

Lipofectamin
e 

TGF-β type II 
receptor 

Interstitial 
renal 

fibrosis 

Unilateral 
urethral 

obstruction 

α-SMA expression, 
collagen content, 

Kushibiki 
et al., 2005 

Viral 
Adeno-

associated 
virus-2 

Mineral 
corticoid 
receptor 

Hyper-
tension 
caused 
renal 

damage 

Cold-induced 
hypertension

blood pressure, 
serum albumin, 

serum urea 
nitrogen, serum 

creatinine, kidney 
weight, urinary 

sodium

Wang et al., 
2006 

Hydrodynamic
/Viral pU6 vector Luciferase n.a. n.a. uptake Kobayashi 

et al., 2004 

Lipid Lipoproteins, 
albumin apoB1, apoM n.a. n.a. 

Uptake, binding 
affinity to 

lipoproteins and 
albumin

Wolfrum et 
al., 2007 

Lipid Lipofectamin
e2000 p53 

Acute 
renal 
injury 

Ischemic and 
cisplatin-

induced acute 
injury 

Histological 
scoring, apoptosis 

Molitoris et 
al., 2009 
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4.4.4 Nanoparticles 
Various types of nanoparticles are used in biomedical research. Few experiments have been 
already completed for kidney targeting.  
 Nanocrystals are crystalline structures of aggregated molecules, mostly known as 

quantum dots and are used for biological imaging, semiconductors of material research 
and chemical engineering.  

 Nanotubes are self-assembling sheets of atoms (often carbon atoms) arranged in 
tubes.  

 Fullerenes are similar to carbon nanotubes in that their molecular framework is entirely 
composed of an extensive π-conjugated carbon skeleton.  

 Dendrimers are unique molecular architectures having well defined structures with 
inner cavities to bind biomolecules that make them appropriate for gene delivery. 

Quantum dots (Qdot) were applied for bioimaging purposes in the study, where uptake of 
siRNA/PEI complexes was enhanced with hyaluronic acid (HA) conjugation (referred 
earlier in 4.4.2, Jiang et al., 2008).  
Nanofibrous scaffold mediated RNAi was applied successfully silencing GAPDH in human 
embryonic kidney 293 cells (HEK 293) (Cao et al., 2010).  Polycaprolactone (PCL) nanofiber 
encapsulated GAPDH siRNA, and the released intact siRNA from scaffold resulted in 
successful transfection of HEK293 cells. 
So far no attempt has been documented for fullerene- or dendrimer-based RNAi in the kidney, 
however several gene delivery studies of dendriplexes or fullerenes carrying DNA to other 
organs were published (Tomalia et al., 2007; Shcharbin et al., 2010; Zhong et al., 2008; 
Maeda-Mamiya et al., 2010).  
Polyamidoamine (PAMAM) dendrimers bound EGFP-C2 marker gene and delivered it to 
many organs after intravenous injection that resulted in high expression in liver, kidney, 
lung, and spleen (Zhong et al., 2008).  
Human embryonic kidney cells (HEK293), mouse embryonic cells (NIH/3T3), SV40 
transformed monkey kidney fibroblasts (COS-7) and human epithelioid cervical 
carcinoma cells (HeLa) were efficiently transfected with dendriplexes carrying pDNA 
encoding firefly luciferase, beta-galactosidase or green fluorescent protein (Shcharbin et 
al., 2010). 
To investigate a fullerene as nanocarrier, tetra(piperazino)fullerene epoxide (TPFE) 
conjugated Insulin 2 gene coding pDNA was administered to mice (Maeda-Mamiya  et al., 
2009). Plasmid insertion was more efficient when delivered with fullerene than when 
delivered with Lipofectin in kidney, liver and spleen. Application of TPFE fullerene carrier 
did not elevate blood urea nitrogen (BUN), whereas plasmid carried with Lipofectin 
increased BUN level that indicated a mild kidney toxicity. 

5. Conclusion 

Nucleic acid therapies reviewed in the present chapter are aimed at silencing messenger 
RNA. Recent advances in delivery systems may soon advance NA therapy from science 
fiction to science and medicine, thus enabling therapy of presently uncurable diseases of the 
kidney such as cancer, or fibrosis. 
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Delivery 
method Carrier Target RNA Disease Model Functional assays Author 

Hydrodynamic
/ Lipid 

TransIT In 
Vivo Gene 
Delivery 
System, 
DOTAP 

p85α 
Acute 
renal 
injury 

Ischemia-
reperfusion 

Uptake, 
biodistribution 

Larson et 
al., 2007 

Hydrodynamic
/ Lipid 

Lipofectamine
2000 Fas 

Acute 
renal 
injury 

Ischemia-
reperfusion 

Blood urea 
nitrogen, Fas 

Immunohisto-
chemistry, 
apoptosis, 

histological scoring 

Hamar et 
al., 2004 

Hydrodynamic n.a. 
Apoptosis 

cascade 
elements 

Acute 
renal 
injury 

Ischemia-
reperfusion n.a. Zheng et 

al., 2008 

Hydrodynamic n.a. 
Nuclear factor 

kappa-b 
(NFkB) 

Acute 
renal 
injury 

Ischemia-
reperfusion n.a. Feng et al., 

2009 

Hydrodynamic
/Viral 

Lipofectamine
2000 

Apoptosis 
antagonizing 
transcription 
factor (AATF)

Acute 
renal 
injury 

Ischemia-
reperfusion 

Apoptosis,
oxidative stress, 

caspase activation, 
membrane  

lipid  
peroxidation 

Xie & Guo, 
2006 

Hydrodynamic 

pBAsi mU6 
Neo/ 

TransIT-EE
Hydrodynam

ic Delivery 
System 

Gremlin 
Diabetic 
nephro-
pathy 

Streptozotozin
-induced 
diabetes 

Proteinuria, serum 
creatinine, 

glomerular and 
tubular 

diameter, collagen 
type IV/BMP7 

expression

Q. Zhang et 
al., 2010 

Viral/Lipid 

pSUPER 
vector/ 

Lipofectamin
e 

TGF-β type II 
receptor 

Interstitial 
renal 

fibrosis 

Unilateral 
urethral 

obstruction 

α-SMA expression, 
collagen content, 

Kushibiki 
et al., 2005 

Viral 
Adeno-

associated 
virus-2 

Mineral 
corticoid 
receptor 

Hyper-
tension 
caused 
renal 

damage 

Cold-induced 
hypertension

blood pressure, 
serum albumin, 

serum urea 
nitrogen, serum 

creatinine, kidney 
weight, urinary 

sodium

Wang et al., 
2006 

Hydrodynamic
/Viral pU6 vector Luciferase n.a. n.a. uptake Kobayashi 

et al., 2004 

Lipid Lipoproteins, 
albumin apoB1, apoM n.a. n.a. 

Uptake, binding 
affinity to 

lipoproteins and 
albumin

Wolfrum et 
al., 2007 

Lipid Lipofectamin
e2000 p53 

Acute 
renal 
injury 

Ischemic and 
cisplatin-

induced acute 
injury 

Histological 
scoring, apoptosis 

Molitoris et 
al., 2009 
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Delivery 
method Carrier Target RNA Disease Model Functional assays Author 

Lipid 

DOTAP/DO
PE, 

DOTAP/DO
PE/ 

DOPE-
PEG2000 

COX-2 
Breast 
adeno-

carcinoma

MDA-MB-231 
breast cancer 

xenograft-
bearing mouse

Cell viability, 
uptake 

Mikhaylov
a et al., 

2009 

Lipid Cholesterol 12/15-
lipoxygenase

Diabetic 
nephro-
pathy 

Streptozotocin
-induced 
diabetes 

Albuminuria, 
urinary creatinine, 

histology, type I 
and IV collagen, 

TGF-β, fibronectin, 
plasminogen 

activator inhibitor 1 

Yuan et al., 
2008 

Lipid Lipofectamine
2000 

Mitochondrial 
membrane 44 

(TIM44) 

Diabetic 
nephro-
pathy 

Streptozotocin
-induced 
diabetes 

Cell proliferation 
and apoptosis, 

histology,  ROS, 
mitochondrial 

import of Mn-SOD 
and glutathione 

peroxidase, cellular 
membrane 

polarization 

Y. Zhang et 
al., 2006 

Hydrodynamic
/ Lipid 

Proteolipo-
some RLIP76 Renal 

carcinoma

Caki-2 kidney 
cancer 

xenograft-
bearing mouse

uptake Singhal et 
al., 2009 

Polymer PEGylated 
PEI 

Luciferase 
pGL3 n.a. n.a. 

Uptake, 
biodistribution, 

erythrocyte 
aggregation

Malek et 
al., 2009 

Polymer PEGylated 
poly-L-lysine MAPK1 

Lupus 
glomerulo-
nephritis

Glomerulo-
nephritis 

Proteinuria, 
glomerulosclerosis, 

TGF- β, , 
fibronectin, 

plasminogen 
activator inhibitor 1 

Shimizu et 
al., 2010 

Polymer/Nano
particle 

Hyaluronic 
acid/ 

Quantum 
dot/ PEI 

VEGF 
Kidney 
cancer/

melanoma

B16F1 
melanoma 

tumor-bearing 
mouse 

Biodistribution, 
citotoxicity, tumor 

volume, 
endocytosis 

Jiang et al., 
2008 

Polymer/Nano
particle 

PEGylated 
polycapro-

lactone 
nanofiber 

GAPDH n.a. n.a. cell viability, 
uptake 

Cao et al, 
2010 

Aptamer Spiegelmer 
mNOX-E36

CC chemokine 
ligand 2 

Glomerulo
sclerosis 

Uninephrecto-
mized mouse

urinary albumin, 
urinary creatinine, 

histopathology, 
glomerular 

filtration rate, 
macrophage count, 
serum Ccl2, Mac-

2+, Ki-67+

Ninichuk et 
al., 2008 
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Delivery 
method Carrier Target RNA Disease Model Functional assays Author 

Aptamer Aptamer 
NOX-F37 

vasopressin 
(AVP) 

Congestive
heart 

failure 
n.a. 

Binding affinity to 
D-AVP, Inhibition 
of AVP Signaling, 

Urine 
osmolality and 

sodium 
concentration, 

Purschke et 
al., 2006 

Aptamer Aptamer A1, 
A2, and A3 

glutamate 
receptor 
subunit 

1(GluR1) 

n.a. 
Human 

embryonic 
kidney 293 

binding Liu et al., 
2009 

Table 1. Application of RNA interference in kidney disease models. 
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1. Introduction 
Although there have been many reports about gene transfer to testicules, the original 
purpose is to develop more effective and simple methods to obtain transgenic animals than 
the most widely used method, which is the direct microinjection of foreign DNA into 
pronuclei of fertilized eggs. In the future, however, this technique has the potential to be the 
most useful approach for the treatment of testicular disorders such as male infertility and 
testicular cancer. In addition to whether gene transfer to testis is technically possible, the 
issues of social acceptance, ethics and safety must be addressed before it could become a 
clinical option. Germ cell gene therapy is rejected on the grounds that gene transfer to 
normal germ cells would be possible to affect future generations without precise 
understanding of the mechanism and control of gene expression. Therefore, at present, we 
should not make exceptions to the standing ethical rules in future clinical application of 
gene transfer to normal germ cells and consider appropriate gene therapy that avoids gene 
transfer to normal germ cells. On the other hand, the basic common consensus throughout 
the world is that gene transfer to somatic cells and cancer cells can be applied to treat wide 
range of disorders. Up to now, there has been no report about clinical application of gene 
transfer to testis. In this chapter, we discuss the current understanding of gene transfer to 
testes in animals, and the future possibility of clinical application of this technique for 
human testicular disorders.   

2. Normal function and anatomy of testis 
The testis has two primary functions: the production of sperm (spermatogenesis), which 
ensures the survival of our species, and the secretion of steroid hormones (steroidogenesis), 
which is necessary for male sexual differentiation, male secondary sexual functions, 
including behavior and spermatogenesis. Three main cells, germ cells (spermatogenic cells) 
and the somatic cells such as Sertoli cells and Leydig cells play a significant role in 
maintaining these testicular functions. Germ cells in the testis are composed of 
spermatogonia, spermatocytes and spermatids. Spermatogenesis can be divided into several 
processes, including the proliferation and differentiation of spermatogonia, which are stem 
cells, meiosis of spermatocytes, and their morphological changes to spermatids. Sertoli and 
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most useful approach for the treatment of testicular disorders such as male infertility and 
testicular cancer. In addition to whether gene transfer to testis is technically possible, the 
issues of social acceptance, ethics and safety must be addressed before it could become a 
clinical option. Germ cell gene therapy is rejected on the grounds that gene transfer to 
normal germ cells would be possible to affect future generations without precise 
understanding of the mechanism and control of gene expression. Therefore, at present, we 
should not make exceptions to the standing ethical rules in future clinical application of 
gene transfer to normal germ cells and consider appropriate gene therapy that avoids gene 
transfer to normal germ cells. On the other hand, the basic common consensus throughout 
the world is that gene transfer to somatic cells and cancer cells can be applied to treat wide 
range of disorders. Up to now, there has been no report about clinical application of gene 
transfer to testis. In this chapter, we discuss the current understanding of gene transfer to 
testes in animals, and the future possibility of clinical application of this technique for 
human testicular disorders.   

2. Normal function and anatomy of testis 
The testis has two primary functions: the production of sperm (spermatogenesis), which 
ensures the survival of our species, and the secretion of steroid hormones (steroidogenesis), 
which is necessary for male sexual differentiation, male secondary sexual functions, 
including behavior and spermatogenesis. Three main cells, germ cells (spermatogenic cells) 
and the somatic cells such as Sertoli cells and Leydig cells play a significant role in 
maintaining these testicular functions. Germ cells in the testis are composed of 
spermatogonia, spermatocytes and spermatids. Spermatogenesis can be divided into several 
processes, including the proliferation and differentiation of spermatogonia, which are stem 
cells, meiosis of spermatocytes, and their morphological changes to spermatids. Sertoli and 
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Leydig cells support germ cell development, maturation and release into the seminiferous 
tubule lumen. The cell to cell crosstalk involves an intricate network of paracrine-autocrine 
systems that support endocrine input to modulate cell function (Saunders, 2003).  
 
 

 
Fig. 1. Drawing of testis demonstrating relationships of seminiferous tubules and 
interstitium. 

3. Possible methods of gene transfer to testis-animal studes 
3.1 In vivo gene transfer 
Establishment of the efficient methods of gene transfer to testis is important to apply for 
clinical use in the future. In animal studies, two methods, intratesticular injection and 
intratubular injection, can be used to perform gene transfer to the testis depending on the 
target cells. If the target cells are Leydig cells, intratesticular injection may be better, whereas 
if they are germ cells or Sertoli cells, intratubular injection may be preferable (Kojima, 
2008a). These same basic methods will be used for humans. 

3.1.1 Intratesticular injection 
Intratesticular injection is a simpler method. DNA solution is injected directly into the testis 
through the scrotal skin using a needle and a disposable syringe. This technique allows the 
spread of DNA throughout the entire interstitial space of the testis, but not in the 
seminiferous tublues.  
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3.1.2 Intratubular injection 
For intratubular injection, two injection techniques are available, antegrade injection and 
retrograde injection. The testis is pulled out and exposed under a dissecting microscope in 
both techniques. Injection of DNA containing Trypan blue dye is useful way to monitor the 
accuracy of the testis injection.  
3.1.2.1 Antegrade injection 
For the antegrade injection, a small incision is made in the tunica, and then DNA solution is 
directly injected into the seminiferous tubules using an injection glass micropipette. 
Injection is usually made at several sites in the testis (Kojima, 2003).  
3.1.2.2 Retrograde injection 
For the retrograde injection, the injection glass micropipette is inserted into the rete testis via 
the efferent duct to allow direct injection into the seminiferous tubules. (Kurokawa, 2005). 
This technique enables the more thorough spread of exogenous DNA throughout the entire 
seminiferous tubule.  

3.2 Ex vivo gene transfer 
The testicular cell and tissue transplantation system with gene transfer is sometimes a useful 
procedure for gene transfer to the testis to produce transgenic animals. In this system, 
transduced donor testicular cells populations are transplanted by efferent duct injection into 
recipient animals (Nagano, 2001; Orwig, 2002) or transduced donor testicular tissues are 
transplanted directly into the testis.  

4. Vectors 
Generally, there are two main types of gene delivery vectors: non-viral and viral. Although 
several researchers have attempted gene transfer into animal testis using these vectors to 
produce transgenic animals, the choice of vector is one of the most important issues when 
applying for clinical trials of gene therapy for male infertility. Since these vectors have their 
own characteristics, they should be clarified before being used for testis-mediated gene 
transfer in vivo (Table 1). If a suitable vector could be developed, gene therapy could be 
considered safer than ICSI (Lamb, 2008). 

4.1 Non-viral vector 
It has been shown that non-viral vectors have several advantages over viral ones, as they are 
simple and cheap manufacture, no insert-size limitation, low immunogenicity and, as a 
result, a good safety profile. On the other hand, the disadvantages are the short duration of 
expression, inefficient transfection and difficulty in targeting transfection (Navarro, 2008). 
These techniques are so uncontrollable and unpredictable that they will not be appropriate 
for use in clinical trials in the short term, although some may be useful to produce 
transgenic animals. To apply for clinical use in the future, significant modification will be 
required. 

4.1.1 Naked DNA 
Sperm cells have the capacity to capture foreign DNA (Brackett, 1971). Several reports have 
demonstrated that sperm-mediated gene transfer in vitro, which is based on the intrinsic  
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Expression periods Germ cell sperm Sertoli cell Leydig cell

Non-viral vector Naked DNA NA NA ＋ NA NA

Liposome < 1 week - ＋ - -

Electroporation 1-2 months ＋ ＋ ＋ ＋

Viral Vector Adenovirus >2months - - ＋ ＋

Retrovirus NA ＋ NA - NA

Lentivirus > 6months - - ＋ NA

Baculovirus NA - - ＋ ＋

Transgene Expression cells

NA: not assessment
 

Table 1. Characteristics of vectors in testicular gene transfer system in vivo. 

ability of sperm cells to bind and internalize exogenous DNA and to transfer it into the egg 
at fertilization, has succeeded in generating transgenic animals (Lavitrano, 1989, 1992, 1997, 
2006; Francolini, 1993; Zani M, 1995). 
On the other hand, Huguet E et al. (1998) analyzed the uptake of exogenous DNA by mouse 
and rat spermatozoa using in vivo methods. DNA was injected into the vas deferens, and 
spermatozoa were recovered 6 hr later. Uptake of exogenous DNA occurred in 60–70% of 
spermatozoa after in vivo DNA injection into the proximal region of the vas deferens 
(Huguet, 1998). These male mice injected with exogenous DNA encoding green fluorescent 
protein (GFP) were mated with normal estrus females, and 7.5% newborns were found 
positive by PCR for exogenous DNA. In these positive animals, some tissues showed GFP 
expression (Huguet, 2000).  

4.1.2 Liposome 
 Cationic lipids interact with negatively charged nucleic acid molecules forming complexes 
in which the nucleic acid is coated by lipids (Felgner, 1987). The positive outer surface of the 
complex can associate with the negatively charged cell membrane, allowing the 
internalization of nucleic acid. In this technique, DNA is mixed with cationic lipid just 
before the addition of this complex to the testis. Several researchers have reported testis-
mediated gene transfer using this method. As early as 3–4 days after microinjection of the 
exogenous gene mixed with cationic lipids into the seminiferous tubules, gene expression 
was observed within both immature and differentiated germ cells. By 40 days post-injection, 
the gene expression was restricted to the most immature germ cells in the basal portion of 
the seminiferous tubules (Celebi, 2002). Although transgene was transmitted to morula, 
blastocyst and mid-gestational fetuses, the ratio of animals carrying the exogenous gene 
decreased as they developed. Over 80% of morula-stage embryos expressed the exogenous 
gene, but only some postpartum progeny were foreign-DNA-positive with a high incidence 
of mosaicism (Yonezawa, 2001). Repeated injection with linearized plasmid DNA containing 
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the -galactosidase gene encapsulated with cationic liposome into the testis of adult mice via 
the scrotum resulted in the transmission of exogenous DNA sequences to blastocysts 
through fertilization (Ogawa, 1995). Sato et al. (1999, 2002) also attempted to transfect 
testicular spermatozoa with plasmid DNA by direct injection into testes to obtain transgenic 
animals. When injected males were mated with superovulated females 2 and 3 days after 
injection, more than 50% gene transmission was achieved in mid-gestational fetuses, and 
overt gene expression was not found in these fetuses. They suggested that plasmid DNA 
introduced into a testis is rapidly transported to the epididymis and then incorporated by 
epididymal spermatozoa.  

4.1.3 Electroporation 
Electroporation is a widely used technique for enhancing the efficiency of DNA delivery 
into cells. Application of electric pulses after local injection of DNA temporarily opens cell 
membranes and facilitates DNA uptake (De Vry, 2010). Electroporation provides more 
sperm cells to increase DNA uptake than unelectroporated spermatozoa (Gagné, 1991; 
Horan, 1992).  
As a possible alternative and more effective method for generating transgenic mice, several 
researchers have attempted testis-mediated gene transfer using an in vivo electroporation 
method. After injection of exogenous DNA into the testis, the testes are held between a 
tweezer-type electrode, and square electric pulses are applied several times at 20–50 volts 
(Muramatsu, 1996, 1997; Yamazaki, 1998, 2000; Umemoto, 2002, 2005). Expression of the 
exogenous gene was clearly observed in germ cells of seminiferous tubules 48 hours after 
transfecting the mouse testis by in vivo electroporation (Muramatsu, 1997). Stable gene 
expression in spermatogenic cells using electroporation would be facilitated by retroviral 
integrase gene co-transfection (Ryoki, 2001). We also directly injected DNA, which was 
constructed as a cytomegalovirus enhancer/chicken -actin promoter connected with the -
galactosidase gene (Umemoto, 2002, 2005), into mouse testes using a square-wave 
electroporator, and investigated the efficiency of gene transfer. The -galactosidase activity 
was detected in germ cells and Sertoli cells in seminiferous tubules and in Leydig cells for 4 
weeks (Umemoto, 2002, 2005); however, although electroporation is a simple and 
convenient technique for gene transfer to germ cells in the testis, the gene expression was 
deemed transient and uncontrollable (Umemoto, 2005). Another problem of electroporation 
is that the electric pulses themselves could result in testicular damage. In our previous 
reports, the Johnsen scores were significantly decreased and apoptotic cells were 
significantly increased in the testis several weeks after in vivo electroporation (Umemoto, 
2002, 2005; Kojima, 2005). These results suggest that spermatogenic damage caused by 
electroporation itself could be important problems for clinical application.  
Yomogida et al. (2002) investigated the rescue of spermatogenesis in Sl17H/ Sl17H mutant 
mice, which are infertile because of an altered stem cell factor (SCF), by gene transfer using 
electroporation. Dobashi et al. (2005) showed that the transfer of erythropoietin to rat testes 
by in vivo electroporation might reduce the risk of germ cell loss caused by surgically 
induced cryptorchidism. To define the transcriptional regulatory elements of the OAZt gene 
promoter, in vivo DNA transfer to mouse testes was performed using electroporation (Ike, 
2004). RNA interference (RNAi) technology has become a novel tool for silencing gene 
expression in cells or organisms, and has also been used to develop new therapeutics for 
certain diseases. RNAi against endogenous Dmc1, which encodes a DNA recombinase that 
is expressed and functionally required in spermatocytes, was introduced into mouse testis 
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by electroporation and led to the same phenotypes observed in null mutant mice (Shoji, 
2005). Thus, an in vivo RNAi system using electroporation may provide a rapid means for 
assessing the physiological role of the spermatogenetic gene.  

4.2 Viral vector 
Viral vectors provide the most efficient transfection. Their main disadvantages concern 
limitations on the size of inserted DNA, difficulty of manufacture and possible 
immunogenicity (Navarro, 2008).  

4.2.1 Adenoviral vector 
Adenoviruses are the most commonly used gene-delivery vectors due to the efficiency of 
their in vivo gene transfer. This opinion is based upon their natural ability to infect a broad 
array of both dividing and terminally differentiated, nondividing cell types, their capacity to 
deliver large amounts of DNA, and the ease at which this vector platform can be mass 
produced (Appledorn, 2008). Furthermore, adenovirus vector remain the gene transfer 
vector of choice for numerous human clinical trials, as more clinical trials utilize Ad-based 
vectors than any other vector currently available. 
Several researchers have attempted to perform adenovirus-mediated gene transfer to animal 
testis in vivo (Blanchard & Boekelheide 1997; Kojima, 2003, 2008b; Takehashi, 2007). 
Intratesticular injection of adenoviral vector resulted in strong transgene expression in 
interstitial cells, including Leydig cells from seminiferous tubules (Kojima, 2003, Blanchard 
& Boekelheide, 1997). By contrast, intratubular injection resulted in transgene expression 
along the seminiferous tubules, in which strong expression was observed in Sertoli cells. No 
transgene expression was detected in germ cells by either method (Kojima, 2003, Blanchard 
& Boekelheide 1997).  
Gene expression patterns by adenovirus-mediated gene transfer to the testis are particularly 
interesting and important from the viewpoint of gene therapy for male infertility in the 
future. Since it is not impossible to introduce a foreign gene precisely at specific 
chromosomal loci, abnormal sperm could be formed if a foreign gene is introduced into 
germ cells in the testis. This would increase the rate of offspring with anomalies; however, 
when an adenovirus vector is used, such problems can be avoided because of its biological 
characteristic of not introducing genes into germ cells in the testis. Fetuses and offspring 
produced by mating with males for several days after adenovirus-mediated gene transfer to 
the testis were normal and the number of neonates was not significantly different from that 
in the control group. None of the fetuses or offspring showed any abnormalities, and the 
transgene was not detected by RT-PCR and histochemical study (Kojima, 2003, 2008b). 
These results demonstrate that the risk of germline transmission following adenovirus-
mediated gene transfer to the testis is extremely low (Kojima, 2008b).   
There are two problems concerning transfection with the adenoviral vector, i.e., cytotoxicity 
as a general biological characteristic and the immune response (Yang, 1994, 1995; Amin, 
1995); however, although apoptosis was detected in some spermatocytes and a slight 
immune response was observed for a short period, it was temporary. The testis did not 
become highly atrophic, severe deterioration of the tubules was not detected, sperm motility 
was not lowered and sperm abnormalities were not observed (Kojima, 2003); therefore, 
transfection by adenoviral vector was not considered to have any adverse effects on 
spermatogenic function overall.  Adenovirus-mediated gene transfer to the testis has several 
advantages and can be exploited for the treatment of male infertility in the future; however, 
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to achieve a better therapeutic effect in the future, the different strategies of adenoviral 
improvement should be combined. 
 Some studies have reported the effect of gene transfer to an animal model testis on 
spermatogenesis using an adenoviral vector in vivo. Transfer of the tumor suppressor 
protein p53 gene to rat seminiferous tubules by adenoviral vector using the retrograde 
technique impaired spermatogenesis (Fujisawa, 2001). On the other hand,  
adenovirus-mediated hepatocyte growth factor (HGF) gene transfer into the testis in 
cryptorchidism rats inhibited germ cell apoptosis and restored spermatogenesis (Goda, 
2004). To explore the therapeutic usefulness of the HST-1/FGF-4 gene, which could be an 
important factor for spermatogenesis, in impaired spermatogenesis, adenovirus carrying the 
HST-1/FGF-4 gene was administered into the testis of mice after adriamycin treatment, and 
HST-1/FGF-4 gene transfer had a protective effect on experimentally induced testicular 
toxicity (Yamamoto, 2002).  

4.2.2 Retroviral vector 
Retroviral vectors based upon simple gammaretroviruses, complex lentiviruses, or 
potentially nonpathogenic spumaviruses represent relatively well-characterized tools that 
are widely used for stable gene transfer (Baum, 2006; Bushman 2007). They transfect by 
integrating the transgene into the target cell chromosome, but transgene expression ceases 
within days to weeks and tends to be shorter than adenovirus vectors. Unlike many other 
types of vectors currently being developed for gene therapy, retroviral vectors are able to 
genetically modify cells stably without perturbing cell growth (Kim, 2000). In the testis 
injected with retroviral vector into seminiferous tubules via rete testes, no cells with gene 
expression could be found (Ikawa, 2002); however, other researchers reported that retroviral 
vector was a powerful tool to transfer exogenous genes into the germ cell line and 
spermatogonia in vitro (Danno, 1999; De Miguel, 2003). Microinjection of a retroviral vector 
expressing the -galactosidase gene into immature seminiferous tubules resulted in the direct 
transduction of spermatogonial stem cells, and the animals produced transgenic offspring 
after mating with females (Kanatsu-Shinohara, 2004).  

4.2.3 Lentiviral vector 
Lentviral vector are being increasingly used in basic and applied research. Human gene 
therapy clinical trials are currently underway using lentiviral vectors in a wide range of 
human diseases (Escors & Breckpot 2010). The capacity to efficiently transduce non-
dividing cells, shuttle large genetic payloads, and maintain stable long-term transgene 
expression are attributes that have brought lentiviral vectors to the forefront of gene 
delivery vehicles for research and therapeutic applications in a clinical setting (Cockrell & 
Kafri, 2007). Testes transduced with lentiviral vector expressed the trangene without 
impairing spermatogenesis. Expression patterns were characteristic of Sertoli cells and 
gene expression was observed over a period of 6 months (Ikawa, 2002). Although 
spermatogenesis can be restored in Sl/Sld mutant mice by transducing Sertoli cells with 
lentiviral vectors generating a functional c-kit ligand, KL2, an insufficient number of 
spermatozoa for IVF were collected. Sperm collected from recipient testes were able to 
produce normal pups after intracytoplasmic sperm injection. None of the offspring 
carried the transgene, suggesting the inability of lentiviral vectors to infect spermatogenic 
cells in vivo (Ikawa, 2002).  
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produced by mating with males for several days after adenovirus-mediated gene transfer to 
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These results demonstrate that the risk of germline transmission following adenovirus-
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as a general biological characteristic and the immune response (Yang, 1994, 1995; Amin, 
1995); however, although apoptosis was detected in some spermatocytes and a slight 
immune response was observed for a short period, it was temporary. The testis did not 
become highly atrophic, severe deterioration of the tubules was not detected, sperm motility 
was not lowered and sperm abnormalities were not observed (Kojima, 2003); therefore, 
transfection by adenoviral vector was not considered to have any adverse effects on 
spermatogenic function overall.  Adenovirus-mediated gene transfer to the testis has several 
advantages and can be exploited for the treatment of male infertility in the future; however, 
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to achieve a better therapeutic effect in the future, the different strategies of adenoviral 
improvement should be combined. 
 Some studies have reported the effect of gene transfer to an animal model testis on 
spermatogenesis using an adenoviral vector in vivo. Transfer of the tumor suppressor 
protein p53 gene to rat seminiferous tubules by adenoviral vector using the retrograde 
technique impaired spermatogenesis (Fujisawa, 2001). On the other hand,  
adenovirus-mediated hepatocyte growth factor (HGF) gene transfer into the testis in 
cryptorchidism rats inhibited germ cell apoptosis and restored spermatogenesis (Goda, 
2004). To explore the therapeutic usefulness of the HST-1/FGF-4 gene, which could be an 
important factor for spermatogenesis, in impaired spermatogenesis, adenovirus carrying the 
HST-1/FGF-4 gene was administered into the testis of mice after adriamycin treatment, and 
HST-1/FGF-4 gene transfer had a protective effect on experimentally induced testicular 
toxicity (Yamamoto, 2002).  

4.2.2 Retroviral vector 
Retroviral vectors based upon simple gammaretroviruses, complex lentiviruses, or 
potentially nonpathogenic spumaviruses represent relatively well-characterized tools that 
are widely used for stable gene transfer (Baum, 2006; Bushman 2007). They transfect by 
integrating the transgene into the target cell chromosome, but transgene expression ceases 
within days to weeks and tends to be shorter than adenovirus vectors. Unlike many other 
types of vectors currently being developed for gene therapy, retroviral vectors are able to 
genetically modify cells stably without perturbing cell growth (Kim, 2000). In the testis 
injected with retroviral vector into seminiferous tubules via rete testes, no cells with gene 
expression could be found (Ikawa, 2002); however, other researchers reported that retroviral 
vector was a powerful tool to transfer exogenous genes into the germ cell line and 
spermatogonia in vitro (Danno, 1999; De Miguel, 2003). Microinjection of a retroviral vector 
expressing the -galactosidase gene into immature seminiferous tubules resulted in the direct 
transduction of spermatogonial stem cells, and the animals produced transgenic offspring 
after mating with females (Kanatsu-Shinohara, 2004).  

4.2.3 Lentiviral vector 
Lentviral vector are being increasingly used in basic and applied research. Human gene 
therapy clinical trials are currently underway using lentiviral vectors in a wide range of 
human diseases (Escors & Breckpot 2010). The capacity to efficiently transduce non-
dividing cells, shuttle large genetic payloads, and maintain stable long-term transgene 
expression are attributes that have brought lentiviral vectors to the forefront of gene 
delivery vehicles for research and therapeutic applications in a clinical setting (Cockrell & 
Kafri, 2007). Testes transduced with lentiviral vector expressed the trangene without 
impairing spermatogenesis. Expression patterns were characteristic of Sertoli cells and 
gene expression was observed over a period of 6 months (Ikawa, 2002). Although 
spermatogenesis can be restored in Sl/Sld mutant mice by transducing Sertoli cells with 
lentiviral vectors generating a functional c-kit ligand, KL2, an insufficient number of 
spermatozoa for IVF were collected. Sperm collected from recipient testes were able to 
produce normal pups after intracytoplasmic sperm injection. None of the offspring 
carried the transgene, suggesting the inability of lentiviral vectors to infect spermatogenic 
cells in vivo (Ikawa, 2002).  
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4.2.4 Baculoviral vector 
Since the discovery that baculoviruses can efficiently transduce mammalian cells, 
baculoviruses have been extensively studied as potential vectors for both in vitro and in vivo 
gene therapy (Hu, 2008). Baculovirus-mediated gene transfer is simple to perform, 
reproducible, and demonstrates no overt cell toxicity, and is particularly useful for repetitive 
or moderately high-throughput procedures, such as cell-based assays, or for situations 
where transfection procedures are inadequate (Merrihew, 2004; Kost, 2005). Baculovirus-
mediated gene transfer to the testis via intratubular injection resulted in the gene expression 
in Sertoli cells but not in spermatocytes or sperm (Tani, 2003]. Park et al. (2009) 
demonstrated that intra-tunica albuguineal injection of GFP-baculovirus into the mouse 
testis resulted in a high level of GFP expression in the interstitial tissues. In addition, intra-
tunica albuguineal injection of a modified baculovirus that encoded recombinant rat insulin-
like growth factor binding protein (IGFBP)-5 resulted in an increase in IGFBP-5 in testis and 
semen.  

5. Future prospects of gene therapy for male infertility 
5.1 Abnormal sperm production and male infertility  
Normal fertility is defined as achieving a pregnancy within one year by regular coital 
exposure. On the other hand, infertility is defined as the inability to conceive after one year 
of unprotected intercourse, which affects approximately 15% of couples trying to conceive in 
western countries. Worldwide more than 70 million couples suffer from infertility (Ombelet, 
2008). It is generally reported that in approximately 30% of cases, infertility is mainly due to 
a male factor, and 70 to 90% of male infertility arises from impaired spermatogenesis with 
the clinical presentation of abnormal sperm production, such as oligozoospermia and 
azoospermia (Greenberg, 1978). The presented cases of male infertility include varicocele, 
cryptorchidism, obstruction of spermatic ducts, and endocrine disorders; however, most 
cases continue to be labeled with the diagnosis of “idiopathic infertility” or given 
descriptive diagnoses that do not provide a cause for their defect, although basic research 
helps to define the associated genes and the mechanisms responsible for the development, 
function and regulation of spermatogenesis (Matzuk & Lamb, 2008).  

5.2 Present therapeutic options of male infertility and its limitation 
Evolving therapies have allowed the use of sperm from men with compromised 
spermatogenesis, obstructive azoospermia, and sperm functional deficiency, enabling these 
men to procreate when unable to do so naturally (Oates, 2008). Assisted reproductive 
technology (ART) is the most appropriate management if a natural pregnancy fails to occur, 
and this is increasingly used in the treatment of both male and female infertility. Recently, 
severe male infertility, such as azoospermia, has been treated successfully by 
intracytoplasmic sperm injection (ICSI) (Palemo, 1992, 1996). Sperm can be obtained by 
microepididymal sperm aspiration (MESA), percutaneous sperm aspiration (PESA), and 
testicular sperm extraction (TESE) from patients with male infertility. ICSI involves the 
injection of a single sperm directly into the cytoplasm of a mature egg (oocyte) using a glass 
needle (pipette). ICSI guarantees high fertilization rates and could also theoretically lead to 
higher implantation rates. Fertilization rates were in the range of 60–90% and the delivery 
rate per retrieval was 38.5% in the first 560 couples (Palermo, 1996). Although ICSI allows 
otherwise sterile couples to become parents, there is still only an incomplete picture of the 
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risks associated with the usage of these ART to offspring (Staessen, 1999; Alukal & Lamb, 
2008). Several data have indicated a higher risk of congenital malformation (Sutcliffe, 2001; 
Hansen M, 2002), chromosome aneuploidy (In’t Veld P, 1995; Liebaers, 1995; Loft A, 1999), 
low birth weight (Schieve, 2002), and imprinting defects such as Angelman syndrome (Cox, 
2002) for children conceived by ICSI than for children conceived naturally. Additionally, 
this technique is not a cure per se for male infertility patients. The empirical treatments used 
in the past for male infertility patients are probably ineffective, and no effective treatments 
have been proved to improve spermatogenesis in idiopathic male infertility despite major 
advances in ART; therefore, additional prospective treatments for male infertility patients 
are needed to achieve paternity potential. 

5.3 Therapeutic potential of gene transfer to tesits for male infertility 
Fertilization is better in vivo than in vitro for male infertility. Clinically, testicular gene 
therapy may be useful to treat male infertility in the future because it is possible to promote 
spermatogenesis in male infertility patients diagnosed with pathological 
hypospermatogenesis, maturation arrest or Sertoli cells only. Since testicular cells play a 
significant role in creating life and personality, it is very important to understand the safety 
issues and to control the expression of transferred genes (Kojima, 2006a). Numerous difficult 
hurdles remain to be overcome in the clinical application of gene transfer to testis under the 
present conditions.  

5.3.1 Appropriate methods and vectors of future gene therapy for male infertility 
The basic common consensus throughout the world is that somatic gene therapy can be 
applied to treat a wide range of disorders, including cancer and inherited disease (Smith, 
2003). The ethical issues in somatic gene therapy are primarily concerned with the risk of 
this procedure, such as vector toxicity and oncogenesis. On the other hand, although 
germline gene therapy is theoretically possible, it is rejected on the grounds that it would be 
possible to affect future generations without precise understanding about the mechanism 
and control of gene expression [(Kojima, 2006a). At present, we should not make exceptions 
to the standing ethical rules in future gene therapy for male infertility and consider 
appropriate gene therapy that avoids gene transfer to germ cells. 
Within the seminiferous epithelium of seminiferous tubules, spermatogenesis occurs on the 
surface of Sertoli cells. In other words, Sertoli cells directly support spermatogenesis. They 
are involved in metabolic exchange with germ cells, as well as in their nutrition and the 
secretion of tubular fluid into the luminal compartment and the exclusive targets of follicle-
stimulating hormone (FSH), androgens and other hormones within the testis (Brehm & 
Steger, 2005). On the other hand, Leydig cells are the main source of the androgen hormone, 
testosterone, which is located in the interstitial space, outside the seminiferous tubules. This 
function is regulated by luteinizing hormone (LH), paracrine factors secreted by cells within 
the seminiferous tubules and autoregulatory factors.  
Disruption of spermatogenesis, which results in male infertility, can therefore be caused by 
defects affecting the germ cells or Sertoli cells or sometimes Leydig cell dysfunction. Germ 
cells are appropriate target cells of gene transfer into the testis to generate transgenic 
animals, while Sertoli cells and Leydig cells may be appropriate target cells for the clinical 
application of male infertility treatment on the basis of ethical issues. Viewed from this 
point, adenoviral-, lentiviral- or baculoviral-mediated gene transfer may be effective for 
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4.2.4 Baculoviral vector 
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reproducible, and demonstrates no overt cell toxicity, and is particularly useful for repetitive 
or moderately high-throughput procedures, such as cell-based assays, or for situations 
where transfection procedures are inadequate (Merrihew, 2004; Kost, 2005). Baculovirus-
mediated gene transfer to the testis via intratubular injection resulted in the gene expression 
in Sertoli cells but not in spermatocytes or sperm (Tani, 2003]. Park et al. (2009) 
demonstrated that intra-tunica albuguineal injection of GFP-baculovirus into the mouse 
testis resulted in a high level of GFP expression in the interstitial tissues. In addition, intra-
tunica albuguineal injection of a modified baculovirus that encoded recombinant rat insulin-
like growth factor binding protein (IGFBP)-5 resulted in an increase in IGFBP-5 in testis and 
semen.  

5. Future prospects of gene therapy for male infertility 
5.1 Abnormal sperm production and male infertility  
Normal fertility is defined as achieving a pregnancy within one year by regular coital 
exposure. On the other hand, infertility is defined as the inability to conceive after one year 
of unprotected intercourse, which affects approximately 15% of couples trying to conceive in 
western countries. Worldwide more than 70 million couples suffer from infertility (Ombelet, 
2008). It is generally reported that in approximately 30% of cases, infertility is mainly due to 
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the clinical presentation of abnormal sperm production, such as oligozoospermia and 
azoospermia (Greenberg, 1978). The presented cases of male infertility include varicocele, 
cryptorchidism, obstruction of spermatic ducts, and endocrine disorders; however, most 
cases continue to be labeled with the diagnosis of “idiopathic infertility” or given 
descriptive diagnoses that do not provide a cause for their defect, although basic research 
helps to define the associated genes and the mechanisms responsible for the development, 
function and regulation of spermatogenesis (Matzuk & Lamb, 2008).  

5.2 Present therapeutic options of male infertility and its limitation 
Evolving therapies have allowed the use of sperm from men with compromised 
spermatogenesis, obstructive azoospermia, and sperm functional deficiency, enabling these 
men to procreate when unable to do so naturally (Oates, 2008). Assisted reproductive 
technology (ART) is the most appropriate management if a natural pregnancy fails to occur, 
and this is increasingly used in the treatment of both male and female infertility. Recently, 
severe male infertility, such as azoospermia, has been treated successfully by 
intracytoplasmic sperm injection (ICSI) (Palemo, 1992, 1996). Sperm can be obtained by 
microepididymal sperm aspiration (MESA), percutaneous sperm aspiration (PESA), and 
testicular sperm extraction (TESE) from patients with male infertility. ICSI involves the 
injection of a single sperm directly into the cytoplasm of a mature egg (oocyte) using a glass 
needle (pipette). ICSI guarantees high fertilization rates and could also theoretically lead to 
higher implantation rates. Fertilization rates were in the range of 60–90% and the delivery 
rate per retrieval was 38.5% in the first 560 couples (Palermo, 1996). Although ICSI allows 
otherwise sterile couples to become parents, there is still only an incomplete picture of the 
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risks associated with the usage of these ART to offspring (Staessen, 1999; Alukal & Lamb, 
2008). Several data have indicated a higher risk of congenital malformation (Sutcliffe, 2001; 
Hansen M, 2002), chromosome aneuploidy (In’t Veld P, 1995; Liebaers, 1995; Loft A, 1999), 
low birth weight (Schieve, 2002), and imprinting defects such as Angelman syndrome (Cox, 
2002) for children conceived by ICSI than for children conceived naturally. Additionally, 
this technique is not a cure per se for male infertility patients. The empirical treatments used 
in the past for male infertility patients are probably ineffective, and no effective treatments 
have been proved to improve spermatogenesis in idiopathic male infertility despite major 
advances in ART; therefore, additional prospective treatments for male infertility patients 
are needed to achieve paternity potential. 

5.3 Therapeutic potential of gene transfer to tesits for male infertility 
Fertilization is better in vivo than in vitro for male infertility. Clinically, testicular gene 
therapy may be useful to treat male infertility in the future because it is possible to promote 
spermatogenesis in male infertility patients diagnosed with pathological 
hypospermatogenesis, maturation arrest or Sertoli cells only. Since testicular cells play a 
significant role in creating life and personality, it is very important to understand the safety 
issues and to control the expression of transferred genes (Kojima, 2006a). Numerous difficult 
hurdles remain to be overcome in the clinical application of gene transfer to testis under the 
present conditions.  

5.3.1 Appropriate methods and vectors of future gene therapy for male infertility 
The basic common consensus throughout the world is that somatic gene therapy can be 
applied to treat a wide range of disorders, including cancer and inherited disease (Smith, 
2003). The ethical issues in somatic gene therapy are primarily concerned with the risk of 
this procedure, such as vector toxicity and oncogenesis. On the other hand, although 
germline gene therapy is theoretically possible, it is rejected on the grounds that it would be 
possible to affect future generations without precise understanding about the mechanism 
and control of gene expression [(Kojima, 2006a). At present, we should not make exceptions 
to the standing ethical rules in future gene therapy for male infertility and consider 
appropriate gene therapy that avoids gene transfer to germ cells. 
Within the seminiferous epithelium of seminiferous tubules, spermatogenesis occurs on the 
surface of Sertoli cells. In other words, Sertoli cells directly support spermatogenesis. They 
are involved in metabolic exchange with germ cells, as well as in their nutrition and the 
secretion of tubular fluid into the luminal compartment and the exclusive targets of follicle-
stimulating hormone (FSH), androgens and other hormones within the testis (Brehm & 
Steger, 2005). On the other hand, Leydig cells are the main source of the androgen hormone, 
testosterone, which is located in the interstitial space, outside the seminiferous tubules. This 
function is regulated by luteinizing hormone (LH), paracrine factors secreted by cells within 
the seminiferous tubules and autoregulatory factors.  
Disruption of spermatogenesis, which results in male infertility, can therefore be caused by 
defects affecting the germ cells or Sertoli cells or sometimes Leydig cell dysfunction. Germ 
cells are appropriate target cells of gene transfer into the testis to generate transgenic 
animals, while Sertoli cells and Leydig cells may be appropriate target cells for the clinical 
application of male infertility treatment on the basis of ethical issues. Viewed from this 
point, adenoviral-, lentiviral- or baculoviral-mediated gene transfer may be effective for 
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transfecting testicular somatic cells, Sertoli cells or Leydig cells, because they can not 
introduce exogenous genes into germ cells, and are applicable vectors for in vivo gene 
therapy for male infertility in the future (Kojima, 2008a). Adenoviral vectors may currently 
be the most appropriate candidate to use in future clinical application because there is 
sufficient information from clinical trials about several other diseases.   
Intratubular injection (antegrade injection or retrograde injection) is a useful technique to 
introduce genes into Sertoli cells, while intratesticular injection may be useful for Leydig 
cells.  
It is important to choose an appropriate vector for clinical use. The disadvantage of 
liposome and electroporation methods for clinical application was that they showed 
potential for gene expression in germ cells and strong adverse effects on spermatogenesis. 
On the other hand, adenovirus-mediated gene transfer may be a more effective and superior 
method for transfecting testicular cells among these three methods and may be more 
applicable for gene therapy for male infertility in the future (Kojima, 2005). 

5.3.2 Candidate genes of future gene therapy for male infertility  
Spermatogenesis is a complex program of differentiation that takes place within the 
testicular seminiferous tubules, which are composed of germ cells and somatic Sertoli cells 
(Brehm & Steger, 2005; Bergmann 2005). Two control mechanisms are involved in the 
regulation of spermatogenesis; hormone and genetics. Sertoli cells trigger germ cell 
development by not only mediating hormonal stimuli of FSH and androgen secreted by 
Leydig cells, but also numerous genes. Understanding the mechanisms by which genes and 
gene products are expressed or repressed in the testes enables the development of strategies 
to treat male infertility. A lot of candidate male fertility-associated genes have been revealed 
from knockout mice phenotypes (Cram, 2001, O'Bryan MK & de Kretser, 2006). It is 
important to perform detailed phenotypic analysis in order to extract the maximum amount 
of information from each model; however, despite the identification of an increasing 
number of candidate genes involved in spermatogenesis, the range of diagnostic genetic 
tests for male infertility remains extremely limited (Nuti & Krausz, 2008). Normal 
spermatogenesis and fertility are dependent upon paracrine or autocrine interactions 
between somatic cells (Sertoli and Leydig cells) and germ cells, and upon endocrine support 
from the pituitary gland (Saunders, 2003).  
Several possible genes may be essential for Sertoli and Leydig cell function to support 
normal spermatogenesis. Testicular gene therapy for these cells as target cells may be useful 
to treat male infertility in the future, especially for those who have no spermatozoa in their 
testes at all, such as pathological maturation arrest or Sertoli cells only. From our viewpoint, 
Sertoli cells are more appropriate target cells, because they perform crucial functions that 
initiate, promote and maintain spermatogenesis directly in seminiferous tubules.  
Disorders of testicular function may originate as a result of abnormal development or 
proliferation of Sertoli cells (Sharpe, 2003). Idiopathic male infertility, including 
pathologically maturation arrest and Sertoli cell-only syndrome, may result in abnormal 
Sertoli cell function, which disrupts the normal progression of spermatogenesis [Kojima et 
al. 2006c].  
Marker genes of maturity and immaturity of Sertoli cells include anti-Müllerian hormone, 
vimentin, connexin 26, connexin 43, aromatase, cytokeratin-18, GATA1, laminin 5, M2A 
antigen, p27kip1, inhibin, sulphated glycoprotein 2, androgen receptor and WT-1 (Brehm & 
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Steger, 2005; Sharpe, 2003). In addition, alterations of transcription regulation in the testis 
may cause idiopathic male infertility. Transcription factors include CREB, Sox3, Pem 
(Rhox5) and DAX1, which are essential for spermatogenesis and are expressed not in germ 
cells but in Sertoli cells of seminiferous tubules (Hummler, 1994; Yu, 1998; Weiss, 2003; 
Maclean, 2005a,b; Kojima, 2006c). Clarifying the role of these factors in spermatogenesis may 
advance the clinical application of gene therapy for patients with male infertility. 
On the other hand, Leydig cells may also be target cells of gene therapy. Hypotheses about 
the underlying mechanism of the depletion of germ cells in Klinefelter syndrome males, 
which is the most common sex chromosome abnormality and the most frequent genetic 
cause of male infertility, include Leydig cell insufficiency and disturbed apoptosis 
regulation of Leydig cells (Aksglaede, 2006). There is also evidence of Leydig cell 
impairment in a proportion of men treated with cytotoxic chemotherapy for malignant 
disease (Howell, 2001). Endocrine disruptors can disrupt not only spermatogenesis but also 
normal endocrine function of Leydig cells, acting directly on Leydig cells to diminish 
testosterone production by interfering with the expression of specific genes in the 
steroidogenic pathway (Skakkebaek, 2001). Marker genes, including P450(CYP) steroid 
hydroxylase, 3-HSD [143], Androgen receptor [144], LHR [145], Ad4BP/SF-1 [134,146,147] 
are expressed in Leydig cells (Weiss, 1992, Morohashi, 1993, 1994; Luo, 1994; Xu, 2007; 
Kojima, 2006c,], which are implicated in steroidogenesis or spermatogenesis. They may also 
be candidate genes for gene therapy in the future. 
 

 
Fig. 2. Histological findings of normal spermatogenesis (A), male infertility, (Sertoli-cell 
only) (B) and testicular cancer; seminoma (C) and non-seminoma (embryonal carcinoma and 
teratoma) (D). 
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6. Future prospects of gene therapy for testicular cancer 
6.1 Testicular cancer and germ cell tumor 
Testicular cancer is the most frequent solid tumor in young male adults and a disease with 
elusive pathogenesis. Germ cell tumors (GCTs) represent 95% of all testicular cancers 
(Diamantopoulos, 2010). Testicular cancer represents the most curable solid tumor, with a 
10-year survival rate of more than 95% (Travis, 2010). Especially, clinical stage I testicular 
cancer is highly curable. Since treatment for testicular cancer directly affects gonadal tissues, 
fertility rate after treatment for testicular cancer is reduced. 
GCTs are divided into two broad group, seminnoma and non-seminoma. Seminoma retains 
the morphology of spermatogonial GCs. On the other hand, non-seminoma display 
embryonal and extra-embryonal differentiation patterns which include primitive zygotic 
(embryonal carcinoma), embryonal-like somatically differentiated (teratoma), and 
embryonally differentiated (choriocarcinoma and yolk-sac tumor) phenotypes (Chaganti & 
Houldsworth 2000). 

6.2 Present therapeutic options of testicular cancer and its limitation 
Treatment strategy is chosen according to the patient stage and prognostic group 
stratification. The standard therapy is generally considered to be radical orchiectomy even 
for bilateral testis cancer; however, partial orchiectomy should be undertaken only in 
selected patients -men with bilateral testicular cancer or GCTs in a solitary testis-if the size 
and location of the mass are amenable to surgery. Partial orchiectomy provides potential 
benefits over radical surgery by reducing the need for androgen substitution, lessening 
psychological stress, and preserving fertility, with a durable cure rate. However, partial 
orchiectomy is not always appropriate according to tumor size. Although alternative 
strategies of organ preservation, such as radiotherapy and chemotherapy, might be 
appropriate treatment options in the future, the safety and efficacy of these procedures have 
not been demonstrated in larger and prospective studies with longer follow-up (Zuniga, 
2010). Therefore, gene therapy may be one of the options for testicular cancer in the future. 

6.3 Therapeutic potential of gene transfer to tesits for testicular cancer 
Several preclinical studies have demonstrated that gene therapy produced antitumor effects, 
suggesting its feasibility in clinical settings. Actual trials of gene therapy for certain cancers 
have already been reported; however, to our knowledge, there is no report about gene 
therapy for GCTs, because of complexity of its pathogenesis. Therefore, which method or 
vector is useful for clinical application has remained unknown.  
A lot of researchers have attempted to identify the candidate genes of GCTs. Cytogenetic 
and molecular genetic analysis of GCTs has yielded important data relevant to the 
understanding of the mechanism of GC transformation (Chaganti & Houldsworth, 2000). 
Virtually 100% of tumors show increased copy number of the short arm of chromosome 12 
(12p), as one or more copies of isochoromosome of12p or as tandem duplications of 12p, in 
situ or transposed elsewhere in the genome. This observation enhanced our understanding 
of the underlying genetic etiology of the disease because of its invariant presence 
(Houldsworth, 2006). Because the entire 12p, comprising about 400 genes, is involved, this 
would suggest that at least two, if not more, physically distant loci are the targets of the 
abnormality. In this region, there are several candidates with functions consistent with roles 
in cell growth, including CCND2, GLUT3, GAPDH, TPI1 NANOG, DPPA3 and GDF3. It is 
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clear that gain of 12p is multifunctional with respect to biologic processes affected, which in 
this unique tumor system are inextricably linked; transformation and maintenance of 
pluripotency (Houldsworth, 2006).  Epigenetic approach can also provide new knowledge 
about pathogenesis of GCTs. Aberrant promoter hypermethylation has been reported for 
several genes (PRSS21, MGMT, RASSF1A) in GCTs, suggestive of roles in GC 
transformation (Houldsworth, 2006). 
Stem cell research has provided new insights on pathogenesis of GCTs. Cancer stem cells 
may be target for cancer cells (Hombach-Klonisch, 2008). It is becoming increasingly 
evidence that cancer constitutes a group of diseases involving altered stem cell 
maturation/differentiation and the disturbance of regenerative process. Previous study 
showed a substantial overlap in the expression patterns of testicular embryonal carcinomas 
and embryonic stem (ES) cells. Several candidate genes including Oct3/4, SOX2, CENPA and 
PODXL, which may contribute to the maintenance of plutipotency, have recently been 
detected. They may also be candidate genes for gene therapy in the future 

7. Conclusions 
Our limited understanding of the complex regulatory mechanisms underlying normal 
spermatogenesis and pathogenesis of GCTs makes it difficult to identify specific target 
genes for gene therapy for male infertility and GCTs. Recent remarkable advance in 
molecular approaches have contributed to find candidate genes and provided new 
knowledge on molecular genetics of testicular disorders including male infertility and 
GCTs. Although more genetic information about the molecular basis of spermatogenesis, 
male infertility and GCTs will be needed to apply gene therapy for male infertility and 
GCTs patients, these information will lead to new strategies for the clinical management and 
gene therapy will provides great benefits for the patients with these testicular diseases in the 
near future. 
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several genes (PRSS21, MGMT, RASSF1A) in GCTs, suggestive of roles in GC 
transformation (Houldsworth, 2006). 
Stem cell research has provided new insights on pathogenesis of GCTs. Cancer stem cells 
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evidence that cancer constitutes a group of diseases involving altered stem cell 
maturation/differentiation and the disturbance of regenerative process. Previous study 
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and embryonic stem (ES) cells. Several candidate genes including Oct3/4, SOX2, CENPA and 
PODXL, which may contribute to the maintenance of plutipotency, have recently been 
detected. They may also be candidate genes for gene therapy in the future 

7. Conclusions 
Our limited understanding of the complex regulatory mechanisms underlying normal 
spermatogenesis and pathogenesis of GCTs makes it difficult to identify specific target 
genes for gene therapy for male infertility and GCTs. Recent remarkable advance in 
molecular approaches have contributed to find candidate genes and provided new 
knowledge on molecular genetics of testicular disorders including male infertility and 
GCTs. Although more genetic information about the molecular basis of spermatogenesis, 
male infertility and GCTs will be needed to apply gene therapy for male infertility and 
GCTs patients, these information will lead to new strategies for the clinical management and 
gene therapy will provides great benefits for the patients with these testicular diseases in the 
near future. 
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1. Introduction 

Bone metastasis in cancer patients is observed with high clinical frequency and is associated 
not only with cancer pain but also with pathological fractures, restriction of daily activities, 
and other skeletal-related events (SRE). It is therefore an issue with a very decisive effect on 
subsequent quality of life (QOL) (Chow & Bottomley, 2009). The development of 
new therapies for bone metastasis in recent years has allowed progress from the use of 
narcotic formulations, typical of which are the conventional opioid drugs, to treatments 
focused on ‘bone health’ which apply a multidisciplinary approach combining use for 
instance of high-strength bisphosphonate preparations and radionuclide therapy (Satoh et 
al., 2009). In prostate cancer and breast cancer, which have very high incidence of bone 
metastasis, there are many cases where survival of a number of years can be expected even 
at the stage of the illness where this kind of metastasis is present, and the therapeutic 
strategy needs to take account of QOL.  
Each year thousands of men are diagnosed with prostate cancer; it is estimated that about 
192,280 men will be diagnosed with this disease in 2009 (American Cancer Society, 2008).  In 
advanced disease, androgen-deprivation therapy remains the best treatment. After a median 
response of 12 to 24 months, patients develop progressive hormone-refractory prostate 
cancer (HRPC) (Carroll et al., 2002, Chodak et al., 2002). Therefore, the development of new 
therapies with a survival advantage and greater antitumor effects is necessary. Gene therapy 
is a good candidate among new therapies. 
The phase I clinical trial of the combination therapy of osteocalcin promoter-driven herpes-
simplex-virus thymidine kinase (Ad-OC-TK) and valacyclovir (VAL) for the treatment of 
HRPC has been conducted previously at the University of Virginia (Kubo et al., 2003). 
Between August 2003 and March 2006, a phase I/II dose-escalating clinical trial of 
intratumoral injections of Ad-OC-TK was performed on 6 patients with HRPC in order to 
assess the potential toxicity and therapeutic effects of this treatment at Kobe University 
Hospital (Hinata et al., 2006, Shirakawa et al., 2007). In clinical oncological trials, the 
therapeutic effects on the tumor volume and the serum levels of tumor markers are 
frequently used as the primary therapeutic indices. However, recently, the assessment of 
QOL has become an important therapeutic index. Since prostate cancer generally has a 
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response of 12 to 24 months, patients develop progressive hormone-refractory prostate 
cancer (HRPC) (Carroll et al., 2002, Chodak et al., 2002). Therefore, the development of new 
therapies with a survival advantage and greater antitumor effects is necessary. Gene therapy 
is a good candidate among new therapies. 
The phase I clinical trial of the combination therapy of osteocalcin promoter-driven herpes-
simplex-virus thymidine kinase (Ad-OC-TK) and valacyclovir (VAL) for the treatment of 
HRPC has been conducted previously at the University of Virginia (Kubo et al., 2003). 
Between August 2003 and March 2006, a phase I/II dose-escalating clinical trial of 
intratumoral injections of Ad-OC-TK was performed on 6 patients with HRPC in order to 
assess the potential toxicity and therapeutic effects of this treatment at Kobe University 
Hospital (Hinata et al., 2006, Shirakawa et al., 2007). In clinical oncological trials, the 
therapeutic effects on the tumor volume and the serum levels of tumor markers are 
frequently used as the primary therapeutic indices. However, recently, the assessment of 
QOL has become an important therapeutic index. Since prostate cancer generally has a 



 
Gene Therapy Applications 

 

298 

protracted natural history, it is particularly important for patients with HRPC to receive 
therapies that preserve or improve QOL, delay the progression of disease caused by severe 
pain, and provide quality-adjusted clinical benefits (Ho et al., 2006).  
Among the QOL assessment systems developed so far are the European Organization for 
Research and Treatment of Cancer (EORTC), Quality of Life Questionnaire-Core 30 (QLQ-
C30) (Aaronson et al., 1993), Functional Assessment of Cancer Therapy scale-General 
(FACT-G) (Cella et al., 1993) and MOS Short-Form 36-Item Health Survey (SF-36) (Ware & 
Sherbourne, 1992) systems, which have been translated and tested for use in a wide range of 
languages. Modules for quality of life assessment in specific diseases have also been 
developed and applied clinically, for instance EORTC-QLQ-LC13 (Bergman et al., 1994) and 
FACT-L (Cella et al., 1995) for lung cancer, EORTC-QLQ-BR23 (Sprangers et al., 1996) and 
FACT-B (Brady et al., 1997) for breast cancer, and European Organization for Research and 
Treatment of Cancer Quality of Life Questionnaire’s prostate cancer-specific module 
(EORTC QLQ-PR25) (da Silva et al., 1993) and FACT-P (Esper et al., 1997) for prostate 
cancer.  However, no QOL module had so far been developed for bone metastasis patients. 
We designed a questionnaire, formulated with reference to the EORTC-QLQ- PR25 
assessment system.  This is the first study, the short-term QOL and bodily pain of patients 
with HRPC who were undergoing a clinical trial involving the direct administration of the 
combination of Ad-OC-TK gene therapy plus VAL intra-lesionally in men with metastatic 
prostate cancer was evaluated.  

2. Patients and methods 
2.1 Eligibility criteria  
The eligibility criteria included the presence of metastatic or locally recurrent prostate 
cancer, histologically confirmed adenocarcinoma, and confirmed disease progression 
despite surgery, radiation, androgen blockage, and/or conventional chemotherapy. Patients 
who were receiving androgen deprivation therapy including anti-androgen therapy 
underwent an at least 4-week anti-androgen withdrawal period before enrollment to 
exclude possible effects of anti-androgen withdrawal syndrome (Scher and Kelly, 1993). 
Luteinizing hormone-releasing hormone(LH-RH) agonist was continued during the anti-
androgen withdrawal period and throughout the study.  Further, each patient included 
must have had a lesion measurable by an imaging examination, and a single selected lesion 
had to be amenable to intralesional injection of the therapeutic agent. 

2.2 Vector and valacyclovir 
The replication-deficient adenoviral vector belongs to subgenus C, serotype 5 (Ad5) with the 
HSV-tk gene under the control of a tumor-restrictive OC promoter in the area of the excised 
E1 region.  Ad-OC-TK was constructed via homologous recombination vector, as described 
previously (Ko et al., 1996). The Good Manufacturing Practice (GMP)-grade adenoviral 
vector (Lusky, 2005) was manufactured and characterized extensively by Molecular 
Medicine Bioservices (Carlsbad, CA) before clinical application.  The oral antiviral agent 
valacyclovir (Valtrex; GlaxoSmithKline, Tokyo, Japan) has been approved in Japan for 
several indications, including treatment for herpes zoster and genital herpes. We used the 
worldwide-approved valacyclovir dosage of 1 g, three times daily (Tyring et al., 2000) in our 
clinical trial. 
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2.3 Study design 
Six patients were divided into the low-dose and high-dose viral vector group (3 patients at 
each dose level). Ad-OC-TK was injected directly into the localized recurrent tumor or the 
bone metastatic lesion under the guidance of transrectal ultrasonography (TRUS) or 
computed tomography (CT). Only one index lesion per patient was selected, typically that 
representing the largest metastasis, causing severe bone pain at the metastatic site, or 
preventing urination by local recurrent tumor. The doses used were 2.5  109 (low-dose 
group: 3 patients) and 2.5  1010 (high-dose group: 3 patients) plaque-forming units (PFU) on 
Day 1 and Day 8. The patients were given 1 g of VAL three times daily for 21 days. 

2.4 Assessment of the short-term QOL and bodily pain  
Since there was no questionnaire for assessing the short-term QOL in patients receiving 
gene therapy for HRPC, we created a questionnaire (Table 1) (Terao, 2009) was created 
based on the EORTC QLQ-PR25 which is widely used to assess QOL in patients of prostate 
cancer. The questionnaire comprised scores evaluating role limitations in work (2 items), 
physical or social functioning (4 items), interpersonal relationships (2 items), emotional 
functioning (3 items), and sleep/vitality (2 items) as well as the global health status (2 
items). A higher median value obtained on the symptom scale indicated a higher number of 
symptoms or problems. All the patients answered the questionnaire by themselves on days 
0 (pretreatment), 14 and 28. The patients indicated how true a statement had been for them 
over the past 14 days using a 4-point scale as follows: 0, not at all; 1, a little bit; 2, quite a bit; 
3, very much. All items were assigned equal weightage. Further, all the patients scored 
themselves on a visual analogue scale (VAS) with regard to their bodily pain on day 0, 14 
and 28 as follows: 0%, they did not experience any bodily pain; 100%, they experienced 
severe bodily pain (EuroQol, 1990).  
 

 
Table 1. Questionnaire. Answer questions from 0-3 (0: not at all; 1: a little bit; 2: quite a bit; 3: 
very much). 
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2.5 Correlation of the change of PSA with QOL and bodily pain  
The correlation of serum prostate-specific antigen (PSA) levels with short-term total QOL 
scores and bodily pain was assessed by measuring the rate of change (%) of the serum PSA 
levels, the short-term total QOL scores, and bodily pain from day 0 to day 28; these values 
were expressed as ⊿PSA, ⊿QOL, and ⊿Pain, respectively (Terao et al., 2009). 

2.6 Statistical analysis  
The short-term QOL scores of patients (nonparametric data) were analyzed by Friedman 
one-way ANOVA. The Spearman test was used to analyze the correlation of ⊿PSA with 
⊿QOL and ⊿Pain. P < 0.05 was considered to be statistically significant. 

3. Results 
3.1 Patient characteristics  
The mean age of the patients was 68 years (range, 63–77 years). The mean pretreatment 
serum PSA level was 222.7 ng/mL (range, 46.6–455.5 ng/mL). Three patients (50%) had 
been diagnosed with poorly differentiated adenocarcinoma and the other 3 (50%) had been 
diagnosed with moderately differentiated adenocarcinoma. All the patients had multiple 
bone metastatic lesions. In addition, 2 patients (33.3 %) had locally recurrent lesions. Two 
patients (33.3%) had undergone radical prostatectomy in the past and all the patients had 
been treated with androgen-deprivation therapy.  

3.2 Short-term QOL and bodily pain  
All 6 patients answered the questionnaires on days 0, 14 and 28. Table 2 (Terao, 2009) shows 
the short-term QOL scores of role limitations in work, physical or social functioning, 
interpersonal relationships, emotional functioning and sleep/vitality along with a total 
score of all items as well as the global health status.). 
 

 
Table 2. Scores of QOL and percent of bodily pain. 
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As compared with day 0, the scores for the global health status (P < 0.05), interpersonal 
relationships (P < 0.01), emotional functioning (P < 0.01) and sleep/vitality (P < 0.01) were 
significantly improved on day 28. Moreover, significant improvements in the short-term 
QOL scores were demonstrated with respect to the role imitations in work (day 14, P < 0.05; 
day 28, P < 0.05) and physical or social functioning (day 14, P < 0.05; day 28, P < 0.01). As 
compared with day 0, the total score of all items was also significantly improved on day 28 
(P < 0.01). Further, as compared with day 0, the bodily pain was significantly reduced on 
day 28 (P < 0.01). 

3.3 Correlation of ⊿PSA with ⊿QOL and ⊿Pain 
Figure 1 shows the changes in the serum PSA levels of all patients from a period of 8 
weeks before (–8 w) to 4 weeks after (4 w) the initial vector injection. The correlation of 
the serum PSA levels with the short-term total QOL scores and bodily pain is shown in 
Figure 2(A) and Figure 2(B), respectively. A significant correlation was observed between 
⊿PSA and ⊿QOL (P < 0.05); however, it was not observed between ⊿PSA and ⊿Pain 
(Terao, 2009). 

4. Discussion 
Bone metastasis is found in 70 to 85% of autopsy cases in malignant tumor patients, and the 
bone is a potential site of metastasis in all cancerous tumors (Tubiana-Hulin, 1991).  In 
recent years, the use of third-generation bisphosphonates and the progress of 
multidisciplinary approaches combining radiotherapy, chemotherapy, and other 
treatments has led to improvement in SREs and prolongation of survival in advanced 
cancers (Saad et al., 2002), so that long-term survival can be expected in prostate cancer, 
breast cancer, multiple myeloma, and other conditions even at the stage where bone 
metastasis is present. In conjunction with this progress, a strategy and response focused 
on long-term quality of life is required beginning from the initial stage of treatment. This is 
now coming to be seen as an important item for assessment when developing novel 
therapies. The present study consisted of a quality of life assessment in prostate 
cancer patients following the novel treatment of gene therapy. 
QOL instruments, including EORTC QLQ-PR25, have been applied in several therapeutic 
trials of prostate cancer (Ho et al., 2006, Cella et al., 2006, Canil et al., 2005). The items in 
these questionnaires include questions regarding urinary conditions, for example 
pollakiuria, dysuria, and macrohematuria. Further, these questionnaires are employed for 
patients of prostate cancer in various stages. In this study, however, patients who have 
undergone various treatments—including radical prostatectomy, androgen-deprivation 
therapy and/or conventional chemotherapy—prior to gene therapy were targeted. 
Further, in 4 patients, the lesions that were injected with the vector were bone metastatic 
lesions alone. This study aimed at assessing the effect of gene therapy on bodily pain 
because most patients suffered pain at the site of vector-injected lesion. Moreover, there 
have been no questionnaires that assess QOL in patients receiving gene therapy for 
HRPC. Taking the above into consideration, a questionnaire based on EORTC QLQ-PR25 
questionnaire (Table 1) was created and bodily pain was assessed by using VAS (Tearo et 
al., 2009). 
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Fig. 1. The change of serum PSA level in all patients from before 8weeks (-8w) to after 
4weeks (4w) of gene therapy.  

 
 

 
Fig. 2. (A) The correlation of PSA levels with short-term total QOL scores. (B) The 
correlation of PSA levels with bodily pain. Both were assessed by measuring the rate of 
change (%) of the serum PSA levels, the short-term total QOL scores, and bodily pain from 
day 0 to day 28; these values were expressed as ⊿PSA, ⊿QOL, and ⊿Pain, respectively. 
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Recently QOL is increasingly being recognized as a measure for assessing outcomes of 
therapeutic trials. Further, the assessment of the clinical effects of therapy on QOL is 
indispensable to the evaluation of therapeutic trials (Fayers & Bottomley, 2005). In several 
therapeutic trials for prostate cancer, the assessment of patients’ QOL is incorporated as a 
therapeutic index. In this study, it was demonstrated that Ad-OC-TK plus VAL treatment 
significantly improved the short-term QOL scores and the total score using the modified 
questionnaire statistically correlated between ⊿PSA and ⊿QOL (Figure 2(A)). Therefore, 
although it will be necessary to compare the changes in QOL scores using the modified 
questionnaire to the changes in QOL scores using other typical questionnaires that are used 
for patients of HRPC, it is considered that the QOL of patients receiving Ad-OC-TK plus 
VAL treatment is worth assessing as a therapeutic index. Further, significant improvements 
in bodily pain were also observed. It is suggested that the clinical improvements may 
contribute to a significant improvement in bodily pain. Since the tumors of these patients 
displayed disease progression despite surgery, radiation, androgen-deprivation therapy 
and/or conventional chemotherapy, the serum PSA levels of all patients were very high 
prior to gene therapy. Following gene therapy, the serum PSA levels decreased in 2 patients, 
no change was observed in 1 patient and they were slightly increased in 2 patients (Figure 
2(A)). Further, the induction of cell apoptosis in the vector-injected lesions of 5 patients 
examined by anti-ssDNA antibody staining on day 28 was also observed. However, a 
correlation between ⊿PSA and ⊿Pain was not demonstrated in spite of the clinical effects 
observed in the vector-injected lesion (Figure 2(B)). In this study, the Ad-OC-TK vector was 
injected directly into one single localized recurrent tumor or bone metastatic lesion despite 
of the fact that all the patients had multiple bone metastatic lesions. Especially in the case of 
patient 3, the pain in the non-vector injected lesions increased on day 28. This fact might be 
one reason that a correlation between ⊿PSA and ⊿Pain was not demonstrated (Terao et al., 
2009). 
Pain, which has been called the fifth vital sign, has come to be recognized as a crucial factor 
in assessing patient condition in the clinical environment. At the same time, however, pain 
is a subjective phenomenon, which makes it difficult to gain an accurate picture of 
a patient’s pain. It will be important in future to perform diagnosis using more appropriate 
assessment methods. In the assessment of the efficacy of gene therapy as a novel cancer 
therapy, assessment methods emphasizing QOL are likely to receive important attention in 
the future. Since it has been found that the subjective sense of physical well-being in a large 
proportion of Japanese patients is centered not on the self but on external objects such as the 
family or the doctor, it would seem important to assess and select therapies with care, taking 
into account psychological aspects which patients find difficult to express for themselves, 
and basing the process on an assessment of the effect of each therapeutic method on the 
basic QOL. 

5. Conclusion 
It was demonstrated that Ad-OC-TK plus VAL gene therapy improved or preserved the 
short-term QOL and bodily pain of HRPC patients with metastatic or local recurrent 
tumors. These assessments may emerge as the new therapeutic indices of gene therapy for 
HRPC. 
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1. Introduction 
Gene therapy can be defined as the process by which a normal functional copy of a gene is 
transferred into the appropriate cells of an individual with the intent to correct a disease 
caused by a defect within the individual’s own copy of the gene in question [1-3]. Gene 
therapy is still considered by many to be a relatively new therapeutic modality, having only 
developed over the last two decades. As such, it is still under intense experimental 
investigation to prove its therapeutic potential and safety before it can enter the clinic as a 
first line of treatment.  Gene therapy promises to offer a precise means of permanently 
curing essentially any of the over 4000 currently known so-called monogenic diseases, 
which are caused by an error in only a single gene.  These include, but are certainly not 
limited to, the hemophilias, lysosomal storage diseases like Gaucher’s and Hurler’s, 
hemoglobin disorders such as the thalassemias and sickle cell disease, diseases of immune 
function such as deficiencies in the shared γc receptor subunit or adenosine deaminase 
(ADA) deficiency,  and cystic fibrosis. It is also anticipated that gene therapy will one day 
enable the treatment of a host of inherited or acquired disorders such as cancer, AIDS, and 
many others for which there is currently no cure [4-9].     

2. Hemophilia a as an ideal target disease for correction with gene therapy 
Among the monogenic disorders, the hemophilias, and hemophilia A in particular, 
represent ideal diseases to attempt to treat with gene therapy [10-13] because lifelong 
improvement or permanent cure is theoretically possible after only a single treatment.  This 
is in contrast to current protein replacement-based therapies which, for hemophilia A, 
consist of frequent intravenous infusions of short-lived FVIII protein concentrates 
throughout the lifetime of the patient, without ever curing the underlying disease.  The 
severity of hemophilia A is traditionally based on plasma levels of FVIII, with persons 
exhibiting less than 1% normal factor (<0.01 IU/mL) being considered to have severe 
hemophilia, persons with 1-5% normal factor moderately severe, and persons with 5%-40% 
of the normal FVIII levels mild [14-16].  Thus, even with the low levels of transduction that 
are routinely obtained with the current viral-based gene delivery systems, a marked clinical 
improvement would be anticipated in patients with hemophilia A, since even low levels of 
FVIII would likely convert most patients with severe hemophilia to either a moderate or 
mild phenotype, greatly improving their quality of life.  Conversely, even supraphysiologic 
levels of FVIII as high as 150% of normal are predicted to be well tolerated, making the 
therapeutic window extremely wide [16].  In the past three decades, the remarkable 
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progress in the understanding of the molecular basis of the disease, the identification and 
characterization of FVIII gene, structure, and biology has furthered the interest and 
feasibility of treating hemophilia A with gene therapy. 
Based on the promise of lifelong cure following a single treatment and the encouraging 
preclinical results in murine and canine models, several clinical gene therapy trials in both 
hemophilia A and B have been undertaken.  In each case, the treatment was well tolerated 
with the vectors and doses used.  Despite the encouraging preliminary data from these 
studies [10, 13, 15-23], however, the plasma levels of FVIII achieved thus far have been 
insufficient to free the patients from the need of exogenous factor.  In addition, expression of 
the FVIII transgene was often transient, and none of the trials exhibited a clear relationship 
between vector dose and resultant FVIII levels.  Another major hurdle that has plagued the 
successful phenotypic correction of the hemophilias by factor replacement therapy is 
inhibitory antibody formation, which occurs in nearly 30% of patients with severe 
hemophilia A.  The formation of these inhibitors greatly reduces the efficacy of subsequent 
FVIII infusions, and can ultimately lead to treatment failure, placing the patient at risk of 
life-threatening hemorrhage.  Disappointingly, inhibitor formation has also observed when 
gene therapy has been used in an attempt to treat the hemophilias, since, as discussed in 
more detail below, the patient’s immune system still “sees” the vector-encoded FVIII or FIX 
as foreign. 
These clinical trials also raised the troubling possibility of inadvertent germline alteration 
when semen samples were found to be transiently positive for vector DNA [24, 25].  This is 
in contrast to prior studies conducted in experimental animals [26, 27], reinforcing the 
importance of the choice of animal model system employed when conducting pre-clinical 
studies, if one wishes to extrapolate results obtained in their model to what would likely 
happen in the clinic.  The occurrence of insertional mutagenesis-mediated leukemogenesis 
in children who received murine retroviral vector-transduced hematopoietic cells as 
treatment for X-SCID [28-30] further supports the need to perform detailed analyses in a 
clinically predictive animal model prior to moving into human patients, since an adverse 
event of this nature was never observed in the decades of animal gene therapy experiments 
that led up to these clinical trials.  

3. Animal models for testing gene therapy for hemophilia A 
A number of animal models have been developed to evaluate new methods of not only 
treatment of coagulation disorders, but also the prevention and treatment of inhibitor 
formation.  Dog models of hemophilia with congenital deficiency [31, 32] and mouse models 
obtained by gene targeting and knockout technology [33] are available to study FVIII 
function and gene therapy approaches for treating hemophilia A. Therapeutic benefit has 
been obtained in numerous studies using a variety of vector systems in the murine model 
[34-39], but phenotypic correction of hemophilia A in the dog has been much more difficult 
to achieve [40, 41], similar to findings in human patients, underscoring the value of large 
animal preclinical models for accurately predicting outcome in human patients.  Transient 
hemophilic rabbit models induced by infusion of plasma containing inhibitors have been 
used to evaluate the effect of different bypass products to factor VIII [42], but this model, 
while valuable for inhibitor studies, does not accurately recapitulate the human disease, 
precluding its use for gene therapy studies.  
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3.1 Sheep as a preclinical model of hemophilia A 
The ideal way to test gene therapy-based approaches to hemophilia A and evaluate long-
term expression of clinically applicable FVIII-encoding gene therapy vectors would be to 
use an animal model that both closely resembles the disease process of HA and closely 
parallels normal human physiology.  To this end, between 1979 and 1982, a number of male 
offspring of a single white alpine ewe at the Swiss Federal Institute of Technology all died 
several hours post-partum due to severe bleeding from the umbilical cord [43-45]. 
Daughters and granddaughters of this ewe also gave birth to lambs exhibiting the same 
pathology. Investigation of the affected animals showed extensive subcutaneous and 
intramuscular hematomas. Spontaneous hemarthroses were also frequent, leading to 
reduced locomotion and symptoms of pain in standing up, restricting nursing activity. 
Stronger injuries resulted in heavy bleeding and intensive pain. Laboratory tests showed 
increased PTT and FVIII levels (as assessed by aPTT) decreased to about 1% of that of the 
control animals. Replacement therapy with human FVIII (hFVIII) concentrate or fresh sheep 
plasma resulted in remission of disease and rapid clinical improvement. 
Unfortunately, due to the expense and effort of maintaining these sheep, the Swiss 
investigators allowed the line to die out, saving only 6 straws of semen prior to allowing this 
valuable resource to pass into extinction.  We recently used a variety of reproductive 
technologies to successfully re-establish this line of hemophilia A sheep and fully 
characterized both the clinical parameters and the precise molecular basis for their disease 
[46-51].  Importantly, chromogenic assays revealed undetectable FVIII activity in the 
circulation of these sheep, explaining their severe phenotype.  In addition, we identified a 
frame-shift-induced premature stop codon as the molecular cause of the disease, just as 
occurs in a percentage of human patients with hemophilia A, making this line of sheep 
unique among animal hemophilia A models, since hemophilia A mice were generated 
through targeted gene deletion and the hemophilia A dog colonies exhibit a gene inversion.  
In addition to the value of another large animal model of hemophilia A and the uniqueness 
of the mutation, sheep possess many characteristics that make them an ideal preclinical 
model for gene therapy, both postnatal and in utero.  Firstly, sheep are fairly close in size to 
humans, weighing roughly 8lbs at birth and 150-200lbs as adults, likely obviating the need 
for scale-up of vector dose to move from experiments in sheep to human trials.  In addition, 
the large size of the sheep, their long life span, and their relative ease of maintenance and 
breeding make it possible to conduct the long-term studies in large numbers of animals that 
are necessary to fully evaluate the efficacy and safety issues related to in utero gene therapy.  
Secondly, sheep share many important physiological and developmental characteristics 
with humans; for example, the pattern of fetal to adult hemoglobin switching, and the 
naturally occurring changes in the primary sites of hematopoiesis from yolk sac to fetal liver 
and finally to the bone marrow near the end of gestation.  It is thus not surprising that fetal 
sheep have been used extensively in the study of mammalian fetal physiology, and results 
obtained with this model have been directly applicable to the understanding of human fetal 
growth and development. Thirdly, sheep are outbred, and thus represent a wide spectrum 
of genetic determinants of the immune response, as do humans.  In addition, the 
development of the sheep immune system has been investigated in detail [52-58], making 
sheep well suited for studying the immunological aspects of gene therapy for HA.  As the 
immune response to both the vector and the vector–encoded FVIII are likely to play a key 
role in FVIII inhibitor formation (or lack thereof), this represents an advantage not found in 
most other models, with the possible exception of the dog.  For these reasons, we feel that 



 
Gene Therapy Applications 

 

308 

progress in the understanding of the molecular basis of the disease, the identification and 
characterization of FVIII gene, structure, and biology has furthered the interest and 
feasibility of treating hemophilia A with gene therapy. 
Based on the promise of lifelong cure following a single treatment and the encouraging 
preclinical results in murine and canine models, several clinical gene therapy trials in both 
hemophilia A and B have been undertaken.  In each case, the treatment was well tolerated 
with the vectors and doses used.  Despite the encouraging preliminary data from these 
studies [10, 13, 15-23], however, the plasma levels of FVIII achieved thus far have been 
insufficient to free the patients from the need of exogenous factor.  In addition, expression of 
the FVIII transgene was often transient, and none of the trials exhibited a clear relationship 
between vector dose and resultant FVIII levels.  Another major hurdle that has plagued the 
successful phenotypic correction of the hemophilias by factor replacement therapy is 
inhibitory antibody formation, which occurs in nearly 30% of patients with severe 
hemophilia A.  The formation of these inhibitors greatly reduces the efficacy of subsequent 
FVIII infusions, and can ultimately lead to treatment failure, placing the patient at risk of 
life-threatening hemorrhage.  Disappointingly, inhibitor formation has also observed when 
gene therapy has been used in an attempt to treat the hemophilias, since, as discussed in 
more detail below, the patient’s immune system still “sees” the vector-encoded FVIII or FIX 
as foreign. 
These clinical trials also raised the troubling possibility of inadvertent germline alteration 
when semen samples were found to be transiently positive for vector DNA [24, 25].  This is 
in contrast to prior studies conducted in experimental animals [26, 27], reinforcing the 
importance of the choice of animal model system employed when conducting pre-clinical 
studies, if one wishes to extrapolate results obtained in their model to what would likely 
happen in the clinic.  The occurrence of insertional mutagenesis-mediated leukemogenesis 
in children who received murine retroviral vector-transduced hematopoietic cells as 
treatment for X-SCID [28-30] further supports the need to perform detailed analyses in a 
clinically predictive animal model prior to moving into human patients, since an adverse 
event of this nature was never observed in the decades of animal gene therapy experiments 
that led up to these clinical trials.  

3. Animal models for testing gene therapy for hemophilia A 
A number of animal models have been developed to evaluate new methods of not only 
treatment of coagulation disorders, but also the prevention and treatment of inhibitor 
formation.  Dog models of hemophilia with congenital deficiency [31, 32] and mouse models 
obtained by gene targeting and knockout technology [33] are available to study FVIII 
function and gene therapy approaches for treating hemophilia A. Therapeutic benefit has 
been obtained in numerous studies using a variety of vector systems in the murine model 
[34-39], but phenotypic correction of hemophilia A in the dog has been much more difficult 
to achieve [40, 41], similar to findings in human patients, underscoring the value of large 
animal preclinical models for accurately predicting outcome in human patients.  Transient 
hemophilic rabbit models induced by infusion of plasma containing inhibitors have been 
used to evaluate the effect of different bypass products to factor VIII [42], but this model, 
while valuable for inhibitor studies, does not accurately recapitulate the human disease, 
precluding its use for gene therapy studies.  

 
Fetal Gene Therapy 

 

309 

3.1 Sheep as a preclinical model of hemophilia A 
The ideal way to test gene therapy-based approaches to hemophilia A and evaluate long-
term expression of clinically applicable FVIII-encoding gene therapy vectors would be to 
use an animal model that both closely resembles the disease process of HA and closely 
parallels normal human physiology.  To this end, between 1979 and 1982, a number of male 
offspring of a single white alpine ewe at the Swiss Federal Institute of Technology all died 
several hours post-partum due to severe bleeding from the umbilical cord [43-45]. 
Daughters and granddaughters of this ewe also gave birth to lambs exhibiting the same 
pathology. Investigation of the affected animals showed extensive subcutaneous and 
intramuscular hematomas. Spontaneous hemarthroses were also frequent, leading to 
reduced locomotion and symptoms of pain in standing up, restricting nursing activity. 
Stronger injuries resulted in heavy bleeding and intensive pain. Laboratory tests showed 
increased PTT and FVIII levels (as assessed by aPTT) decreased to about 1% of that of the 
control animals. Replacement therapy with human FVIII (hFVIII) concentrate or fresh sheep 
plasma resulted in remission of disease and rapid clinical improvement. 
Unfortunately, due to the expense and effort of maintaining these sheep, the Swiss 
investigators allowed the line to die out, saving only 6 straws of semen prior to allowing this 
valuable resource to pass into extinction.  We recently used a variety of reproductive 
technologies to successfully re-establish this line of hemophilia A sheep and fully 
characterized both the clinical parameters and the precise molecular basis for their disease 
[46-51].  Importantly, chromogenic assays revealed undetectable FVIII activity in the 
circulation of these sheep, explaining their severe phenotype.  In addition, we identified a 
frame-shift-induced premature stop codon as the molecular cause of the disease, just as 
occurs in a percentage of human patients with hemophilia A, making this line of sheep 
unique among animal hemophilia A models, since hemophilia A mice were generated 
through targeted gene deletion and the hemophilia A dog colonies exhibit a gene inversion.  
In addition to the value of another large animal model of hemophilia A and the uniqueness 
of the mutation, sheep possess many characteristics that make them an ideal preclinical 
model for gene therapy, both postnatal and in utero.  Firstly, sheep are fairly close in size to 
humans, weighing roughly 8lbs at birth and 150-200lbs as adults, likely obviating the need 
for scale-up of vector dose to move from experiments in sheep to human trials.  In addition, 
the large size of the sheep, their long life span, and their relative ease of maintenance and 
breeding make it possible to conduct the long-term studies in large numbers of animals that 
are necessary to fully evaluate the efficacy and safety issues related to in utero gene therapy.  
Secondly, sheep share many important physiological and developmental characteristics 
with humans; for example, the pattern of fetal to adult hemoglobin switching, and the 
naturally occurring changes in the primary sites of hematopoiesis from yolk sac to fetal liver 
and finally to the bone marrow near the end of gestation.  It is thus not surprising that fetal 
sheep have been used extensively in the study of mammalian fetal physiology, and results 
obtained with this model have been directly applicable to the understanding of human fetal 
growth and development. Thirdly, sheep are outbred, and thus represent a wide spectrum 
of genetic determinants of the immune response, as do humans.  In addition, the 
development of the sheep immune system has been investigated in detail [52-58], making 
sheep well suited for studying the immunological aspects of gene therapy for HA.  As the 
immune response to both the vector and the vector–encoded FVIII are likely to play a key 
role in FVIII inhibitor formation (or lack thereof), this represents an advantage not found in 
most other models, with the possible exception of the dog.  For these reasons, we feel that 



 
Gene Therapy Applications 

 

310 

the sheep are a particularly relevant model in which to examine fetal gene therapy in 
general and, in particular, for hemophilia A. An additional unique advantage to using sheep 
to study hemophilia A treatment is that in sheep, like human, a large percentage of the vWF 
is found within platelets rather than free in plasma.  This is in contrast to dog (in which vWF 
circulates free in plasma [59, 60]), and may prove important given the vital role vWF plays 
in the stability/functionality of FVIII. 

4. Rationale for performing gene therapy in utero 
Importantly, many of the hurdles that have thus far prevented gene therapy from curing 
patients with hemophilia A, or many of the other diseases that have been investigated, 
could likely be circumvented by performing in utero gene therapy.  At the present time, 
many of the diseases considered as candidates for gene therapy can be diagnosed relatively 
early in gestation, making it feasible to begin devising methods for performing gene therapy 
in utero rather than waiting until after birth.  Methods for accessing both the sheep and the 
human fetus are well established and clinically viable.  Indeed, fetal transfusions and in 
utero stem cell-based therapies have now been performed clinically by numerous 
investigators for decades, using a variety of protocols, in efforts to treat patients with a 
number of different diseases [61, 62].  While the stem cell trials have thus far only proven 
clinically successful in patients with immunodeficiencies, they have also demonstrated that 
accessing the early gestational human fetus multiple times poses minimal risks with modern 
imaging and ultrasound-guided delivery procedures[63].  Furthermore, it is important to 
note that experience and knowledge gained from studies performed in the fetal sheep model 
were used to design and perform the first curative human in utero transplantation for X-
SCID [64], highlighting the value of the fetal sheep model for not only developing clinically 
viable methodology, but also for predicting clinical outcome.  Using these established 
clinically applicable methodologies to perform gene therapy early in gestation would correct 
the disease prior to parturition, allowing the birth of a normal healthy baby who, ideally, 
would require no further treatments. Additionally, following prenatal diagnosis of disease, 
parents currently have only two options; pregnancy termination or birth of an affected child.  
In utero gene therapy would provide a much needed third option [65].  Although in vitro 
embryo screening and selection is a possible solution, this option is not widely available due 
to both its high cost and the lack of the required technology in developing countries. In 
utero gene therapy, in contrast, does not require any sophisticated equipment that would 
not already be in place for prenatal diagnosis. Indeed, several recent studies have now 
conclusively demonstrated the marked cost-effectiveness of prenatal screening for the 
hemophilias, even within developing third world countries [66-68].   
Looking beyond the hemophilias, it is important to note that many of the diseases that could 
be treated with gene therapy exert a significant amount of irreversible damage to the patient 
prior to birth, during embryonic and fetal development.  For example, irreversible neuronal 
damage is associated with inherited metabolic diseases such as Gaucher’s, Lesch-Nyhan, 
and Tay Sachs.  In these patients, post-natal gene therapy, while potentially capable of 
correcting the metabolic disorder, would be of only limited therapeutic benefit, since it 
could not reverse the damage which the gene defect had exerted during development.  This 
is clearly in contrast to infants born with SCID or other genetic disorders, such as the 
hemophilias, who could theoretically be cured by postnatal gene therapy.  Nevertheless, 
even in patients with diseases that can be cured postnatally, psychological and financial 
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benefits exist to argue for performing correction in utero, since it would allow the birth of a 
healthy infant, who, ideally, would require no further treatments. 

5. The fetus as a gene therapy recipient 
In addition to the clinical and financial advantages of performing gene therapy prior to 
birth, numerous aspects of the fetus make it a more suitable gene therapy recipient than the 
adult.  For example, due to their ability to integrate into the genome of the host cell, γ-
retroviruses and lentiviruses have received a great deal of attention as gene delivery vectors, 
since transduction of a long-lived cell could provide lifelong therapy following a single 
administration.  However, one of the main limiting factors to the successful application of 
these integrating vectors to in vivo gene therapy is the low level of initial transduction and 
the limited degree of expansion of transduced cells that occurs following gene therapy, since 
in the adult most cell populations in the body are relatively quiescent unless injury is used 
to induce cell cycling.  In the case of hemophilia A, the primary site of FVIII synthesis under 
normal physiologic conditions is the liver [69].  Yet, in a mature animal, it is estimated that 
only 1 in 10,000 to 1 in 20,000 hepatocytes are actively cycling at any given time [70], making 
it very difficult to obtain meaningful levels of gene transfer unless the gene delivery system 
mediates extremely high efficiency transduction of quiescent cells, or injury such as partial 
hepatectomy is employed to induce cell division to enhance transduction and/or drive 
expansion of the limited numbers of transduced cells. In the fetus, the cells in all of the 
organs are actively cycling to support the continuous expansion that occurs throughout 
gestation.  Thus, cells such as hepatocytes that are largely quiescent in the adult are far more 
mitotically active in the fetus. As such, these cells should be far more amenable to genetic 
correction with vectors requiring cell division.  Furthermore, the active cycling of the cells in 
all of the organs to support the continuous expansion that occurs throughout gestation 
offers the possibility of achieving expansion of the gene-corrected cells during the 
remainder of gestation, such that transduction of even small numbers of target cells should 
lead to significant levels of gene-correction by birth. 

6. Immunological advantages of in utero gene therapy 
It is important to note that many patients suffer from the genetic diseases being targeted 
with gene therapy because they have never produced a single specific protein.  As a result, 
their immune system has never “seen” this protein, and, following gene therapy, the cells of 
the immune system seek to eliminate any cells in the body that are expressing the very 
protein that could cure the patient of his/her disease.  The low levels of gene delivery to the 
desired target cells and the immune response combine to yield very low levels of expression 
of the therapeutic protein, and even the small amounts that are produced are often only 
produced for a short time.  In the case of hemophilia A, this cell-mediated immune response 
to the cells expressing the vector-encoded FVIII gene further complicates the already 
formidable challenge posed by the formation of inhibitory antibodies to the FVIII protein. 
Remaining cognizant of the immune-aspects of hemophilia treatment, it is important to note 
that, in addition to the ability to target cells which are largely refractory to transduction in 
the adult, unique immunologic advantages also exist for performing gene therapy in utero.  
There is a window of time in early immunologic development, before thymic processing of 
mature lymphocytes, during which the fetus is largely tolerant of foreign antigens. Exposure 
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the sheep are a particularly relevant model in which to examine fetal gene therapy in 
general and, in particular, for hemophilia A. An additional unique advantage to using sheep 
to study hemophilia A treatment is that in sheep, like human, a large percentage of the vWF 
is found within platelets rather than free in plasma.  This is in contrast to dog (in which vWF 
circulates free in plasma [59, 60]), and may prove important given the vital role vWF plays 
in the stability/functionality of FVIII. 

4. Rationale for performing gene therapy in utero 
Importantly, many of the hurdles that have thus far prevented gene therapy from curing 
patients with hemophilia A, or many of the other diseases that have been investigated, 
could likely be circumvented by performing in utero gene therapy.  At the present time, 
many of the diseases considered as candidates for gene therapy can be diagnosed relatively 
early in gestation, making it feasible to begin devising methods for performing gene therapy 
in utero rather than waiting until after birth.  Methods for accessing both the sheep and the 
human fetus are well established and clinically viable.  Indeed, fetal transfusions and in 
utero stem cell-based therapies have now been performed clinically by numerous 
investigators for decades, using a variety of protocols, in efforts to treat patients with a 
number of different diseases [61, 62].  While the stem cell trials have thus far only proven 
clinically successful in patients with immunodeficiencies, they have also demonstrated that 
accessing the early gestational human fetus multiple times poses minimal risks with modern 
imaging and ultrasound-guided delivery procedures[63].  Furthermore, it is important to 
note that experience and knowledge gained from studies performed in the fetal sheep model 
were used to design and perform the first curative human in utero transplantation for X-
SCID [64], highlighting the value of the fetal sheep model for not only developing clinically 
viable methodology, but also for predicting clinical outcome.  Using these established 
clinically applicable methodologies to perform gene therapy early in gestation would correct 
the disease prior to parturition, allowing the birth of a normal healthy baby who, ideally, 
would require no further treatments. Additionally, following prenatal diagnosis of disease, 
parents currently have only two options; pregnancy termination or birth of an affected child.  
In utero gene therapy would provide a much needed third option [65].  Although in vitro 
embryo screening and selection is a possible solution, this option is not widely available due 
to both its high cost and the lack of the required technology in developing countries. In 
utero gene therapy, in contrast, does not require any sophisticated equipment that would 
not already be in place for prenatal diagnosis. Indeed, several recent studies have now 
conclusively demonstrated the marked cost-effectiveness of prenatal screening for the 
hemophilias, even within developing third world countries [66-68].   
Looking beyond the hemophilias, it is important to note that many of the diseases that could 
be treated with gene therapy exert a significant amount of irreversible damage to the patient 
prior to birth, during embryonic and fetal development.  For example, irreversible neuronal 
damage is associated with inherited metabolic diseases such as Gaucher’s, Lesch-Nyhan, 
and Tay Sachs.  In these patients, post-natal gene therapy, while potentially capable of 
correcting the metabolic disorder, would be of only limited therapeutic benefit, since it 
could not reverse the damage which the gene defect had exerted during development.  This 
is clearly in contrast to infants born with SCID or other genetic disorders, such as the 
hemophilias, who could theoretically be cured by postnatal gene therapy.  Nevertheless, 
even in patients with diseases that can be cured postnatally, psychological and financial 
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benefits exist to argue for performing correction in utero, since it would allow the birth of a 
healthy infant, who, ideally, would require no further treatments. 

5. The fetus as a gene therapy recipient 
In addition to the clinical and financial advantages of performing gene therapy prior to 
birth, numerous aspects of the fetus make it a more suitable gene therapy recipient than the 
adult.  For example, due to their ability to integrate into the genome of the host cell, γ-
retroviruses and lentiviruses have received a great deal of attention as gene delivery vectors, 
since transduction of a long-lived cell could provide lifelong therapy following a single 
administration.  However, one of the main limiting factors to the successful application of 
these integrating vectors to in vivo gene therapy is the low level of initial transduction and 
the limited degree of expansion of transduced cells that occurs following gene therapy, since 
in the adult most cell populations in the body are relatively quiescent unless injury is used 
to induce cell cycling.  In the case of hemophilia A, the primary site of FVIII synthesis under 
normal physiologic conditions is the liver [69].  Yet, in a mature animal, it is estimated that 
only 1 in 10,000 to 1 in 20,000 hepatocytes are actively cycling at any given time [70], making 
it very difficult to obtain meaningful levels of gene transfer unless the gene delivery system 
mediates extremely high efficiency transduction of quiescent cells, or injury such as partial 
hepatectomy is employed to induce cell division to enhance transduction and/or drive 
expansion of the limited numbers of transduced cells. In the fetus, the cells in all of the 
organs are actively cycling to support the continuous expansion that occurs throughout 
gestation.  Thus, cells such as hepatocytes that are largely quiescent in the adult are far more 
mitotically active in the fetus. As such, these cells should be far more amenable to genetic 
correction with vectors requiring cell division.  Furthermore, the active cycling of the cells in 
all of the organs to support the continuous expansion that occurs throughout gestation 
offers the possibility of achieving expansion of the gene-corrected cells during the 
remainder of gestation, such that transduction of even small numbers of target cells should 
lead to significant levels of gene-correction by birth. 

6. Immunological advantages of in utero gene therapy 
It is important to note that many patients suffer from the genetic diseases being targeted 
with gene therapy because they have never produced a single specific protein.  As a result, 
their immune system has never “seen” this protein, and, following gene therapy, the cells of 
the immune system seek to eliminate any cells in the body that are expressing the very 
protein that could cure the patient of his/her disease.  The low levels of gene delivery to the 
desired target cells and the immune response combine to yield very low levels of expression 
of the therapeutic protein, and even the small amounts that are produced are often only 
produced for a short time.  In the case of hemophilia A, this cell-mediated immune response 
to the cells expressing the vector-encoded FVIII gene further complicates the already 
formidable challenge posed by the formation of inhibitory antibodies to the FVIII protein. 
Remaining cognizant of the immune-aspects of hemophilia treatment, it is important to note 
that, in addition to the ability to target cells which are largely refractory to transduction in 
the adult, unique immunologic advantages also exist for performing gene therapy in utero.  
There is a window of time in early immunologic development, before thymic processing of 
mature lymphocytes, during which the fetus is largely tolerant of foreign antigens. Exposure 
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to foreign antigens during this period often results in sustained tolerance, which can become 
permanent if the presence of the antigen is maintained [71].  When one considers that most 
individuals with a family history of hemophilia would likely go for early prenatal screening 
during pregnancy to ascertain whether the fetus was affected, it should be possible to 
perform in utero gene therapy relatively early in gestation.  Given these unique 
immunological advantages presented by the early fetus, one can envision that in utero gene 
therapy would be an ideal approach for treating hemophilia A, since lifelong tolerance 
could be induced to FVIII.  This would thus ensure that, even if in utero gene therapy was 
not curative, postnatal gene therapy or protein replacement could proceed safely without 
the risk of inhibitor formation.   

7. Experimental in utero gene therapy studies 
With the knowledge that performing gene therapy in utero would provide these advantages 
over existing post-natal approaches, we have spent the last decade and a half using the fetal 
sheep model to investigate whether it is possible to exploit the highly proliferative state and 
relative immuno-naïveté of the early gestational fetus to achieve significant levels of gene 
transfer by performing a single intraperitoneal injection of a γ-retroviral vector [72-82].  This 
approach to in utero gene therapy is safe and technically simple, involving only a single 
injection into the peritoneum of the fetus, and the injection can easily be given under 
ultrasound guidance, greatly increasing the clinical applicability of the approach.  The 
straightforward nature of this approach enabled us to perform the gene transfer as early as 
54 days of gestation (term: 145 days), improving the chances of achieving clinical benefit in 
diseases with early onset, and potentially allowing induction of immune tolerance to the 
vector-encoded gene.   

8. Hematopoietic system 
We focused our initial efforts on assessing whether this approach resulted in transduction of 
primitive hematopoietic stem/progenitor cells (HSC), since transduced HSC should provide 
a lifelong supply of gene-modified hematopoietic progeny, enabling long-term correction 
following a single in utero treatment.  Based on the difficulty associated with transducing 
HSC in vitro without negatively affecting their in vivo engraftability/functionality [83], we 
reasoned that placing the vector directly in the fetus should conceivably expose all of the 
HSC present within the fetus to the vector while in their native microenvironment, 
potentially increasing the levels of gene transfer to the desired target cells.  Indeed, in our 
initial studies, we observed levels of 2-3% gene-marked hematopoietic cells in the 
circulation [81, 82].  Furthermore, we found that by varying the age of the recipient at the 
time of gene transfer, we could markedly enhance the levels of hematopoietic cell 
transduction [75, 84].. If gene transfer was performed at only 54-57 days of gestation, gene-
marking levels of 5-6% could be achieved in the peripheral blood, a level that could exert a 
beneficial effect in at least some genetic diseases.  Importantly, these gene-marked 
hematopoietic cells persisted in these sheep over the course of 5 years of study [81, 82], 
transgene-positive CD34+ cells could be detected in the bone marrow of these animals 
several years post in utero gene transfer [85], and bone marrow cells isolated from these in 
utero gene transfer recipients successfully engrafted the hematopoietic system of secondary 
fetal sheep recipients upon re-transplantation.  These three pieces of data provide 
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compelling evidence that this approach enabled us to successfully insert genes into the stem 
cells of the hematopoietic system, suggesting this method could provide lifelong genetic 
correction. 

9. Non-hematopoietic tissues 
While transduction of clinically significant levels of HSC within these sheep following a 
single injection of vector into the peritoneal cavity hinted at the therapeutic potential of this 
simple approach to in utero gene therapy, the retroviral vectors we employed in these 
studies did not possess any type of targeting moiety which would restrict transduction to 
cells of the hematopoietic system.  It was not surprising, therefore, when we examined other 
tissues of the recipients, to find that gene transfer was not limited to cells of the 
hematopoietic system, but had occurred in essentially all of the organs we examined, 
including numerous cell types within the liver, lung, and brain [79, 81, 82, 86].  
Concomitantly, in utero gene transfer studies performed by other investigators in sheep, 
rodent, and non-human primate models employing a variety of viral-based gene delivery 
vectors produced similar results [78-81, 87-105], raising the exciting possibility that in utero 
gene therapy could potentially be used to treat not only hematologic disorders, but also 
numerous genetic disorders that affect tissues other than the hematopoietic system.  For 
example, in the case of the hemophilias, this method could likely be used with success to 
delivering genes for the missing coagulation factors to the developing liver at levels that 
would covert patients with severe hemophilia to a moderate or even mild phenotype [79].  
Moreover, tissue-specific expression is not necessary for factor VIII (the factor deficient in 
hemophilia A) or factor IX (the factor deficient in hemophilia B).  Thus, the transfer of either 
of these genes into a wide range of tissues with ready access to the circulation, followed by 
long-term expression, would greatly enhance the therapeutic potential of this approach for 
treating/curing the hemophilias.   Interestingly, although the incidence of hemophilia A is 
7x’s that of hemophilia B, the only studies that have explored the possibility of performing 
in utero gene therapy for the treatment of the hemophilias have been aimed at correcting 
hemophilia B (factor IX deficiency), and all but one group’s studies [88, 99] have been 
performed in mice [87, 100, 101, 103-105], making it somewhat difficult to extrapolate the 
results to the human clinical setting. 
Despite offering many advantages in the treatment of diseases such as the hemophilias, the 
widespread presence of gene-modified cells throughout the body also underscored the need 
to carefully examine the safety of this approach to in utero gene therapy, since expression of 
the transferred genetic material in all tissues may not always be desirable, and, in some 
cases, could in fact be deleterious, if the transgene in question requires tissue-specific 
expression. Based on our observations in the hematopoietic system, we first examined 
whether the developmental stage of the recipient might impact upon which tissues were 
modified following in utero gene therapy.  Our initial results revealed that the liver, like the 
hematopoietic system, is more amenable to gene transfer at earlier stages of fetal 
development, leading us to believe that perhaps gene transfer was always most efficient if 
performed earlier in gestation.  However, when we examined the lungs of these same 
recipients, we discovered that this belief was unfounded.  In the lungs we observed exactly 
the opposite of what we had seen in the hematopoietic system and the liver, namely, that 
the levels of gene-marked cells were much higher if the transfer was performed later in 
gestation [79, 86]. These findings thus suggest that each tissue likely possesses its own 
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to foreign antigens during this period often results in sustained tolerance, which can become 
permanent if the presence of the antigen is maintained [71].  When one considers that most 
individuals with a family history of hemophilia would likely go for early prenatal screening 
during pregnancy to ascertain whether the fetus was affected, it should be possible to 
perform in utero gene therapy relatively early in gestation.  Given these unique 
immunological advantages presented by the early fetus, one can envision that in utero gene 
therapy would be an ideal approach for treating hemophilia A, since lifelong tolerance 
could be induced to FVIII.  This would thus ensure that, even if in utero gene therapy was 
not curative, postnatal gene therapy or protein replacement could proceed safely without 
the risk of inhibitor formation.   

7. Experimental in utero gene therapy studies 
With the knowledge that performing gene therapy in utero would provide these advantages 
over existing post-natal approaches, we have spent the last decade and a half using the fetal 
sheep model to investigate whether it is possible to exploit the highly proliferative state and 
relative immuno-naïveté of the early gestational fetus to achieve significant levels of gene 
transfer by performing a single intraperitoneal injection of a γ-retroviral vector [72-82].  This 
approach to in utero gene therapy is safe and technically simple, involving only a single 
injection into the peritoneum of the fetus, and the injection can easily be given under 
ultrasound guidance, greatly increasing the clinical applicability of the approach.  The 
straightforward nature of this approach enabled us to perform the gene transfer as early as 
54 days of gestation (term: 145 days), improving the chances of achieving clinical benefit in 
diseases with early onset, and potentially allowing induction of immune tolerance to the 
vector-encoded gene.   

8. Hematopoietic system 
We focused our initial efforts on assessing whether this approach resulted in transduction of 
primitive hematopoietic stem/progenitor cells (HSC), since transduced HSC should provide 
a lifelong supply of gene-modified hematopoietic progeny, enabling long-term correction 
following a single in utero treatment.  Based on the difficulty associated with transducing 
HSC in vitro without negatively affecting their in vivo engraftability/functionality [83], we 
reasoned that placing the vector directly in the fetus should conceivably expose all of the 
HSC present within the fetus to the vector while in their native microenvironment, 
potentially increasing the levels of gene transfer to the desired target cells.  Indeed, in our 
initial studies, we observed levels of 2-3% gene-marked hematopoietic cells in the 
circulation [81, 82].  Furthermore, we found that by varying the age of the recipient at the 
time of gene transfer, we could markedly enhance the levels of hematopoietic cell 
transduction [75, 84].. If gene transfer was performed at only 54-57 days of gestation, gene-
marking levels of 5-6% could be achieved in the peripheral blood, a level that could exert a 
beneficial effect in at least some genetic diseases.  Importantly, these gene-marked 
hematopoietic cells persisted in these sheep over the course of 5 years of study [81, 82], 
transgene-positive CD34+ cells could be detected in the bone marrow of these animals 
several years post in utero gene transfer [85], and bone marrow cells isolated from these in 
utero gene transfer recipients successfully engrafted the hematopoietic system of secondary 
fetal sheep recipients upon re-transplantation.  These three pieces of data provide 
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compelling evidence that this approach enabled us to successfully insert genes into the stem 
cells of the hematopoietic system, suggesting this method could provide lifelong genetic 
correction. 

9. Non-hematopoietic tissues 
While transduction of clinically significant levels of HSC within these sheep following a 
single injection of vector into the peritoneal cavity hinted at the therapeutic potential of this 
simple approach to in utero gene therapy, the retroviral vectors we employed in these 
studies did not possess any type of targeting moiety which would restrict transduction to 
cells of the hematopoietic system.  It was not surprising, therefore, when we examined other 
tissues of the recipients, to find that gene transfer was not limited to cells of the 
hematopoietic system, but had occurred in essentially all of the organs we examined, 
including numerous cell types within the liver, lung, and brain [79, 81, 82, 86].  
Concomitantly, in utero gene transfer studies performed by other investigators in sheep, 
rodent, and non-human primate models employing a variety of viral-based gene delivery 
vectors produced similar results [78-81, 87-105], raising the exciting possibility that in utero 
gene therapy could potentially be used to treat not only hematologic disorders, but also 
numerous genetic disorders that affect tissues other than the hematopoietic system.  For 
example, in the case of the hemophilias, this method could likely be used with success to 
delivering genes for the missing coagulation factors to the developing liver at levels that 
would covert patients with severe hemophilia to a moderate or even mild phenotype [79].  
Moreover, tissue-specific expression is not necessary for factor VIII (the factor deficient in 
hemophilia A) or factor IX (the factor deficient in hemophilia B).  Thus, the transfer of either 
of these genes into a wide range of tissues with ready access to the circulation, followed by 
long-term expression, would greatly enhance the therapeutic potential of this approach for 
treating/curing the hemophilias.   Interestingly, although the incidence of hemophilia A is 
7x’s that of hemophilia B, the only studies that have explored the possibility of performing 
in utero gene therapy for the treatment of the hemophilias have been aimed at correcting 
hemophilia B (factor IX deficiency), and all but one group’s studies [88, 99] have been 
performed in mice [87, 100, 101, 103-105], making it somewhat difficult to extrapolate the 
results to the human clinical setting. 
Despite offering many advantages in the treatment of diseases such as the hemophilias, the 
widespread presence of gene-modified cells throughout the body also underscored the need 
to carefully examine the safety of this approach to in utero gene therapy, since expression of 
the transferred genetic material in all tissues may not always be desirable, and, in some 
cases, could in fact be deleterious, if the transgene in question requires tissue-specific 
expression. Based on our observations in the hematopoietic system, we first examined 
whether the developmental stage of the recipient might impact upon which tissues were 
modified following in utero gene therapy.  Our initial results revealed that the liver, like the 
hematopoietic system, is more amenable to gene transfer at earlier stages of fetal 
development, leading us to believe that perhaps gene transfer was always most efficient if 
performed earlier in gestation.  However, when we examined the lungs of these same 
recipients, we discovered that this belief was unfounded.  In the lungs we observed exactly 
the opposite of what we had seen in the hematopoietic system and the liver, namely, that 
the levels of gene-marked cells were much higher if the transfer was performed later in 
gestation [79, 86]. These findings thus suggest that each tissue likely possesses its own 



 
Gene Therapy Applications 

 

314 

unique developmental stage during which gene transfer is optimal.  These findings also 
raised the intriguing possibility that it may be possible to choose, at least to some degree, 
which tissues will be modified following in utero gene transfer, by carefully selecting the 
age at which the transfer is performed. 

10. Induction of immune tolerance following in utero gene transfer 
As discussed previously, one of the major hurdles hindering treatment of the hemophilias 
by factor replacement therapy is the formation of inhibitory antibodies that can occur with 
repeated administration of these exogenous factors over time.  While analyzing the tissues 
from the sheep that received in utero gene transfer, we noted that the thymus frequently 
exhibited transgene-positivity by PCR [81, 82].  Given the pivotal role of the thymus during 
the development of the fetal immune system’s ability to distinguish self from non-self, we 
undertook studies to ascertain the immunologic significance of the presence of these 
transgene-positive cells within the thymus. In our first set of studies, [106] we demonstrated 
that in utero gene transfer successfully induced durable immune tolerance to the vector-
encoded β-galactosidase.  This tolerance induction appeared to involve both cellular and 
humoral mechanisms, since both antibody responses and cellular responses were blunted in 
these animals even several years after in utero gene transfer, providing strong evidence that 
IUGT induces immune tolerance to the protein product of the transgene.  We next 
conducted studies to begin elucidating the mechanisms responsible for this observed 
tolerance and to assess whether the recipient gestational age had an impact upon transgene 
immunity/tolerance induction [107]. Immunohistochemistry revealed that thymic tissue is 
in fact transduced in the majority of animals following IUGT regardless of the age at which 
in utero gene transfer is performed. Importantly, however, we only observed transduction 
of thymic epithelial cells that are crucial for presentation of self-antigen during T cell thymic 
selection if gene transfer was performed prior to 72 days of gestation [term: 145 days], while 
after that point in gestation, predominantly CD45+ thymocytes were transduced. These 
analyses also revealed that, if in utero gene transfer is performed early in gestation, 
epithelial-like cells comprising the Hassall’s corpuscles, as evidenced by their morphology, 
their CK-positivity, and their expression of thymic stromal lymphopoietin are also 
transduced. Flow cytometric analysis on the animals that received in utero gene transfer at 
varying gestational ages revealed that animals that received gene transfer early in gestation 
had significantly higher percentages of CD4+CD25+ Tregs within their periphery than did 
control animals or animals transduced later in gestation.  These studies thus demonstrate 
that performing in utero gene transfer early in gestation takes advantage of multiple 
tolerogenic avenues present in the fetus, since it results in the transduction of both thymic 
epithelial cells, which may promote induction of central immune tolerance, and cells of 
Hassall’s corpuscles, which can instruct dendritic cells to induce Tregs that can help 
maintain peripheral immune tolerance to the transgene products. These findings thus 
suggest that, even if not curative, in utero gene therapy would be ideal for a disease like 
hemophilia A, since lifelong tolerance could be induced to FVIII, thus overcoming the 
immune-related hurdles that currently hinder post-natal treatment of this disease.  As 
discussed previously, however, in utero gene therapy studies to date have focused on 
hemophilia B [87, 88, 99-101, 103-105], rather than hemophilia A, which is intriguing, given 
the 7-fold higher incidence of hemophilia A, and the fact that patients with hemophilia A 
are more than 10x’s as likely to develop inhibitory antibodies to the exogenous coagulation 
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factor than patients with hemophilia B [108, 109].  While the choice to focus on hemophilia B 
is likely due to difficulties encountered in initial attempts to express FVIII as a transgene in 
the context of viral vectors [110], it nevertheless makes it unclear whether the ability to 
induce immune tolerance to marker gene products and FIX in utero will ultimately translate 
into the ability to induce tolerance to FVIII, given FVIII’s apparent higher degree of 
immunogenicity.   

11. Potential risk to fetal germline 
While gene transfer to the vast majority of the fetal tissues would be desirable for correcting 
diseases, such as the hemophilias, that would benefit from widespread systemic release of a 
secreted transgene product, our analyses also revealed that the fetal reproductive tissues 
often contained the gene therapy vector sequences, raising the troubling possibility that the 
developing germline might have been modified as a result of in utero gene therapy.  Since 
prior studies had demonstrated that both the embryonic germline [111-114] and isolated 
primordial germ cells (PGC) [115] can readily be infected with murine retroviral vectors and 
pass the vector genetic material to subsequent generations in a Mendelian fashion as part of 
the permanent genome, we used three approaches to examine this important issue in detail: 
1) We performed immunohistochemical staining on tissue sections prepared from the in 
utero treated animals; 2) we performed genetic analysis on the sperm cells from the treated 
males; and 3) we performed breeding experiments in a limited number of animals [72, 80, 
91, 116, 117].  These studies indicated that although the fetal ovaries appeared to be largely 
unaffected by this approach to in utero gene transfer, numerous cells within the developing 
fetal testes were in fact modified including interstitial cells, Sertoli cells, and small numbers 
of both immature germ cells within the forming sex cords and the resultant sperm cells.  
Importantly, however, gene-modified germ cells were only observed in 2 of the 6 animals 
examined in our studies, and, in these two animals, the incidence of germ cell modification 
was roughly 1 in 6250, a frequency that is well below the theoretical level of spontaneous 
mutation within the human genome [118].  This low frequency of modification coupled with 
observations that genetic alterations to the germ cells may produce deleterious effects, 
placing them at a disadvantage during fertilization suggest that the likelihood that any 
genetic alterations present would be passed to subsequent offspring would be extremely 
unlikely.  In agreement with this supposition, we did not observe transfer of the vector 
sequences in any of the 10 offspring we studied, even when both the parents had received 
gene transfer in utero.  This is clearly an issue that will need to be addressed in greater 
detail, nevertheless, prior to moving in utero gene therapy into clinical trials. This need for 
further investigation is underscored by the fact that, in other studies employing lentiviral 
vectors in non-human primates, the authors observed modification of the female germline, 
but no effect upon the male germ cells [90].  Thus, the issue of germline safety will likely 
have to be investigated in more than one preclinical model, and the specific vector being 
considered for clinical use will have to be employed, in order to obtain an accurate 
assessment of the risk posed by the procedure.  

12. Conclusions 
In conclusion, our findings in the sheep model and those of other groups exploring fetal 
gene delivery in sheep, mouse, and non-human primate substantial evidence now exists that 
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unique developmental stage during which gene transfer is optimal.  These findings also 
raised the intriguing possibility that it may be possible to choose, at least to some degree, 
which tissues will be modified following in utero gene transfer, by carefully selecting the 
age at which the transfer is performed. 
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their CK-positivity, and their expression of thymic stromal lymphopoietin are also 
transduced. Flow cytometric analysis on the animals that received in utero gene transfer at 
varying gestational ages revealed that animals that received gene transfer early in gestation 
had significantly higher percentages of CD4+CD25+ Tregs within their periphery than did 
control animals or animals transduced later in gestation.  These studies thus demonstrate 
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suggest that, even if not curative, in utero gene therapy would be ideal for a disease like 
hemophilia A, since lifelong tolerance could be induced to FVIII, thus overcoming the 
immune-related hurdles that currently hinder post-natal treatment of this disease.  As 
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factor than patients with hemophilia B [108, 109].  While the choice to focus on hemophilia B 
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unaffected by this approach to in utero gene transfer, numerous cells within the developing 
fetal testes were in fact modified including interstitial cells, Sertoli cells, and small numbers 
of both immature germ cells within the forming sex cords and the resultant sperm cells.  
Importantly, however, gene-modified germ cells were only observed in 2 of the 6 animals 
examined in our studies, and, in these two animals, the incidence of germ cell modification 
was roughly 1 in 6250, a frequency that is well below the theoretical level of spontaneous 
mutation within the human genome [118].  This low frequency of modification coupled with 
observations that genetic alterations to the germ cells may produce deleterious effects, 
placing them at a disadvantage during fertilization suggest that the likelihood that any 
genetic alterations present would be passed to subsequent offspring would be extremely 
unlikely.  In agreement with this supposition, we did not observe transfer of the vector 
sequences in any of the 10 offspring we studied, even when both the parents had received 
gene transfer in utero.  This is clearly an issue that will need to be addressed in greater 
detail, nevertheless, prior to moving in utero gene therapy into clinical trials. This need for 
further investigation is underscored by the fact that, in other studies employing lentiviral 
vectors in non-human primates, the authors observed modification of the female germline, 
but no effect upon the male germ cells [90].  Thus, the issue of germline safety will likely 
have to be investigated in more than one preclinical model, and the specific vector being 
considered for clinical use will have to be employed, in order to obtain an accurate 
assessment of the risk posed by the procedure.  

12. Conclusions 
In conclusion, our findings in the sheep model and those of other groups exploring fetal 
gene delivery in sheep, mouse, and non-human primate substantial evidence now exists that 
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in utero gene therapy possesses many advantages over postnatal gene therapy, both from a 
scientific standpoint and from a socioeconomic/psychological point of view, since it is one 
of the only therapies that could promise the birth of a normal healthy infant following 
prenatal diagnosis of disease.  Importantly, in our in utero studies, none of the sheep that 
received murine MoLV-based vector preparations exhibited any type of pathology upon 
examination, even at time points of greater than 5 years post-transduction.  Given the highly 
proliferative state of the fetus at the time of injection, the transduction of repopulating HSC, 
and the chance of insertional mutagenesis as a result of MoLV genomic integration, the lack 
of pathology within these animals is a finding of significance, and suggests that although 
not ideal, MoLV-based vectors may be relatively safe, at least in this context.  Equally 
importantly, the risk to the fetus appears to be minimal, at least when administering the 
vector via the peritoneal cavity.  Following in utero gene transfer, multiple tissues of the 
developing fetus were transduced and transgene expression persisted long-term (over 5 
years), suggesting that this approach may one day be a viable therapeutic option for 
diseases affecting any of the major organ systems.  Moreover, even if not curative, in utero 
gene therapy would be ideal for a disease like hemophilia A, since lifelong immunologic 
tolerance could be induced to FVIII, thus overcoming the immune-related hurdles that 
currently hinder post-natal treatment of this disease.  Despite its great potential, however, it 
is important to realize that in utero gene therapy is still in the experimental stages and many 
issues need to be clarified before it can become a clinically viable treatment option for 
hemophilia A or any of the host of other monogenic diseases.  Nevertheless, having recently 
re-established an extinct line of sheep with hemophilia A [43-45, 47-51] that accurately 
recapitulate the genetics and clinical symptoms of human patients with severe hemophilia 
A, we are now in an ideal position to apply our experience with in utero gene delivery and 
this clinically predictive large animal model to begin developing safe and effective 
approaches to treat hemophilia A with in utero gene therapy.   
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in utero gene therapy possesses many advantages over postnatal gene therapy, both from a 
scientific standpoint and from a socioeconomic/psychological point of view, since it is one 
of the only therapies that could promise the birth of a normal healthy infant following 
prenatal diagnosis of disease.  Importantly, in our in utero studies, none of the sheep that 
received murine MoLV-based vector preparations exhibited any type of pathology upon 
examination, even at time points of greater than 5 years post-transduction.  Given the highly 
proliferative state of the fetus at the time of injection, the transduction of repopulating HSC, 
and the chance of insertional mutagenesis as a result of MoLV genomic integration, the lack 
of pathology within these animals is a finding of significance, and suggests that although 
not ideal, MoLV-based vectors may be relatively safe, at least in this context.  Equally 
importantly, the risk to the fetus appears to be minimal, at least when administering the 
vector via the peritoneal cavity.  Following in utero gene transfer, multiple tissues of the 
developing fetus were transduced and transgene expression persisted long-term (over 5 
years), suggesting that this approach may one day be a viable therapeutic option for 
diseases affecting any of the major organ systems.  Moreover, even if not curative, in utero 
gene therapy would be ideal for a disease like hemophilia A, since lifelong immunologic 
tolerance could be induced to FVIII, thus overcoming the immune-related hurdles that 
currently hinder post-natal treatment of this disease.  Despite its great potential, however, it 
is important to realize that in utero gene therapy is still in the experimental stages and many 
issues need to be clarified before it can become a clinically viable treatment option for 
hemophilia A or any of the host of other monogenic diseases.  Nevertheless, having recently 
re-established an extinct line of sheep with hemophilia A [43-45, 47-51] that accurately 
recapitulate the genetics and clinical symptoms of human patients with severe hemophilia 
A, we are now in an ideal position to apply our experience with in utero gene delivery and 
this clinically predictive large animal model to begin developing safe and effective 
approaches to treat hemophilia A with in utero gene therapy.   
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1. Introduction 
Dopamine is a neurotransmitter in the brain, which controls feelings of wellbeing. This 
sense of wellbeing results from the interaction of dopamine and neurotransmitters such as 
serotonin, the opioids, and other brain chemicals. Low serotonin levels are associated with 
depression. High levels of the opioids (the brain's opium) are also associated with a sense of 
wellbeing. (Blum et al., 2010).  
Dopamine has been called the “anti-stress” and/or “pleasure” molecule. When released into 
the synapse, dopamine stimulates a number of receptors (D1 – D5), which results in 
increased feelings of wellbeing and stress reduction (Kreek and Koob, 2007). The 
mesocorticolimbic dopaminergic pathway plays an important role in mediating 
reinforcement of natural rewards such as food and sex, as well as unnatural rewards such as 
drugs of abuse (Bruijnzeel et al., 2007). Natural rewards include satisfaction of physiological 
drives (e.g. hunger and reproduction) and unnatural rewards are learned and involve 
satisfaction of acquired pleasures such as hedonic sensations derived from alcohol and other 
drugs, as well as from gambling and other risk-taking behaviors. (Olsen, 2011). 
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The DRD2 gene is responsible for the synthesis of dopamine D2 receptors (Grady et al., 
1989). Further depending on the genotype (allelic form A1 versus A2), the DRD2 gene 
dictates the number of these receptors at post-junctional sites (Blum et al., 1990; Noble et al. 
1991). A low number of D2 receptors leads to hypodopaminergic function. When there is a 
paucity of dopamine receptors, the person is more prone to seek any substance or behavior 
that stimulates the dopaminergic system (Conrad et al., 2010). The D2 receptor has been 
associated with pleasure, and the DRD2 gene has been referred to as a reward gene (Heber 
& Carpenter, 2011). 
Although the DRD2 gene, and especially the Taq1 A1 allele, has been most associated with 
neuropsychiatric disorders in general and in alcoholism in particular, it is likely involved in 
other addictions (e.g., carbohydrate). It may also be involved in co-morbid antisocial 
personality disorder symptoms, especially in children and adults with attention deficit 
hyperactivity disorder (ADHD), or Tourettes Syndrome, and high novelty seeking behaviors 
(Noble, 2003).  
Reward Deficiency Syndrome was first defined in 1996 as a putative predictor of impulsive 
and addictive behaviors (Blum et al., 1996). Herein, “Reward Deficiency Syndrome” or 
“RDS” refers to a group of related addictive behaviors. Dopamine is a major component in 
the mechanisms related to RDS and brain function. Specifically, RDS involves dopamine 
resistance, a form of sensory deprivation of the brain's reward or pleasure mechanisms ( 
Bowirrat & Oscar-Berman, 2005). The syndrome can be manifested in relatively mild or 
severe forms that follow as a consequence of an individual's biochemical inability to derive 
reward from ordinary, everyday activities. The DRD2 A1 genetic variant is also associated 
with a spectrum of impulsive, compulsive, and addictive behaviors (Gardner, 2011). RDS or 
anti-reward pathways unite these disorders and explain how certain genetic anomalies give 
rise to complex aberrant behavior.  
In discussing RDS, specific reference is made to an insensitivity and inefficiency in the 
brain’s reward system. There may be a common neurocircuitry, neuroanatomy, and 
neurobiology for multiple addictions and for a number of psychiatric disorders. Due to 
specific genetic antecedents and environmental influences, a deficiency of for example, the 
D2 receptors may predispose individuals to a high risk for multiple addictive, impulsive, 
and compulsive behaviors. It is well known that alcohol and other drugs of abuse, as well as 
most positive reinforcements (e.g., sex, food, gambling, aggressive thrills, etc.), cause 
activation and neuronal release of brain dopamine, which can decrease negative feelings 
and satisfy abnormal cravings for substances such as alcohol, cocaine, heroin, and nicotine, 
which, among others, are linked to low dopamine function (Blum et al., 2008). 
In individuals possessing an abnormality in the DRD2 gene, the brain lacks enough 
dopamine receptor sites to achieve adequate dopamine sensitivity and function from the 
“normal” dopamine produced in the Reward Center of the brain. Carriers of the A1 DRD2 
gene variant may have unhealthy appetites, abuse cocaine, indulge in overeating (which can 
lead to obesity) or, on the other extreme, be anorexic and/or suffer greater consequences of 
chronic stress (Bau et al., 2000). In these individuals, their addictive brains lead to 
generalized craving behavior. In essence, they seek substances including alcohol, opiates, 
cocaine, nicotine, and/or glucose (all substances known to cause preferential release of 
dopamine at the Nucleus accumbens (NAc)) to activate dopaminergic pathways in order to 
offset their low D2 receptors, which are caused by the dopamine D2 receptor gene Taq1 A1 
allele antecedents (Sullivan et al., 2011). However, evidence is emerging that anterior 
cingulate cortex rather than the NAc  may be involved in operant effort-based decision 

Genetic Addiction Risk Score (GARS): Testing For  
Polygenetic Predisposition and Risk to Reward Deficiency Syndrome (RDS) 

 

329 

making (Walton et al., 2009). In addition, the DRD2 A1 polymorphism is also associated 
with abnormally aggressive behavior, which also stimulates the brain’s use of dopamine 
(Chen et al., 2005). 

2. Candidate genes and predisposition to reward dependence behaviors  
RDS is linked to flawed dopamine metabolism, and especially to low D2 receptor density. 
Moreover, RDS results from a dysfunction in the mesolimbic system of the brain, which 
directly links abnormal craving behavior with a defect in the Dopamine D2 Receptor Gene 
(DRD2) as well as other dopaminergic genes (D1, D3, D4, and D5, DATA1, MAO, COMT), 
including many genes associated with the brain reward function (Pinto & Ansseau, 2009), as 
listed in Table 1, below. 
 
R E W A R D  -D E P E N D E N C E -  P A T H 

W A Y C A N D I D A T E  G E N E S 

Signal Transduction  ADCY7 
Signal Transduction AVPR1A 
Signal Transduction AVPR1B 
Signal Transduction CDK5R1 
Signal Transduction CREB1 
Signal Transduction CSNKLE 
Signal Transduction FEV 
Signal Transduction FDS 
Signal Transduction FOSL1 
Signal Transduction FOSL2 
Signal Transduction GSK3B 
Signal Transduction JUN 
Signal Transduction MAPK1 
Signal Transduction MAPK3 
Signal Transduction MAPK14 
Signal Transduction MPD2 
Signal Transduction MGFB 
Signal Transduction NTRK2 
Signal Transduction NTSR1 
Signal Transduction NTSR2
Signal Transduction PPP1R1B 
Signal Transduction PRKCE 
_________________________________________ ______________________________________ 
Serotonin  HTRIA 
Serotonin HTRIB 
Serotonin HTR2A 
Serotonin HTR2C 
Serotonin HTR3A 
Serotonin HTR3B 
Serotonin MAOA 
Serotonin MAOB 
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making (Walton et al., 2009). In addition, the DRD2 A1 polymorphism is also associated 
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R E W A R D  -D E P E N D E N C E -  P A T H 
W A Y C A N D I D A T E  G E N E S 

Serotonin SLC64A 
Serotonin TPH1 
Serotonin TPH2 
_________________________________________ ______________________________________ 
Opioid OPRMI 
Opioid OPRKI 
Opioid PDYN 
Opioid PMOC 
Opioid PRD1 
Opioid OPRL1 
Opioid PENK 
Opioid PNOC 
_________________________________________ ______________________________________ 
GABA GABRA2 
GABA GABRA3 
GABA GABRA4 
GABA GABRA6 
GABA GABRB1 
GABA GABRB2 
GABA GABRB3 
GABA GABRD 
GABA GABRE 
GABA GABRG2 
GABA GABRG3 
GABA GABRQ 
GABA SLC6A7 
GABA SL6A11 
GABA SLC32A1 
GABA GAD1 
GABA GAD2 
GABA DB1 
_________________________________________ ______________________________________ 
Dopamine COMT 
Dopamine DDC 
Dopamine DRD1 
Dopamine DRD2 
Dopamine DRD3 
Dopamine DRD4 
Dopamine DRD5 
Dopamine SLC18A2 
Dopamine SLC6A3 
Dopamine TH 
_________________________________________ ______________________________________ 
Cannabinoid CNR1 
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R E W A R D  -D E P E N D E N C E -  P A T H 
W A Y C A N D I D A T E  G E N E S 

Cannabinoid FAAH 
_________________________________________ ______________________________________ 
Cholinergic CHRMI 
Cholinergic CHRM2 
Cholinergic CHRM3 
Cholinergic CHRM5 
Cholinergic CHRNA4 
Cholinergic CHRNB2 
_________________________________________ ______________________________________ 
Adrenergic  ADRA1A 
Adrenergic ADRA2B 
Adrenergic ADRB2 
Adrenergic SLC6A2 
Adrenergic DRA2A 
Adrenergic DRA2C 
Adrenergic ARRB2 
Adrenergic DBH 
_________________________________________ ______________________________________ 
Glycine GLRA1 
Glycine GLRA2 
Glycine GLRB 
Glycine GPHN 
_________________________________________ ______________________________________ 
NDMA GR1K1 
NDMA GRINI 
NDMA GRIN2A 
NDMA GRIN2B 
NDMA GRIN2C 
NDMA GRM1 
_________________________________________ ______________________________________ 
Stress  CRH 
Stress CRHEP 
Stress CRHR1 
Stress CRHR2 
Stress GAL 
Stress NPY 
Stress NPY1R 
Stress NPY2R 
Stress NPY5R 
_________________________________________ ______________________________________ 
Drug Metabolizing  ALDH1 
Drug Metabolizing ALDH2 
Drug Metabolizing CAT 
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R E W A R D  -D E P E N D E N C E -  P A T H 
W A Y C A N D I D A T E  G E N E S 

Drug Metabolizing CYPZE1 
Drug Metabolizing ADH1A 
Drug Metabolizing ADH1B 
Drug Metabolizing ADH1C 
Drug Metabolizing ADH4 
Drug Metabolizing ADH5 
Drug Metabolizing ADH6 
Drug Metabolizing ADH6 
Drug Metabolizing ADH7 
_________________________________________ ______________________________________ 
Others BDNF 
Others CART 
Others CCK 
Others CCKAR 
Others CLOCK 
Others HCRT 
Others LEP 
Others NR3C1 
Others SLC29A1 
Others TAC 

Table 1. Genes involved in various Reward Dependence Pathways. 

The genesis of all behavior, be it “normal” (socially acceptable) or “abnormal” (socially 
unacceptable), derives from an individual’s genetic makeup at birth. This genetic 
predisposition, due to multiple gene combinations and polymorphisms, is expressed 
differently based on numerous environmental factors including family, friends, educational 
and socioeconomic status, environmental contaminant exposure, and the availability of 
psychoactive drugs, including food. The core of predisposition to these behaviors is a set of 
genes interacting with the environment , which promote a feeling of wellbeing via 
neurotransmitter interaction at the “reward center” of the brain (located in the meso-limbic 
system), leading to normal dopamine release (Kendler et al 2011). 
 Subjects afflicted with RDS carry polymorphic genes in dopaminergic pathways that result 
in hypo-dopominergic function caused by a reduced number of dopamine D2 receptors, 
reduced synthesis of dopamine (by dopamine beta –hydroxylase), reduced net release of 
pre-synaptic dopamine (from, e.g., the dopamine D1 receptor), increased synaptic clearance 
due to a high number of dopamine transporter sites (dopamine transporter), and low D2 
receptor densities (dopamine D2 receptor), making such people more vulnerable to 
addictive behaviors (Comings and Blum, 2000). The RDS concept  involves shared genes  
and their mRNA expressions and behavioral tendencies, including dependence on alcohol, 
psycho-stimulants, marijuana, nicotine (smoking), and opiates, altered opiate receptor 
function, carbohydrate issues (e.g., sugar-binging), obesity, pathological gambling, sex 
addiction, premeditated aggression, stress, pathological aggression, and certain personality 
disorders, including novelty-seeking and sex addiction. The common theme across all of 
these substances and behaviors is that they induce pre-synaptic dopamine release (Dreyer, 
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2010). Spectrum disorders such as ADHD, Tourettes  Syndrome, and Autism are also 
included due to dopamine dysregulation. As well as other rare mutations (Sundaram et al., 
2010) have been associated with Tourettes and Autism. One example includes the 
association with Neuroligin 4 (NLGN4) is a member of a cell adhesion protein family that 
appears to play a role in the maturation and function of neuronal synapses (Lawson-Yuen et 
al., 2008).  

3. Neurogenetics of reward deficiency syndrome (RDS) 
Since the discovery of the double helix, explorations of brain function in terms of both 
physiology and behavioral traits have resulted in a plethora of studies linking these 
activities to neurotransmitter functions having a genetic basis. The mechanisms underlining 
gene expression and the potential impairments due to polygenic inheritance -- and as such, 
predisposition to addiction and self-destructive behaviors -- have been studied. Our studies 
have shown that the prevalence of the DRD2 A1 allele in Cocaine dependent (CD) subjects 
(n = 53) was 50.9%. It was significantly higher than either the 16.0% prevalence (P < 10(-4)) 
in non-substance abusing controls (n = 100) or the 30.9% prevalence (P < 10(-2)) in 
population controls (n = 265) wherein substance abusers were not excluded. Logistic 
regression analysis of CD subjects identified potent routes of cocaine use and the interaction 
of early deviant behaviors and parental alcoholism as significant risk factors associated with 
the DRD2 A1 allele. The cumulative number of these risk factors in CD subjects was 
positively and significantly (P < 10-3) related to DRD2 A1 allelic prevalence. The data 
showing a strong association of the minor alleles (A1 and B1) of the DRD2 with CD indicates 
that a gene, located on the q22-q23 region of chromosome 11, confers susceptibility to this 
drug disorder (Noble et al.,1993) 
Over half a century of dedicated and rigorous scientific research on the mesolimbic system, 
has provided insight into the addictive brain and the neurogenetic mechanisms involved in 
man’s quest for happiness (Blum et al., 2009). In brief, the site of the brain where one 
experiences feelings of wellbeing is the mesolimbic system. This part of the brain has been 
termed the “reward center”. Chemical messages including serotonin, enkephalins, GABA, 
and dopamine (DA) work in concert to provide a net release of DA at the nucleus 
accumbens (NAc), a region in the mesolimbic system. It is well known that genes control the 
synthesis, vesicular storage, metabolism, receptor formation, and neurotransmitter 
catabolism. The polymorphic versions of these genes have certain variations that could lead 
to an impairment of the neurochemical events involved in the neuronal release of DA. The 
cascade of these neuronal events has been termed “Brain Reward Cascade”. See Figure 1. A 
breakdown of this cascade ultimately leads to a dysregulation and dysfunction of DA. Since 
DA has been established as the “pleasure molecule” and the ”anti-stress molecule,” any 
reduction in its function could lead to reward deficiency and resultant aberrant substance 
seeking behavior and a lack of wellness (Blum & Kozlowski, 1989). 
 It is well –known that humans are biologically predisposed to drink, eat, reproduce, and 
desire pleasurable experiences (Tindell  et al. , 2006, Peciña et al., 2006). Impairment in the 
mechanisms involved in these natural processes lead to multiple impulsive, compulsive, 
and addictive behaviors governed by genetic polymorphisms. While there are a plethora of 
genetic variations at the level of mesolimbic activity, polymorphisms of the serotonergic-2A 
receptor (5-HTT2a), serotonergic transporter (5HTTLPR), dopamine D2 receptor (DRD2), 
dopamine D4 receptor (DRD4), dopamine transporter (DAT1), and Catechol-o-methyl–
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 Subjects afflicted with RDS carry polymorphic genes in dopaminergic pathways that result 
in hypo-dopominergic function caused by a reduced number of dopamine D2 receptors, 
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receptor densities (dopamine D2 receptor), making such people more vulnerable to 
addictive behaviors (Comings and Blum, 2000). The RDS concept  involves shared genes  
and their mRNA expressions and behavioral tendencies, including dependence on alcohol, 
psycho-stimulants, marijuana, nicotine (smoking), and opiates, altered opiate receptor 
function, carbohydrate issues (e.g., sugar-binging), obesity, pathological gambling, sex 
addiction, premeditated aggression, stress, pathological aggression, and certain personality 
disorders, including novelty-seeking and sex addiction. The common theme across all of 
these substances and behaviors is that they induce pre-synaptic dopamine release (Dreyer, 
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2010). Spectrum disorders such as ADHD, Tourettes  Syndrome, and Autism are also 
included due to dopamine dysregulation. As well as other rare mutations (Sundaram et al., 
2010) have been associated with Tourettes and Autism. One example includes the 
association with Neuroligin 4 (NLGN4) is a member of a cell adhesion protein family that 
appears to play a role in the maturation and function of neuronal synapses (Lawson-Yuen et 
al., 2008).  

3. Neurogenetics of reward deficiency syndrome (RDS) 
Since the discovery of the double helix, explorations of brain function in terms of both 
physiology and behavioral traits have resulted in a plethora of studies linking these 
activities to neurotransmitter functions having a genetic basis. The mechanisms underlining 
gene expression and the potential impairments due to polygenic inheritance -- and as such, 
predisposition to addiction and self-destructive behaviors -- have been studied. Our studies 
have shown that the prevalence of the DRD2 A1 allele in Cocaine dependent (CD) subjects 
(n = 53) was 50.9%. It was significantly higher than either the 16.0% prevalence (P < 10(-4)) 
in non-substance abusing controls (n = 100) or the 30.9% prevalence (P < 10(-2)) in 
population controls (n = 265) wherein substance abusers were not excluded. Logistic 
regression analysis of CD subjects identified potent routes of cocaine use and the interaction 
of early deviant behaviors and parental alcoholism as significant risk factors associated with 
the DRD2 A1 allele. The cumulative number of these risk factors in CD subjects was 
positively and significantly (P < 10-3) related to DRD2 A1 allelic prevalence. The data 
showing a strong association of the minor alleles (A1 and B1) of the DRD2 with CD indicates 
that a gene, located on the q22-q23 region of chromosome 11, confers susceptibility to this 
drug disorder (Noble et al.,1993) 
Over half a century of dedicated and rigorous scientific research on the mesolimbic system, 
has provided insight into the addictive brain and the neurogenetic mechanisms involved in 
man’s quest for happiness (Blum et al., 2009). In brief, the site of the brain where one 
experiences feelings of wellbeing is the mesolimbic system. This part of the brain has been 
termed the “reward center”. Chemical messages including serotonin, enkephalins, GABA, 
and dopamine (DA) work in concert to provide a net release of DA at the nucleus 
accumbens (NAc), a region in the mesolimbic system. It is well known that genes control the 
synthesis, vesicular storage, metabolism, receptor formation, and neurotransmitter 
catabolism. The polymorphic versions of these genes have certain variations that could lead 
to an impairment of the neurochemical events involved in the neuronal release of DA. The 
cascade of these neuronal events has been termed “Brain Reward Cascade”. See Figure 1. A 
breakdown of this cascade ultimately leads to a dysregulation and dysfunction of DA. Since 
DA has been established as the “pleasure molecule” and the ”anti-stress molecule,” any 
reduction in its function could lead to reward deficiency and resultant aberrant substance 
seeking behavior and a lack of wellness (Blum & Kozlowski, 1989). 
 It is well –known that humans are biologically predisposed to drink, eat, reproduce, and 
desire pleasurable experiences (Tindell  et al. , 2006, Peciña et al., 2006). Impairment in the 
mechanisms involved in these natural processes lead to multiple impulsive, compulsive, 
and addictive behaviors governed by genetic polymorphisms. While there are a plethora of 
genetic variations at the level of mesolimbic activity, polymorphisms of the serotonergic-2A 
receptor (5-HTT2a), serotonergic transporter (5HTTLPR), dopamine D2 receptor (DRD2), 
dopamine D4 receptor (DRD4), dopamine transporter (DAT1), and Catechol-o-methyl–
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transferase (COMT), and monoamine–oxidase (MOA) genes, as well as other genes, 
predispose individuals to excessive cravings and resultant aberrant behaviors. 
As stated earlier, an umbrella term to describe the common genetic antecedents of multiple 
impulsive, compulsive, and addictive behaviors is RDS. Individuals possessing a paucity of 
serotonergic and/or dopaminergic receptors and an increased rate of synaptic DA 
catabolism, due to high catabolic genotype of the COMT gene, or high MOA activity are 
predisposed to self-medicating with any substance or behavior that will activate DA release 
including alcohol, opiates, psychostimulants, nicotine, glucose, gambling, sex, and even 
excessive internet gaming, among others. Use of most drugs of abuse, including alcohol, is 
associated with release of dopamine in the mesocorticolimbic system or “reward pathway” 
of the brain (Di Chiara, 1995). Activation of this dopaminergic system induces feelings of 
reward and pleasure. However, reduced activity of the dopamine system 
(hypodopaminergic functioning) can trigger drug-seeking behavior. Variant alleles can 
induce hypodopaminergic functioning through reduced dopamine receptor density, blunted 
response to dopamine, or enhanced dopamine catabolism in the reward pathway. Cessation 
of chronic drug use induces a hypodopaminergic state that prompts drug-seeking behavior 
in an attempt to address the withdrawal–induced state (Berridge, 2009). 
Acute utilization of these substances can induce a feeling of wellbeing. But, unfortunately 
sustained and prolonged abuse leads to a toxic pseudo feeling of well being resulting in 
tolerance and disease or discomfort. Thus, low DA receptors due to carrying the DRD2 A1 
allelic genotype results in excessive cravings and consequential behavior, whereas normal or 
high DA receptors results in low craving induced behavior. In terms of preventing 
substance abuse, or excessive glucose craving, one goal is to induce a proliferation of DA D2 
receptors in genetically prone individuals. Experiments in vitro have shown that constant 
stimulation of the DA receptor system via a known D2 agonist in low doses results in 
significant proliferation of D2 receptors in spite of genetic antecedents. In essence (Boundry 
et al., 1996) D2 receptor stimulation signals negative feedback mechanisms in the 
mesolimbic system to induce mRNA expression causing proliferation of D2 receptors. This 
molecular finding serves as the basis to naturally induce DA release to also cause the same 
induction of D2-directed mRNA and thus proliferation of D2 receptors in the human. This 
proliferation of D2 receptors in turn, will induce the attenuation of craving behavior. In fact 
this has been proven with work showing DNA–directed over-expression (a form of gene 
therapy) of the DRD2 receptors and significant reduction in both alcohol and cocaine 
craving-induced behavior in animals (Filtz et al.,1994). These observations are the basis for 
the development of a functional hypothesis of drug–seeking and drug use. The hypothesis is 
that the presence of a hypodopaminergic state, regardless of the source, is a primary cause 
of drug–seeking behavior. Thus, genetic polymorphisms that induce hypodopaminergic 
functioning may be the causal mechanism of a genetic predisposition to chronic drug use 
and relapse. Finally, utilizing the long term dopaminergic activation approach will 
ultimately lead to a common safe and effective modality to treat RDS behaviors including 
Substance Use Disorders (SUD), Attention Deficit Hyperactivity Disorder (ADHD), and 
obesity among other reward deficient aberrant behaviors (Rothman & Glowa, 1995; Peng et 
al., 2010). 
Support for the impulsive nature of individuals possessing dopaminergic gene variants is 
derived from a number of important studies illustrating the genetic risk for drug-seeking 
behaviors based on association and linkage studies implicating these alleles as risk 
antecedents having impact in the mesocorticolimbic system (see Figure 1). 
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Fig. 1. Schematic of Brain reward Cascade Normal and abnormal representation. (A) 
represents the normal physiologic state of the neurotransmitter interaction at the 
mesolimbic region of the brain. Briefly, serotonin in the hypothalamus stimulates neuronal 
projections of methionine enkephalin in the hypothalamus that, in turn, inhibits the release 
of GABA in the substania nigra, thereby allowing for the normal amount of Dopamine to be 
released at the Nucleus Accumbens (NAc; reward site of the brain). (B) Represents 
hypodopaminergic function of the mesolimbic region of the brain. The hypodopaminergic 
state is due to gene polymorphisms as well as environmental elements, including both stress 
and neurotoxicity from aberrant abuse of psychoactive drugs (i.e. alcohol, heroin, cocaine etc). 
Genetic variables include serotonergic genes (serotonergic receptors [5HT2a]; serotonin 
transporter 5HTlPR); endorphinergic genes (the mu OPRM1 gene; proenkephalin (PENK); 
PENK polymorphic 3' UTR dinucleotide (CA) repeats}; GABergic genes (GABRB3); and 
dopaminergic genes (including ANKKI Taq A; DRD2 C957T, DRD4 7R, COMT Val/met 
substitution, MAO-A uVNTR, and SLC6A3 9 or 10R). Any of these genetic and or 
environmental impairments could result in reduced release of dopamine and or reduced 
number of dopaminergic receptors. Taken from Blum et al IIOAB 1(2) 2010. 

In doing association studies that require a representative control sample for a single RDS 
psychiatric diagnosis or for potential subsets of RDS, one limitation relates to controls 
poorly screened for multiple RDS behaviors and other related psychiatric disorders 
(Neiswanger et al.,1995). Missing behaviors that are part of the RDS subset may be the 
reason for spurious results when genotyping for single subsets of RDS behaviors. For 
example, in our unpublished study, an individual may not drink alcohol or use drugs but 
may have other RDS behaviors such as overeating or intensive video-gaming. In support of 
this, a very strong association of the dopamine D2 receptor A1 allele (100%) was found in 
one family (Family A) studied over five generations. In addition, every individual in 
another family, Family B, also had at least one dopaminergic high risk allele (100%) (48% 
carried the DRD2 A1 allele). Moreover, in Family B only three adult individuals exhibited 
no addictive behavior. When compared to results in which 55 RDS subjects carried the 
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transferase (COMT), and monoamine–oxidase (MOA) genes, as well as other genes, 
predispose individuals to excessive cravings and resultant aberrant behaviors. 
As stated earlier, an umbrella term to describe the common genetic antecedents of multiple 
impulsive, compulsive, and addictive behaviors is RDS. Individuals possessing a paucity of 
serotonergic and/or dopaminergic receptors and an increased rate of synaptic DA 
catabolism, due to high catabolic genotype of the COMT gene, or high MOA activity are 
predisposed to self-medicating with any substance or behavior that will activate DA release 
including alcohol, opiates, psychostimulants, nicotine, glucose, gambling, sex, and even 
excessive internet gaming, among others. Use of most drugs of abuse, including alcohol, is 
associated with release of dopamine in the mesocorticolimbic system or “reward pathway” 
of the brain (Di Chiara, 1995). Activation of this dopaminergic system induces feelings of 
reward and pleasure. However, reduced activity of the dopamine system 
(hypodopaminergic functioning) can trigger drug-seeking behavior. Variant alleles can 
induce hypodopaminergic functioning through reduced dopamine receptor density, blunted 
response to dopamine, or enhanced dopamine catabolism in the reward pathway. Cessation 
of chronic drug use induces a hypodopaminergic state that prompts drug-seeking behavior 
in an attempt to address the withdrawal–induced state (Berridge, 2009). 
Acute utilization of these substances can induce a feeling of wellbeing. But, unfortunately 
sustained and prolonged abuse leads to a toxic pseudo feeling of well being resulting in 
tolerance and disease or discomfort. Thus, low DA receptors due to carrying the DRD2 A1 
allelic genotype results in excessive cravings and consequential behavior, whereas normal or 
high DA receptors results in low craving induced behavior. In terms of preventing 
substance abuse, or excessive glucose craving, one goal is to induce a proliferation of DA D2 
receptors in genetically prone individuals. Experiments in vitro have shown that constant 
stimulation of the DA receptor system via a known D2 agonist in low doses results in 
significant proliferation of D2 receptors in spite of genetic antecedents. In essence (Boundry 
et al., 1996) D2 receptor stimulation signals negative feedback mechanisms in the 
mesolimbic system to induce mRNA expression causing proliferation of D2 receptors. This 
molecular finding serves as the basis to naturally induce DA release to also cause the same 
induction of D2-directed mRNA and thus proliferation of D2 receptors in the human. This 
proliferation of D2 receptors in turn, will induce the attenuation of craving behavior. In fact 
this has been proven with work showing DNA–directed over-expression (a form of gene 
therapy) of the DRD2 receptors and significant reduction in both alcohol and cocaine 
craving-induced behavior in animals (Filtz et al.,1994). These observations are the basis for 
the development of a functional hypothesis of drug–seeking and drug use. The hypothesis is 
that the presence of a hypodopaminergic state, regardless of the source, is a primary cause 
of drug–seeking behavior. Thus, genetic polymorphisms that induce hypodopaminergic 
functioning may be the causal mechanism of a genetic predisposition to chronic drug use 
and relapse. Finally, utilizing the long term dopaminergic activation approach will 
ultimately lead to a common safe and effective modality to treat RDS behaviors including 
Substance Use Disorders (SUD), Attention Deficit Hyperactivity Disorder (ADHD), and 
obesity among other reward deficient aberrant behaviors (Rothman & Glowa, 1995; Peng et 
al., 2010). 
Support for the impulsive nature of individuals possessing dopaminergic gene variants is 
derived from a number of important studies illustrating the genetic risk for drug-seeking 
behaviors based on association and linkage studies implicating these alleles as risk 
antecedents having impact in the mesocorticolimbic system (see Figure 1). 
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Fig. 1. Schematic of Brain reward Cascade Normal and abnormal representation. (A) 
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mesolimbic region of the brain. Briefly, serotonin in the hypothalamus stimulates neuronal 
projections of methionine enkephalin in the hypothalamus that, in turn, inhibits the release 
of GABA in the substania nigra, thereby allowing for the normal amount of Dopamine to be 
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state is due to gene polymorphisms as well as environmental elements, including both stress 
and neurotoxicity from aberrant abuse of psychoactive drugs (i.e. alcohol, heroin, cocaine etc). 
Genetic variables include serotonergic genes (serotonergic receptors [5HT2a]; serotonin 
transporter 5HTlPR); endorphinergic genes (the mu OPRM1 gene; proenkephalin (PENK); 
PENK polymorphic 3' UTR dinucleotide (CA) repeats}; GABergic genes (GABRB3); and 
dopaminergic genes (including ANKKI Taq A; DRD2 C957T, DRD4 7R, COMT Val/met 
substitution, MAO-A uVNTR, and SLC6A3 9 or 10R). Any of these genetic and or 
environmental impairments could result in reduced release of dopamine and or reduced 
number of dopaminergic receptors. Taken from Blum et al IIOAB 1(2) 2010. 

In doing association studies that require a representative control sample for a single RDS 
psychiatric diagnosis or for potential subsets of RDS, one limitation relates to controls 
poorly screened for multiple RDS behaviors and other related psychiatric disorders 
(Neiswanger et al.,1995). Missing behaviors that are part of the RDS subset may be the 
reason for spurious results when genotyping for single subsets of RDS behaviors. For 
example, in our unpublished study, an individual may not drink alcohol or use drugs but 
may have other RDS behaviors such as overeating or intensive video-gaming. In support of 
this, a very strong association of the dopamine D2 receptor A1 allele (100%) was found in 
one family (Family A) studied over five generations. In addition, every individual in 
another family, Family B, also had at least one dopaminergic high risk allele (100%) (48% 
carried the DRD2 A1 allele). Moreover, in Family B only three adult individuals exhibited 
no addictive behavior. When compared to results in which 55 RDS subjects carried the 
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DRD2 A1 allele at a frequency of 78.2% and the results of a study in which 597 severe 
alcoholics carried the A1 allele at a frequency of 49.3%, there was a significant difference 
between these two groups (X2=16.9, p<0.001). This demonstrated that the A1 allele’s 
prevalence increases with multiple RDS behaviors. The results from these experiments show 
that multifaceted non-specific RDS behaviors should be considered as the true “reward” 
phenotype (endophenotype) instead of a single subset RDS behavior such as alcoholism.  

4. The Genetic Addiction Risk Score (GARS) test 
Very few behaviors depend upon a single gene. Complexes of genes (polygenic) drive most 
of heredity-based human actions, and RDS is no exception (Greven et al., 2011). For 
example, DRD2 and DAT1 gene polymorphisms are significantly associated with reward–
dependent traits such as cocaine dependence (Brousse et al., 2010). As a polygenic disorder 
involving multiple genes and many polymorphisms, RDS likely requires a threshold 
number of RDS-associated polymorphisms in order to manifest in a particular subject. 
Unaffected individuals in the population carry some of these alleles. For example, the 
dopamine D2 receptor gene A1 allele is present in about one-third of unscreened Americans 
(Noble, 2003). 
The GARS test has direct implications for both the diagnosis and targeted treatment of RDS 
behaviors by analyzing the association of dopaminergic genetic polymorphisms. Without 
being bound to a particular theory, in keeping with the concept of common neurogenetic 
mechanisms we believe that RDS is a basic phenotype covering many reward behaviors and 
psychiatric disorders, including spectrum disorders (Blum & Gold, 2011). The test provides 
for the first time a polygenic diagnosis of RDS predisposition. Such tests can be used, for 
example, to determine stratified genetic risk of patients with addictive behaviors upon their 
entry into a treatment facility, as information about an individual’s genetic predisposition to 
RDS based on the analysis of a number of RDS-associated alleles will be very useful.  

4.1 RDS-associated SNPs 
RDS-associated SNPs can be identified by any suitable method, including DNA sequencing 
of patients diagnosed with one or more RDS behaviors. After validation, newly identified 
RDS-associated SNPs can be used in the test. As will be appreciated, once identified and 
validated, the presence, if any, of one or more RDS-associated SNPs in the nucleic acids 
derived from a biological sample taken from a patient can be determined using any suitable 
now known or later-developed assay, including those that rely on site-specific 
hybridization, restriction enzyme analysis, or DNA sequencing. Table 2 below, lists a 
number of particularly preferred RDS- associated SNPs, whereby, the detection of which can 
be used for the GARS test. 
 

GENE SNP 

DRD2 CTGGACGTCCAGCTGGGCGCCTGCCT[C/T]GACCAGCACTTTGAGG
ATGGCTGTG 

 AGGAACTCCTTGGCCTAGCCCACCCT[G/T]CTGCCTTCTGACGGCCC
TGCAATGT 

 CTGCTTCCCACCTCCCTGCCCAGGCC[A/G]GCCAGCCTCACCCTTGC
GAACCGTG 

 GTCACTATTATGGTTTTTATTACTAT[G/T]GCTCTTTTTGAGGAATTG
GGAAATT 
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GENE SNP 

 CTGACTCTCCCCGACCCGTCCCACCA[C/T]GGTCTCCACAGCACTCC
CGACAGCC 

 CCACCAGCTGACTCTCCCCGACCCGT[C/G]CCACCACGGTCTCCAC
AGCACTCCC 

 ACCCATCTCACTGGCCCCTCCCTTTC[A/C]CCCTCTGAAGACTCCTG
CAAACACC 

 TTTTGCTGAGTGACCTTAGGCAAGTT[G/T]CTTACCTTCTATGAGCCT
GTTTCCT 

 TGTGATGAATGGGTGCCAAATACACA[A/G]ATACAGAATCTAAGA
AAACACATGG 

 CTAGAGGAAGTGATGTTCAACAGACA[A/G]ACAACTGAAGGATGT
GTAGGAATTA 

 TGGAAGTCATGTGCTTTGTATGAAAC[A/G]CCTTGGAATGCTGATA
AGTTTAATT 

 GTCTAAAGCAAATGGAACCTTTAGGG[A/G]GAGAGATTTGTGTTTG
CTGTGTCCC 

 
GAGGGGACTGGGGTCAGGCCTCATTC[A/G]GGTTCCCTAGAGTGGA
AAGGATTGG 

 
GTATCAGACAGATCTAGGCTCAAATA[A/C]CAGCTTCAGTTCTCAC
CACCTGTGT 

 
CCTGAGTGCACAGGATGCTGGAGCCT[C/T]CCAGTTTCTCTGGCTTT
CATCTCGT 

 
AATCCCCCAACCCCTCCTACCCGTT[-
/C]CAGGCCGGGGATCGCCGAGGAGGTA 

 
GAGGACCCAGCCTGCAATCACAGCTT[A/G]TTACTCTGGGTGTGGG
TGGGAGCGC 

5HT2A  
GCTCAATGGTTGCTCTAGGAAAGCAG[C/T]ATTCTGAAGAGGCTTC
TAAAGACAA 

 
CTGTGAACTCAGGAGCAAGTGCACAC[A/G]TTGCTTATCACTTACC
AGAAGCATT 

 
CTCTGGTTTTAAGCAAGTCATTTAAT[-
/C/T]GGAGTTTTTTTTCTCCCATAAAATG 

 
AAATGGTCCTACCATCTATCCAGATA[C/T]ACAGCTTAAAAACTTA
GGAGTCTCT 

 
TGCTATTTGTAATGCTGCTTATTAGA[G/T]ACATCGCTGATCCTCCTG
TCAACTC 

 
ATGAACCAAATTGCATGAGCTCTATT[A/G]TGTGCCCCTCTTGTAAT
ATAAAAAT 

 
CAGGCAGAATTTCCACAAATGAAATG[C/G]AAATTCAGATATATAT
CTCTTAATC 

 
TCACTCATAACTGAAGATCATTTCAC[C/T]TTTGAATGAGAATTTGT
CTCTGAAG 

 
TGGGCAGAGGAGGGGAAGGGTCACTG[C/T]ACTCAGGGACAAGAG
AAGGGGTGGG 

 
ATCAGTGTGGTCACTTCACTGCTTGC[C/G]AAGGATTCCATCTAATT
CTGAGGAA 

 
AGGCTCTACAGTAATGACTTTAACTC[C/T]GGAGAAGCTAACACTT
CTGATGCAT 

 
TATGTCCTCGGAGTGCTGTGAGTGTC[C/T]GGCACTTCCATCCAAAG
CCAACAGT 

ANKK1 GGAGGGGGGTCTTGCCCTCAGCCTCA[C/T]GCAGGTTGGGGTCAGC
CTGACGGGA 
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DRD2 A1 allele at a frequency of 78.2% and the results of a study in which 597 severe 
alcoholics carried the A1 allele at a frequency of 49.3%, there was a significant difference 
between these two groups (X2=16.9, p<0.001). This demonstrated that the A1 allele’s 
prevalence increases with multiple RDS behaviors. The results from these experiments show 
that multifaceted non-specific RDS behaviors should be considered as the true “reward” 
phenotype (endophenotype) instead of a single subset RDS behavior such as alcoholism.  

4. The Genetic Addiction Risk Score (GARS) test 
Very few behaviors depend upon a single gene. Complexes of genes (polygenic) drive most 
of heredity-based human actions, and RDS is no exception (Greven et al., 2011). For 
example, DRD2 and DAT1 gene polymorphisms are significantly associated with reward–
dependent traits such as cocaine dependence (Brousse et al., 2010). As a polygenic disorder 
involving multiple genes and many polymorphisms, RDS likely requires a threshold 
number of RDS-associated polymorphisms in order to manifest in a particular subject. 
Unaffected individuals in the population carry some of these alleles. For example, the 
dopamine D2 receptor gene A1 allele is present in about one-third of unscreened Americans 
(Noble, 2003). 
The GARS test has direct implications for both the diagnosis and targeted treatment of RDS 
behaviors by analyzing the association of dopaminergic genetic polymorphisms. Without 
being bound to a particular theory, in keeping with the concept of common neurogenetic 
mechanisms we believe that RDS is a basic phenotype covering many reward behaviors and 
psychiatric disorders, including spectrum disorders (Blum & Gold, 2011). The test provides 
for the first time a polygenic diagnosis of RDS predisposition. Such tests can be used, for 
example, to determine stratified genetic risk of patients with addictive behaviors upon their 
entry into a treatment facility, as information about an individual’s genetic predisposition to 
RDS based on the analysis of a number of RDS-associated alleles will be very useful.  

4.1 RDS-associated SNPs 
RDS-associated SNPs can be identified by any suitable method, including DNA sequencing 
of patients diagnosed with one or more RDS behaviors. After validation, newly identified 
RDS-associated SNPs can be used in the test. As will be appreciated, once identified and 
validated, the presence, if any, of one or more RDS-associated SNPs in the nucleic acids 
derived from a biological sample taken from a patient can be determined using any suitable 
now known or later-developed assay, including those that rely on site-specific 
hybridization, restriction enzyme analysis, or DNA sequencing. Table 2 below, lists a 
number of particularly preferred RDS- associated SNPs, whereby, the detection of which can 
be used for the GARS test. 
 

GENE SNP 

DRD2 CTGGACGTCCAGCTGGGCGCCTGCCT[C/T]GACCAGCACTTTGAGG
ATGGCTGTG 

 AGGAACTCCTTGGCCTAGCCCACCCT[G/T]CTGCCTTCTGACGGCCC
TGCAATGT 

 CTGCTTCCCACCTCCCTGCCCAGGCC[A/G]GCCAGCCTCACCCTTGC
GAACCGTG 

 GTCACTATTATGGTTTTTATTACTAT[G/T]GCTCTTTTTGAGGAATTG
GGAAATT 
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GENE SNP 

 CTGACTCTCCCCGACCCGTCCCACCA[C/T]GGTCTCCACAGCACTCC
CGACAGCC 

 CCACCAGCTGACTCTCCCCGACCCGT[C/G]CCACCACGGTCTCCAC
AGCACTCCC 

 ACCCATCTCACTGGCCCCTCCCTTTC[A/C]CCCTCTGAAGACTCCTG
CAAACACC 

 TTTTGCTGAGTGACCTTAGGCAAGTT[G/T]CTTACCTTCTATGAGCCT
GTTTCCT 

 TGTGATGAATGGGTGCCAAATACACA[A/G]ATACAGAATCTAAGA
AAACACATGG 

 CTAGAGGAAGTGATGTTCAACAGACA[A/G]ACAACTGAAGGATGT
GTAGGAATTA 

 TGGAAGTCATGTGCTTTGTATGAAAC[A/G]CCTTGGAATGCTGATA
AGTTTAATT 

 GTCTAAAGCAAATGGAACCTTTAGGG[A/G]GAGAGATTTGTGTTTG
CTGTGTCCC 

 
GAGGGGACTGGGGTCAGGCCTCATTC[A/G]GGTTCCCTAGAGTGGA
AAGGATTGG 

 
GTATCAGACAGATCTAGGCTCAAATA[A/C]CAGCTTCAGTTCTCAC
CACCTGTGT 

 
CCTGAGTGCACAGGATGCTGGAGCCT[C/T]CCAGTTTCTCTGGCTTT
CATCTCGT 

 
AATCCCCCAACCCCTCCTACCCGTT[-
/C]CAGGCCGGGGATCGCCGAGGAGGTA 

 
GAGGACCCAGCCTGCAATCACAGCTT[A/G]TTACTCTGGGTGTGGG
TGGGAGCGC 

5HT2A  
GCTCAATGGTTGCTCTAGGAAAGCAG[C/T]ATTCTGAAGAGGCTTC
TAAAGACAA 

 
CTGTGAACTCAGGAGCAAGTGCACAC[A/G]TTGCTTATCACTTACC
AGAAGCATT 

 
CTCTGGTTTTAAGCAAGTCATTTAAT[-
/C/T]GGAGTTTTTTTTCTCCCATAAAATG 

 
AAATGGTCCTACCATCTATCCAGATA[C/T]ACAGCTTAAAAACTTA
GGAGTCTCT 

 
TGCTATTTGTAATGCTGCTTATTAGA[G/T]ACATCGCTGATCCTCCTG
TCAACTC 

 
ATGAACCAAATTGCATGAGCTCTATT[A/G]TGTGCCCCTCTTGTAAT
ATAAAAAT 

 
CAGGCAGAATTTCCACAAATGAAATG[C/G]AAATTCAGATATATAT
CTCTTAATC 

 
TCACTCATAACTGAAGATCATTTCAC[C/T]TTTGAATGAGAATTTGT
CTCTGAAG 

 
TGGGCAGAGGAGGGGAAGGGTCACTG[C/T]ACTCAGGGACAAGAG
AAGGGGTGGG 

 
ATCAGTGTGGTCACTTCACTGCTTGC[C/G]AAGGATTCCATCTAATT
CTGAGGAA 

 
AGGCTCTACAGTAATGACTTTAACTC[C/T]GGAGAAGCTAACACTT
CTGATGCAT 

 
TATGTCCTCGGAGTGCTGTGAGTGTC[C/T]GGCACTTCCATCCAAAG
CCAACAGT 

ANKK1 GGAGGGGGGTCTTGCCCTCAGCCTCA[C/T]GCAGGTTGGGGTCAGC
CTGACGGGA 
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GENE SNP 

 GGAGGGGGGTCTTGCCCTCAGCCTCA[C/T]GCAGGTTGGGGTCAGC
CTGACGGGA 

 CCTGCAAGCTGTCGCTGCGCCAGCCC[A/G]GGGAGGTGAGTGTGTG
GGCTGGGCA 

 ACTTTGCAGCCCAGAATGGGGATGAC[C/G]GCACTGCGCGCCTGCT
CCTGGACCA 

OPRK1 AATTTCCCAAAAACTACAGTTTTTTT[-
/T]TCTTAGCATGCTATTCAGGTAAACA 

 TTTGCTAGGTAAGGTTCAGCACCCAT[C/T]TGCTGTGGCCTTCCTAT
GAAACGTA 

 ATGACTAGTCGTGGAGATGTCTTCGT[A/C]CAGTTCTTCGGGAAGA
GAGGAGTTC 

 GAAAACACAAGTGTGATCAAATGCCA[C/T]GGACCCACAGGAAGC
TGGTGGCTCT 

 AAGAAATTGTCTGCATATAAACAAAT[A/G]CATCACATTTCCACAA
AAGACTTTG 

 TGAGAGCTAATGTTTCAAAGAAACTT[G/T]AAATTCCCAAGATTAA
AATTATTGT 

 CCCAGTAAGTGAATTAAATACTTTCA[C/T]AGACACTCTCCATCTAG
TAGAACAA 

 TGATAGGCACTGGTTCTACAGTGAGA[C/T]ATATCTCTCCTAAGTCT
GGTGACAA 

 ACAGTGGCACGATCTCGGCTCACTGC[A/C]ACCTCCACCTCCCGGG
TTTAAGTGA 

 TTACCTGGCTAACAGTTTTCTATCTC[C/T]CACACGAGCCTGGTGGG
AGGCAGTG 

 AGCTCTTGTTATCTTACCATTCCCAC[A/G]TTGATTCTCATTTTTATC
CCTCTCC 

 TCAAGATAGCTAATTGAGAACAAGCA[C/T]GAGACTCCACTCCTGG
TCCCCAAGC 

 CCATTTTCTTTTCTTCTTTGCTTGTC[G/T]TTTTTTTCTGTTTGTTTTTCT
TTTC 

 AGAAAATAACTTTTGCTAGATTCACC[A/G]TTGGTTATAGACCTGC
ATGATCTAA

 GTGATGTTACCAGCCTGAGGGAAGGA[A/G]GGTTCACAGCCTGATA
TGTTGGTGA

 AGTTAGCTCTGGTCAAGGCTAAAAAT[C/G]AATGAGCAAAATGGC
AGTATTAACA

 AATTTTATTAGATTAAACAATTTTTA[A/G]CAGACCTCATGCTTGTT
GGAGATAA

 GGTCCAGGGTACACAACCAAGCAGCC[A/T]TGCTCTAGAGCCCAG
CAAGACAGGG

 ACTGAAGAATAATCATGCTTAACTCA[A/G]GAGAAATGCTCCACCA
GACGGGCTG 

 GCACATTTACTGTTTTGTCTAACCTG[C/T]CTAGCCATTTCAGTCAA
GCTGATTG 

 GCAATCAGAAAGAAATTCAGTTATTA[C/T]AGTATATGCAAGTCAC
ACTGCAAGC

 AATGAAACACAAATCATAATCTCTGA[A/G]GCAAATAAGAATGGA
AGGACTCCTG

 TTTAGGGCAAGTCAGAAAGTCCAAAA[A/G]TGCCTCAGATATTCTG
TGTGAGTGA

 AAAAACTGGGCCTGAGCTCAGATGAA[C/T]TGGAGAACTGAACTTT
GGCTTAGAA 
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GENE SNP 

 GAGTCATCAGCTCCCAAGGTTTTCTG[C/T]ATGGCTCTGTTTTTATGA
TTTCTGT 

 GTGTGTACTGCAGTCTGGTCCCATCG[C/T]ATTGCCTTGTGGGATTT
GGGAGTAG 

COMT  GCTCCTACGGTCCCTCAGGCTTGGAG[A/G]GTCACTTTAAACAATA
AAAAGCAAC 

 TGTGGTTACTTTCTGGAGAGAGCATG[C/T]GGCATGCAGGAGCTGG
AGGGGGGGT 

 AAAAGTTACGCTTAATAATGAATGTT[G/T]CAGCACTTTCTTCTCTT
CAGGTATT 

 CTGTGAGGCACTGAGGATGCCCTCAC[A/G]CGTGCATCTGCATGTG
GCGTGCATG 

 CTGGTTTGTGTATGTTCTTGGTAAAC[C/T]AGCCCTTGGTCTTACACA
TCATTTC 

 GCTTCCCTGTTCTCTTCTGCTCTGTC[C/T]TCTGGTGCCCTGAGGCTG
GCCTCCA 

 GGCATTTCTGAACCTTGCCCCTCTGC[A/G]AACACAAGGGGGCGAT
GGTGGCACT 

 ATAAGTAACTGTCGAGAAGATTCTCA[C/T]AGGAGACCACGTGGGT
TGCCTGAAG 

SLC6A3 
AATGTCCTCAGCTGGTTCTTCCCCCA[A/G]TGCCCTGATCCTGGGCT
CACATGTG 
 

 GAGACGAAGACCCCAGGAAGTCATCC[C/T]GCAATGGGAGAGACA
CGAACAAACC 

 AAAATCAAGTAATGATTGATTTGTAG[A/G]AGTTTGAGTGAGGCAT
CGGATCCCC 

 ACCGTGCCCAGCCCTGTGTGGGCATC[A/G]GAGGTGGTTCCCTCTG
GTCCTGTCG 

 GTCCAGGCCCCAGGAGCTGCCGCAGC[A/G]GGCAGTGGAAGGAAG
GCACGTTCAG

 CAGCTTCCCCTCCCAACACAGAGGCG[A/C]GGCCCAAGTGCAGGA
CTCACAACGG

 AAGACACAGTGACGGTATACTCATGA[C/T]GGAATATGATTCGGCC
TTAAAACAA

 AAGGCGAAGCCGGCGATGGTACGTAC[A/G]TTGGTGACGCAGAAC
AGGGACAGGA

 GCCATCGCCACGCTCCCTCTGTCCTC[A/G]GCCTGGGCCGTGGTCTT
CTTCATCA

 TGCTTCCTGCTACCAGCAGGCAGACT[C/T]GGATGGAGGTGGAGGG
GACGAGAGT

 CACGGTAAAAATACAAGGACAGTGTG[A/T]GCAGCAGAATGGCCA
GGCAGACCAC

 AGGGTTATTAGGATGCTGTGGTCATG[C/T]CGTGTGTGGATGAGTCC
ATGCTGTT

 GCCAGGCAGGGGCTGGTGGAGGTGCA[C/G]GGCCTGGAGGAACAC
AGAGCCCAGC

 AGGAGAGGACGTTTGCGCGATTCTCC[C/G]CAGATCCAGTGTTTCC
CGTCAGCCA

 GGCTCGTGGCCCTGCGGGCGGATCTT[G/T]GGAAGAGCTTGTTCAC
ACTCACCTA

 TCGAGGCAGGGCCACCGGGGACGTCC[A/G]AGAACATTGGTGATC
CCTTCCCAGG

 AATGCAGGCGTGGGACAAGGCAGCTC[C/T]GAGTCCTGCTCAATGG
TTTTGTGAC 
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GENE SNP 

 GGAGGGGGGTCTTGCCCTCAGCCTCA[C/T]GCAGGTTGGGGTCAGC
CTGACGGGA 

 CCTGCAAGCTGTCGCTGCGCCAGCCC[A/G]GGGAGGTGAGTGTGTG
GGCTGGGCA 

 ACTTTGCAGCCCAGAATGGGGATGAC[C/G]GCACTGCGCGCCTGCT
CCTGGACCA 

OPRK1 AATTTCCCAAAAACTACAGTTTTTTT[-
/T]TCTTAGCATGCTATTCAGGTAAACA 

 TTTGCTAGGTAAGGTTCAGCACCCAT[C/T]TGCTGTGGCCTTCCTAT
GAAACGTA 

 ATGACTAGTCGTGGAGATGTCTTCGT[A/C]CAGTTCTTCGGGAAGA
GAGGAGTTC 

 GAAAACACAAGTGTGATCAAATGCCA[C/T]GGACCCACAGGAAGC
TGGTGGCTCT 

 AAGAAATTGTCTGCATATAAACAAAT[A/G]CATCACATTTCCACAA
AAGACTTTG 

 TGAGAGCTAATGTTTCAAAGAAACTT[G/T]AAATTCCCAAGATTAA
AATTATTGT 

 CCCAGTAAGTGAATTAAATACTTTCA[C/T]AGACACTCTCCATCTAG
TAGAACAA 

 TGATAGGCACTGGTTCTACAGTGAGA[C/T]ATATCTCTCCTAAGTCT
GGTGACAA 

 ACAGTGGCACGATCTCGGCTCACTGC[A/C]ACCTCCACCTCCCGGG
TTTAAGTGA 

 TTACCTGGCTAACAGTTTTCTATCTC[C/T]CACACGAGCCTGGTGGG
AGGCAGTG 

 AGCTCTTGTTATCTTACCATTCCCAC[A/G]TTGATTCTCATTTTTATC
CCTCTCC 

 TCAAGATAGCTAATTGAGAACAAGCA[C/T]GAGACTCCACTCCTGG
TCCCCAAGC 

 CCATTTTCTTTTCTTCTTTGCTTGTC[G/T]TTTTTTTCTGTTTGTTTTTCT
TTTC 

 AGAAAATAACTTTTGCTAGATTCACC[A/G]TTGGTTATAGACCTGC
ATGATCTAA

 GTGATGTTACCAGCCTGAGGGAAGGA[A/G]GGTTCACAGCCTGATA
TGTTGGTGA

 AGTTAGCTCTGGTCAAGGCTAAAAAT[C/G]AATGAGCAAAATGGC
AGTATTAACA

 AATTTTATTAGATTAAACAATTTTTA[A/G]CAGACCTCATGCTTGTT
GGAGATAA

 GGTCCAGGGTACACAACCAAGCAGCC[A/T]TGCTCTAGAGCCCAG
CAAGACAGGG

 ACTGAAGAATAATCATGCTTAACTCA[A/G]GAGAAATGCTCCACCA
GACGGGCTG 

 GCACATTTACTGTTTTGTCTAACCTG[C/T]CTAGCCATTTCAGTCAA
GCTGATTG 

 GCAATCAGAAAGAAATTCAGTTATTA[C/T]AGTATATGCAAGTCAC
ACTGCAAGC

 AATGAAACACAAATCATAATCTCTGA[A/G]GCAAATAAGAATGGA
AGGACTCCTG

 TTTAGGGCAAGTCAGAAAGTCCAAAA[A/G]TGCCTCAGATATTCTG
TGTGAGTGA

 AAAAACTGGGCCTGAGCTCAGATGAA[C/T]TGGAGAACTGAACTTT
GGCTTAGAA 
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GENE SNP 

 GAGTCATCAGCTCCCAAGGTTTTCTG[C/T]ATGGCTCTGTTTTTATGA
TTTCTGT 

 GTGTGTACTGCAGTCTGGTCCCATCG[C/T]ATTGCCTTGTGGGATTT
GGGAGTAG 

COMT  GCTCCTACGGTCCCTCAGGCTTGGAG[A/G]GTCACTTTAAACAATA
AAAAGCAAC 

 TGTGGTTACTTTCTGGAGAGAGCATG[C/T]GGCATGCAGGAGCTGG
AGGGGGGGT 

 AAAAGTTACGCTTAATAATGAATGTT[G/T]CAGCACTTTCTTCTCTT
CAGGTATT 

 CTGTGAGGCACTGAGGATGCCCTCAC[A/G]CGTGCATCTGCATGTG
GCGTGCATG 

 CTGGTTTGTGTATGTTCTTGGTAAAC[C/T]AGCCCTTGGTCTTACACA
TCATTTC 

 GCTTCCCTGTTCTCTTCTGCTCTGTC[C/T]TCTGGTGCCCTGAGGCTG
GCCTCCA 

 GGCATTTCTGAACCTTGCCCCTCTGC[A/G]AACACAAGGGGGCGAT
GGTGGCACT 

 ATAAGTAACTGTCGAGAAGATTCTCA[C/T]AGGAGACCACGTGGGT
TGCCTGAAG 

SLC6A3 
AATGTCCTCAGCTGGTTCTTCCCCCA[A/G]TGCCCTGATCCTGGGCT
CACATGTG 
 

 GAGACGAAGACCCCAGGAAGTCATCC[C/T]GCAATGGGAGAGACA
CGAACAAACC 

 AAAATCAAGTAATGATTGATTTGTAG[A/G]AGTTTGAGTGAGGCAT
CGGATCCCC 

 ACCGTGCCCAGCCCTGTGTGGGCATC[A/G]GAGGTGGTTCCCTCTG
GTCCTGTCG 

 GTCCAGGCCCCAGGAGCTGCCGCAGC[A/G]GGCAGTGGAAGGAAG
GCACGTTCAG

 CAGCTTCCCCTCCCAACACAGAGGCG[A/C]GGCCCAAGTGCAGGA
CTCACAACGG

 AAGACACAGTGACGGTATACTCATGA[C/T]GGAATATGATTCGGCC
TTAAAACAA

 AAGGCGAAGCCGGCGATGGTACGTAC[A/G]TTGGTGACGCAGAAC
AGGGACAGGA

 GCCATCGCCACGCTCCCTCTGTCCTC[A/G]GCCTGGGCCGTGGTCTT
CTTCATCA

 TGCTTCCTGCTACCAGCAGGCAGACT[C/T]GGATGGAGGTGGAGGG
GACGAGAGT

 CACGGTAAAAATACAAGGACAGTGTG[A/T]GCAGCAGAATGGCCA
GGCAGACCAC

 AGGGTTATTAGGATGCTGTGGTCATG[C/T]CGTGTGTGGATGAGTCC
ATGCTGTT

 GCCAGGCAGGGGCTGGTGGAGGTGCA[C/G]GGCCTGGAGGAACAC
AGAGCCCAGC

 AGGAGAGGACGTTTGCGCGATTCTCC[C/G]CAGATCCAGTGTTTCC
CGTCAGCCA

 GGCTCGTGGCCCTGCGGGCGGATCTT[G/T]GGAAGAGCTTGTTCAC
ACTCACCTA

 TCGAGGCAGGGCCACCGGGGACGTCC[A/G]AGAACATTGGTGATC
CCTTCCCAGG

 AATGCAGGCGTGGGACAAGGCAGCTC[C/T]GAGTCCTGCTCAATGG
TTTTGTGAC 
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340 

GENE SNP 

 GAGCTCATCCTTGTCAAGGAGCAGAA[C/T]GGAGTGCAGCTCACCA
GCTCCACCC 

 GTGGGGAGGGGTGCAGGGGAAGGAGG[A/G]GCAAACCAGAGTGT
CTGTCTTGAGG 

 AAACACGCTGCTGCTGGATCCAAATG[A/C]CAGAAGTCGCCCTGGC
TGGGGCGGT 

 CTGCGCGCTGGTGCTCTGGGCAGGGC[G/T]GGGAGGCCGGGCGAG
GACTCGCCAG 

 GGAGCCAGGACGCGAGGGCGACCCCG[A/T]CGGCGGGAGGGCGG
GGCGGGGCGGA 

HTR3B CCTTTACAGCCTTTACCTAAGGCAGT[A/G]CTCTTGCTGACATTCAG
GACACTAA 

 TTTGGCCTTCTCTCTTGGGCCAAGGA[A/G]TTTCTGCTCTATTGCATG
TTCTCAT 

 GAGAGCTCCTTGGAGATGGAATAGGC[C/T]CCAAGGTTAGCCTGTA
ATTGCCTCC 

 CCTTAGCACCTGTGTGTCTATCATTC[C/T]GGGCAGGAAAACTTGCA
CAATTAAA 

PPARG AAACTCTGGGAGATTCTCCTATTGAC[C/G]CAGAAAGCGATTCCTT
CACTGATAC 

 AGGATTTTCTTACATTTAAAGCAGAA[C/T]GACACTACTGATACAC
AAAAGTAAA 

 GAGAAATCTTCGGAGGGCTCACCAGC[A/G]TCACAAGTAGGTAGA
CCAGAAGAGG 

 GTTTACAGACCTTGTCAGAGTTGGTA[C/G]TAATTCCAGAATATAAT
CATTTCAA 

 TGGTTGACACAGAGATGCCATTCTGG[C/G]CCACCAACTTTGGGAT
CAGCTCCGT 

 GATTTATTTAAATCATCTCTAATTCT[C/T]ACAACTCCGAAAAGATA
AGAAAACA 

 AGGATTTTCTTACATTTAAAGCAGAA[C/T]GACACTACTGATACAC
AAAAGTAAA 

 GTTGGGGATCCAGTTGGCCTCATTCT[A/G]AGCTGGCTGTGGATTCA
CAGAAGAA

 AAGATACGGGGGAGGAAATTCACTGG[A/G]TTTTACAATATATTTT
TCAAGGCAA

 GAGAAATCTTCGGAGGGCTCACCAGC[A/G]TCACAAGTAGGTAGA
CCAGAAGAGG

ChREBP GACAAAAAGCAATTGAGGTCCAGGAG[C/G]TGCCGCCCACCCGGC
TCCTCCTCTG

FTO GCTGTCAGCACCTGGTACAAATACCA[A/G]GATAGGGTTTTTGGGG
CCACATTTT

 GCATGCCAGTTGCCCACTGTGGCAAT[A/C]AATATCTGAGCCTGTG
GTTTTTGCC

 AGGTTCCTTGCGACTGCTGTGAATTT[A/T]GTGATGCACTTGGATAG
TCTCTGTT 

 GATGACAACATGCAAACTTTATGGCC[A/G]GAAACCAAAGAGTCA
GGCAAAATAT

 AAAAGAAAGTAAACATATTTAAGGTC[A/G]TAAATAAGGCCATGT
CTAATAGTGA 

 AGGAATGTTCTGATGGCTTGGCCCAG[G/T]TGGTGACTGTGCAGAT
AGACTGAAG

 
TCAGCACCCAAGGGACCATCAAAGAG[A/G]CTGTTGTGGAGAGGG
AATCCGAAGG 
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GENE SNP 

 TGGAGTGTTTTTCCTTCACCTTTTCC[A/G]GTCTCTGGGTTGCATCGC
CAGACTG 

 TGTCTAGCCCTGTGGGTTTACATTAG[A/T]TAGGGTAGGTTATTGCT
GCAACGTA 

 CTATCCAGGATGGCTCTAAAGGGACT[C/T]CGCTATAGGTTGGGGC
TATGATAGA 

 GCTTATATTCAAAGCTCCAGGTAAAT[A/G]TAAGATGTTGCTATAAT
TACCTAAG 

 GGTAGGCAGGTGGATCTGAAATCTCA[C/T]ATAGTACCAAGACACG
TGACTAGGA 

 TTGATTCTTATACTTTTTTGTTTAGT[C/T]GTTGAAATATGTTGTTTTG
GTTGAA 

 AATTAGGAAGATTTGAGTAGCTAAAA[A/G]TTCCAAGAGTGGAAT
AATAGTTTTA 

 TTTGGTGCACTCCCAATTTACTCTAA[A/T]CTTCTACGGGCTTCCTTG
GAGAAAC 

 GACCTGAAAATAGGTGAGCTGTCAAG[G/T]TGTTGGCAGGGAGAG
GCTCCTCTGG 

 TGGTTCACTGCATATTCCCAGTAATT[C/G]GAACAATGCCTGACATG
AAGTAGAC 

 TTAGAATGTCTGAATTATTATTCTAG[A/G]TTCCTTGCGACTGCTGTG
AATTTTG 

 TTGATTTCGGTAGTCATAACACCACC[C/T]TGGAAGGCACCCTAGA
TAGAGGTCA 

 TTCATTCTACCTGTCTTTAGTATCAT[A/G]GGGGTAGTTACCTCAGC
GGGGGTAG 

 TTGCTCAAGGTCACACAGTAACCTTA[A/G]GTAGGCAGGATAAGCT
CTGGTTCTG 

 TATGATGGTTAGGTTAGGTTGCAAGT[C/T]TTGGAATATATGCAGAG
GAATAACT 

 TTATAAACCTCTAAAATAGTTACTAA[A/G]TAAGTTATTCTTTTAGG
TATTTTTC 

 TTTTATTTCCGCAATCACTCCCTAAT[C/G]TTTATTTCTTTTTTGCTTC
GCATCA 

 TAGCATTTTTCTGGAGCGTAATTTCA[C/T]AATGTGAATCAGAAGTC
TTAATAGT 

 GAGCACAGGTGGAGAGAAAGGGGAGT[A/G]AGAGAAGCAAAGAA
GAAAAGCCTTT

 TAGGGACACAAAAAGGGACATACTAC[A/G]TGAATTACTAATATCT
AAGAAAATA

 ATGAATTACTAATATCTAAGAAAATA[C/T]GATACATTTGAGAACT
TAGATGAAG

 GAAATGTGGTGTAGACGTGACCCAGG[A/G]GGAAATGAGTTTTGTT
GGACAGATT

 CTACATCTCCTACTTAGCCGAGGTCT[C/T]TTCACTCTCTGGGCAAG
TCTCCTCA

 ACACGGCTGAAGAGTCAGGAGTGGGA[C/T]GAAAAATACACTTCA
TTTGTAGGTG

 GCACATTTATGCCTTTTATATGCCAC[A/G]TACACACGAAAACTccat
atattct

 AGAGTGAATAAAATTATTTCTAAATT[C/T]ATGCTTCATACCGTGTG
TAATTTAG

 TGTTGCAACAGAGATGATGGCAGTTT[C/T]GGCCACGGTGTAAGAA
GCAGAGGTG 
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340 

GENE SNP 

 GAGCTCATCCTTGTCAAGGAGCAGAA[C/T]GGAGTGCAGCTCACCA
GCTCCACCC 

 GTGGGGAGGGGTGCAGGGGAAGGAGG[A/G]GCAAACCAGAGTGT
CTGTCTTGAGG 

 AAACACGCTGCTGCTGGATCCAAATG[A/C]CAGAAGTCGCCCTGGC
TGGGGCGGT 

 CTGCGCGCTGGTGCTCTGGGCAGGGC[G/T]GGGAGGCCGGGCGAG
GACTCGCCAG 

 GGAGCCAGGACGCGAGGGCGACCCCG[A/T]CGGCGGGAGGGCGG
GGCGGGGCGGA 

HTR3B CCTTTACAGCCTTTACCTAAGGCAGT[A/G]CTCTTGCTGACATTCAG
GACACTAA 

 TTTGGCCTTCTCTCTTGGGCCAAGGA[A/G]TTTCTGCTCTATTGCATG
TTCTCAT 

 GAGAGCTCCTTGGAGATGGAATAGGC[C/T]CCAAGGTTAGCCTGTA
ATTGCCTCC 

 CCTTAGCACCTGTGTGTCTATCATTC[C/T]GGGCAGGAAAACTTGCA
CAATTAAA 

PPARG AAACTCTGGGAGATTCTCCTATTGAC[C/G]CAGAAAGCGATTCCTT
CACTGATAC 

 AGGATTTTCTTACATTTAAAGCAGAA[C/T]GACACTACTGATACAC
AAAAGTAAA 

 GAGAAATCTTCGGAGGGCTCACCAGC[A/G]TCACAAGTAGGTAGA
CCAGAAGAGG 

 GTTTACAGACCTTGTCAGAGTTGGTA[C/G]TAATTCCAGAATATAAT
CATTTCAA 

 TGGTTGACACAGAGATGCCATTCTGG[C/G]CCACCAACTTTGGGAT
CAGCTCCGT 

 GATTTATTTAAATCATCTCTAATTCT[C/T]ACAACTCCGAAAAGATA
AGAAAACA 

 AGGATTTTCTTACATTTAAAGCAGAA[C/T]GACACTACTGATACAC
AAAAGTAAA 

 GTTGGGGATCCAGTTGGCCTCATTCT[A/G]AGCTGGCTGTGGATTCA
CAGAAGAA

 AAGATACGGGGGAGGAAATTCACTGG[A/G]TTTTACAATATATTTT
TCAAGGCAA

 GAGAAATCTTCGGAGGGCTCACCAGC[A/G]TCACAAGTAGGTAGA
CCAGAAGAGG

ChREBP GACAAAAAGCAATTGAGGTCCAGGAG[C/G]TGCCGCCCACCCGGC
TCCTCCTCTG

FTO GCTGTCAGCACCTGGTACAAATACCA[A/G]GATAGGGTTTTTGGGG
CCACATTTT

 GCATGCCAGTTGCCCACTGTGGCAAT[A/C]AATATCTGAGCCTGTG
GTTTTTGCC

 AGGTTCCTTGCGACTGCTGTGAATTT[A/T]GTGATGCACTTGGATAG
TCTCTGTT 

 GATGACAACATGCAAACTTTATGGCC[A/G]GAAACCAAAGAGTCA
GGCAAAATAT

 AAAAGAAAGTAAACATATTTAAGGTC[A/G]TAAATAAGGCCATGT
CTAATAGTGA 

 AGGAATGTTCTGATGGCTTGGCCCAG[G/T]TGGTGACTGTGCAGAT
AGACTGAAG

 
TCAGCACCCAAGGGACCATCAAAGAG[A/G]CTGTTGTGGAGAGGG
AATCCGAAGG 
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GENE SNP 

 TGGAGTGTTTTTCCTTCACCTTTTCC[A/G]GTCTCTGGGTTGCATCGC
CAGACTG 

 TGTCTAGCCCTGTGGGTTTACATTAG[A/T]TAGGGTAGGTTATTGCT
GCAACGTA 

 CTATCCAGGATGGCTCTAAAGGGACT[C/T]CGCTATAGGTTGGGGC
TATGATAGA 

 GCTTATATTCAAAGCTCCAGGTAAAT[A/G]TAAGATGTTGCTATAAT
TACCTAAG 

 GGTAGGCAGGTGGATCTGAAATCTCA[C/T]ATAGTACCAAGACACG
TGACTAGGA 

 TTGATTCTTATACTTTTTTGTTTAGT[C/T]GTTGAAATATGTTGTTTTG
GTTGAA 

 AATTAGGAAGATTTGAGTAGCTAAAA[A/G]TTCCAAGAGTGGAAT
AATAGTTTTA 

 TTTGGTGCACTCCCAATTTACTCTAA[A/T]CTTCTACGGGCTTCCTTG
GAGAAAC 

 GACCTGAAAATAGGTGAGCTGTCAAG[G/T]TGTTGGCAGGGAGAG
GCTCCTCTGG 

 TGGTTCACTGCATATTCCCAGTAATT[C/G]GAACAATGCCTGACATG
AAGTAGAC 

 TTAGAATGTCTGAATTATTATTCTAG[A/G]TTCCTTGCGACTGCTGTG
AATTTTG 

 TTGATTTCGGTAGTCATAACACCACC[C/T]TGGAAGGCACCCTAGA
TAGAGGTCA 

 TTCATTCTACCTGTCTTTAGTATCAT[A/G]GGGGTAGTTACCTCAGC
GGGGGTAG 

 TTGCTCAAGGTCACACAGTAACCTTA[A/G]GTAGGCAGGATAAGCT
CTGGTTCTG 

 TATGATGGTTAGGTTAGGTTGCAAGT[C/T]TTGGAATATATGCAGAG
GAATAACT 

 TTATAAACCTCTAAAATAGTTACTAA[A/G]TAAGTTATTCTTTTAGG
TATTTTTC 

 TTTTATTTCCGCAATCACTCCCTAAT[C/G]TTTATTTCTTTTTTGCTTC
GCATCA 

 TAGCATTTTTCTGGAGCGTAATTTCA[C/T]AATGTGAATCAGAAGTC
TTAATAGT 

 GAGCACAGGTGGAGAGAAAGGGGAGT[A/G]AGAGAAGCAAAGAA
GAAAAGCCTTT

 TAGGGACACAAAAAGGGACATACTAC[A/G]TGAATTACTAATATCT
AAGAAAATA

 ATGAATTACTAATATCTAAGAAAATA[C/T]GATACATTTGAGAACT
TAGATGAAG

 GAAATGTGGTGTAGACGTGACCCAGG[A/G]GGAAATGAGTTTTGTT
GGACAGATT

 CTACATCTCCTACTTAGCCGAGGTCT[C/T]TTCACTCTCTGGGCAAG
TCTCCTCA

 ACACGGCTGAAGAGTCAGGAGTGGGA[C/T]GAAAAATACACTTCA
TTTGTAGGTG

 GCACATTTATGCCTTTTATATGCCAC[A/G]TACACACGAAAACTccat
atattct

 AGAGTGAATAAAATTATTTCTAAATT[C/T]ATGCTTCATACCGTGTG
TAATTTAG

 TGTTGCAACAGAGATGATGGCAGTTT[C/T]GGCCACGGTGTAAGAA
GCAGAGGTG 
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GENE SNP 

 ACATCTGCCTTCCCAGAGAAAGGAAA[A/G]TCAATGTTTAAAGTCT
ATTTAAAAA 

TNF Alpha GGGAAGCAAAGGAGAAGCTGAGAAGA[C/T]GAAGGAAAAGTCAG
GGTCTGGAGGG 

 GGAGGCAATAGGTTTTGAGGGGCATG[A/G]GGACGGGGTTCAGCC
TCCAGGGTCC 

 TGGCCCAGAAGACCCCCCTCGGAATC[A/G]GAGCAGGGAGGATGG
GGAGTGTGAG 

 TCTTTCTGCATCCCCGTCTTTCTCCA[C/T]GTTTTTTTCTCTCCATCCC
TCCCTA 

 GTTGAATGCCTGGAAGGTGAATACAC[A/G]GATGAATGGAGAGAG
AAAACCAGAC 

MANEA CATTTTACAATAGATAAATGCTTGTG[C/T]TACCTAAAGCACTTAGC
ACACAGTT 

Leptin OB GCTCTGGGAATGTCTATCCTATGCAA[C/T]GGAGATAAGGACTGAG
ATACGCCCT 

 ATGCAATGGAGATAAGGACTGAGATA[C/T]GCCCTGGTCTCCTGCA
GTACCCTCA 

 GGAGCCCCGTAGGAATCGCAGCGCCA[A/G]CGGTTGCAAGGTAAG
GCCCCGGCGC 

 AAGTTCCTGACCTCTGAATGAGAGGG[A/G]CTGTGTAAGGCCAATG
CCTGGGAGG 

 AATAAAAATAAATGTTCTTCCTTGCA[A/T]TGAAGTTAAATATGTAA
ATTCTCAA 

 ACTTAGGTATTAGAGGGTGGCCATTA[C/T]TTGAGAGTGACTATGA
CCACAGTTA 

 TGGGTGAATGTGTTATGCTCTCTCCC[A/G]CCACCATGTCTTTATAC
CCCCTGAT 

 CTCCCAGTGGGTGGGAGAGAAAGGAC[A/G]TAAGGAAGCAAGTGG
TAAAGGCCCT 

PEMT ATCCCTTCACCAGAGTGATTTCCTCG[A/C]GGCAGGTGCCTGGGGT
AGCCACTGG 

 GGACTGCCTGGTTGTGCTTCGGACCC[A/G]GAGGCAGACAGAGGA
GGCCTTTGAA 

MAO-A CCCACTAGGCAAGCCTCCTAAAAGCA[A/G]TATGGTTGTAGATCAC
TGGAAAATA

 GTAAACATGCAAACTGAAACATTAGC[A/G]CCCATTTATTCAGCAT
CTTAGAAGA

 GAGTGAAGGCCAGGTACAGAGGAAAT[A/G]AAGCATTCCAAATAA
TGCCAGGTAA

 CCAAAGTTAACTTGTGAACCCTTCTA[A/G]TAAACTGCTCCAAGAT
ATGACAAAA

 GTTTGCCATGGATGAACCACCAGGAT[A/G]GTGGGGGAGACAGAA
AAGGTTGATG

 GGAAAATTCCCCTTCCCCTAAGACAT[C/T]CACCCTTCTGGTTTGGG
TAATTCCT

 GCAGAGAGAAACCAGTTAATTCAGCG[G/T]CTTCCAATGGGAGCTG
TCATTAAGT

 GTGCATGATGTATTACAAGGAGGCC[G/T]TCTGGAAGAAGAAGGGT
AGGCTGCT

 AGAGAAGGAAGTGGTGTCCCCACAAA[G/T]GAATTGCTAAGGAGT
TCCACAGCCT

 AAGAGAAAACAAAGCTGAAATGCTGC[A/G]AGTCAATAATATCGT
TGCTTTAACA 
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GENE SNP 

 TTTGACAACTATTTCTAGAATTTGCA[C/T]TGAACTCTGCTTTTCCTT
TTAAATT 

 GGTCTCGGGAAGGTGACCGAGAAAGA[C/T]ATCTGGGTACAAGAA
CCTGAATCAA 

CRH CTGTCCCACAACATGGGGTCTTACAG[C/T]TCTTTGATGTATCCCCC
CACAGGGG 

 GCCTCTGGGGTCACCAGGTACATCTT[C/T]GATCTTGGCCACACTGG
AGAGTCAA 

 TTTCTAAACACAGAGGACTGGTGTTG[C/T]GTTATGCAAAGAAAAA
TGCTTCTTA 

 AAGACACTCAGGTGCAGGGACCCTCT[A/C]CATTTTTGCCCAGCAG
CAGCCATGC 

 AGGGCCAGGAACCATGAACCAGCGCG[G/T]GTGGGGGCAGCCTCT
TCAGGCCTGG 

 GGCACACCAGTCCTTTTGAGCCCCAG[C/T]GTCCCCAGGTTAATAA
CCTAGAATT 

 
TGAACACGGAGGCCACACAAGAGTGG[A/G]TTCCAAGTGAAGGAG
TGACCAACTC 

 TCCTTTCCTGGGATCACAGAGGGAAG[C/T]GCGGGGGAGCCTAGAG
AGCACCACA 

 TACAGGTGAAGGAAAGTGATTCTTTC[C/T]CCGTTAACTTTGTTTCA
CGCCAGAT 

 CCCCCAACCAGAGATGATGATGGGGG[A/G]CAGGGGAGGCACCAA
ACCCTGGGCC 

 AGCAGCATACCCCTAGGGACCTAGGA[A/G]CAGGGAGGGAGAGA
GGCAGCCCTGG 

 CAGCTGGCACTGACAGCCTGGGGGGG[-
/C/G]CGCTCTCCCCCTGCAGCCGTGCAGG 

 GAGCACAAGAAGGCCAGCCCACTGGG[C/G]CCTGGGGCTGCCCTC
GGCAACCGTG 

 CTGCTTCCCACCAATCAGCACAGCTC[A/C]TGCCTGGGGCTGGGAC
ACACTCCCG

ADIPOQ ATCAGAATGTGTGGCTTGCAAGAACC[A/G]GCTCAGATCCTGCCCT
TCAAAAACA

 GTTCTACTGCTATTAGCTCTGCCCGG[G/T]CATGACCAGGAAACCA
CGACTCAAG

STS GATGACAAGCCAGGCAGGGAGGAATG[A/G]ACCTGGATTCCTGGT
GAAGGACGTG

VDR GTCAGCGATTCTTAATATAAGAAAAA[A/G]TGGTGAAATGTGTTTA
GAGTGTGCT

 CCTGGGGTGCAGGACGCCGCGCTGAT[C/T]GAGGCCATCCAGGACC
GCCTGTCCA

 GTTCCTGGGGCCACAGACAGGCCTGC[A/G]CATTCCCAATACTCAG
GCTCTGCTC

 CATAAGACCTACGACCCCACCTACTC[C/T]GACTTCTGCCAGTTCCG
GCCTCCAG

 TGGCCTGCTTGCTGTTCTTACAGGGA[C/T]GGAGGCAATGGCGGCC
AGCACTTCC

 TGTGGGGGTGGGCCAGCCCAGCTTAG[A/G]TTATCTTGGCTCATTGT
CCACTAGT

DBI TCTGTCCTCAGGCCAGGGCTTCGCTG[A/C]AGCCCCGGCCACTCCCT
AGTGCCTG 

 TACGAACTCACTGTAAAACTCACCTT[C/T]GCCATAAGACCTTCTTC
AACTAAGT 
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GENE SNP 

 ACATCTGCCTTCCCAGAGAAAGGAAA[A/G]TCAATGTTTAAAGTCT
ATTTAAAAA 

TNF Alpha GGGAAGCAAAGGAGAAGCTGAGAAGA[C/T]GAAGGAAAAGTCAG
GGTCTGGAGGG 

 GGAGGCAATAGGTTTTGAGGGGCATG[A/G]GGACGGGGTTCAGCC
TCCAGGGTCC 

 TGGCCCAGAAGACCCCCCTCGGAATC[A/G]GAGCAGGGAGGATGG
GGAGTGTGAG 

 TCTTTCTGCATCCCCGTCTTTCTCCA[C/T]GTTTTTTTCTCTCCATCCC
TCCCTA 

 GTTGAATGCCTGGAAGGTGAATACAC[A/G]GATGAATGGAGAGAG
AAAACCAGAC 

MANEA CATTTTACAATAGATAAATGCTTGTG[C/T]TACCTAAAGCACTTAGC
ACACAGTT 

Leptin OB GCTCTGGGAATGTCTATCCTATGCAA[C/T]GGAGATAAGGACTGAG
ATACGCCCT 

 ATGCAATGGAGATAAGGACTGAGATA[C/T]GCCCTGGTCTCCTGCA
GTACCCTCA 

 GGAGCCCCGTAGGAATCGCAGCGCCA[A/G]CGGTTGCAAGGTAAG
GCCCCGGCGC 

 AAGTTCCTGACCTCTGAATGAGAGGG[A/G]CTGTGTAAGGCCAATG
CCTGGGAGG 

 AATAAAAATAAATGTTCTTCCTTGCA[A/T]TGAAGTTAAATATGTAA
ATTCTCAA 

 ACTTAGGTATTAGAGGGTGGCCATTA[C/T]TTGAGAGTGACTATGA
CCACAGTTA 

 TGGGTGAATGTGTTATGCTCTCTCCC[A/G]CCACCATGTCTTTATAC
CCCCTGAT 

 CTCCCAGTGGGTGGGAGAGAAAGGAC[A/G]TAAGGAAGCAAGTGG
TAAAGGCCCT 

PEMT ATCCCTTCACCAGAGTGATTTCCTCG[A/C]GGCAGGTGCCTGGGGT
AGCCACTGG 

 GGACTGCCTGGTTGTGCTTCGGACCC[A/G]GAGGCAGACAGAGGA
GGCCTTTGAA 

MAO-A CCCACTAGGCAAGCCTCCTAAAAGCA[A/G]TATGGTTGTAGATCAC
TGGAAAATA

 GTAAACATGCAAACTGAAACATTAGC[A/G]CCCATTTATTCAGCAT
CTTAGAAGA

 GAGTGAAGGCCAGGTACAGAGGAAAT[A/G]AAGCATTCCAAATAA
TGCCAGGTAA

 CCAAAGTTAACTTGTGAACCCTTCTA[A/G]TAAACTGCTCCAAGAT
ATGACAAAA

 GTTTGCCATGGATGAACCACCAGGAT[A/G]GTGGGGGAGACAGAA
AAGGTTGATG

 GGAAAATTCCCCTTCCCCTAAGACAT[C/T]CACCCTTCTGGTTTGGG
TAATTCCT

 GCAGAGAGAAACCAGTTAATTCAGCG[G/T]CTTCCAATGGGAGCTG
TCATTAAGT

 GTGCATGATGTATTACAAGGAGGCC[G/T]TCTGGAAGAAGAAGGGT
AGGCTGCT

 AGAGAAGGAAGTGGTGTCCCCACAAA[G/T]GAATTGCTAAGGAGT
TCCACAGCCT

 AAGAGAAAACAAAGCTGAAATGCTGC[A/G]AGTCAATAATATCGT
TGCTTTAACA 
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GENE SNP 

 TTTGACAACTATTTCTAGAATTTGCA[C/T]TGAACTCTGCTTTTCCTT
TTAAATT 

 GGTCTCGGGAAGGTGACCGAGAAAGA[C/T]ATCTGGGTACAAGAA
CCTGAATCAA 

CRH CTGTCCCACAACATGGGGTCTTACAG[C/T]TCTTTGATGTATCCCCC
CACAGGGG 

 GCCTCTGGGGTCACCAGGTACATCTT[C/T]GATCTTGGCCACACTGG
AGAGTCAA 

 TTTCTAAACACAGAGGACTGGTGTTG[C/T]GTTATGCAAAGAAAAA
TGCTTCTTA 

 AAGACACTCAGGTGCAGGGACCCTCT[A/C]CATTTTTGCCCAGCAG
CAGCCATGC 

 AGGGCCAGGAACCATGAACCAGCGCG[G/T]GTGGGGGCAGCCTCT
TCAGGCCTGG 

 GGCACACCAGTCCTTTTGAGCCCCAG[C/T]GTCCCCAGGTTAATAA
CCTAGAATT 

 
TGAACACGGAGGCCACACAAGAGTGG[A/G]TTCCAAGTGAAGGAG
TGACCAACTC 

 TCCTTTCCTGGGATCACAGAGGGAAG[C/T]GCGGGGGAGCCTAGAG
AGCACCACA 

 TACAGGTGAAGGAAAGTGATTCTTTC[C/T]CCGTTAACTTTGTTTCA
CGCCAGAT 

 CCCCCAACCAGAGATGATGATGGGGG[A/G]CAGGGGAGGCACCAA
ACCCTGGGCC 

 AGCAGCATACCCCTAGGGACCTAGGA[A/G]CAGGGAGGGAGAGA
GGCAGCCCTGG 

 CAGCTGGCACTGACAGCCTGGGGGGG[-
/C/G]CGCTCTCCCCCTGCAGCCGTGCAGG 

 GAGCACAAGAAGGCCAGCCCACTGGG[C/G]CCTGGGGCTGCCCTC
GGCAACCGTG 

 CTGCTTCCCACCAATCAGCACAGCTC[A/C]TGCCTGGGGCTGGGAC
ACACTCCCG

ADIPOQ ATCAGAATGTGTGGCTTGCAAGAACC[A/G]GCTCAGATCCTGCCCT
TCAAAAACA

 GTTCTACTGCTATTAGCTCTGCCCGG[G/T]CATGACCAGGAAACCA
CGACTCAAG

STS GATGACAAGCCAGGCAGGGAGGAATG[A/G]ACCTGGATTCCTGGT
GAAGGACGTG

VDR GTCAGCGATTCTTAATATAAGAAAAA[A/G]TGGTGAAATGTGTTTA
GAGTGTGCT

 CCTGGGGTGCAGGACGCCGCGCTGAT[C/T]GAGGCCATCCAGGACC
GCCTGTCCA

 GTTCCTGGGGCCACAGACAGGCCTGC[A/G]CATTCCCAATACTCAG
GCTCTGCTC

 CATAAGACCTACGACCCCACCTACTC[C/T]GACTTCTGCCAGTTCCG
GCCTCCAG

 TGGCCTGCTTGCTGTTCTTACAGGGA[C/T]GGAGGCAATGGCGGCC
AGCACTTCC

 TGTGGGGGTGGGCCAGCCCAGCTTAG[A/G]TTATCTTGGCTCATTGT
CCACTAGT

DBI TCTGTCCTCAGGCCAGGGCTTCGCTG[A/C]AGCCCCGGCCACTCCCT
AGTGCCTG 

 TACGAACTCACTGTAAAACTCACCTT[C/T]GCCATAAGACCTTCTTC
AACTAAGT 
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GENE SNP 

 ACAGAGTTTACGAACTCACTGTAAAA[C/T]TCACCTTCGCCATAAG
ACCTTCTTC 

 GGAGAGAAAACAAAGTCAATGGGGCA[C/T]GTGTGGGAAACCAGC
CTGACCTGTG 

 TTACAGGGACTTCCAAGGAAGATGCC[A/G]TGAAAGCTTACATCAA
CAAAGTAGA 

GABRA6 TTGGGAAAGGAGAGTCTGAAGGGACA[A/G]TGCATGGTCGGAGAG
CAGTGACAAT 

 AAATTGGAAATCTGTAACGCAGCTTC[C/T]GTAAGCATGTGTGGGC
AAAAAAGCA 

 TTCTTTCCATCTGGCACCTATTTATT[C/G]ACTATTTATGCATTCGTT
GAATTAT 

 CTCTTTCACCATTGACAAATATTTAT[G/T]GACGACTTACTTTCTATG
TAAGGTC 

GABRB3 CGTTCAGTTTAGTAAGCAAAGGCTTC[C/T]TGGCTTCTCTGGTGATG
GGGTTTGT 

 AGCTTACCATTTAAGTAGAACTGTTT[A/G]AGATGCTGGACATTCTA
ATACAATC 

 CCAAATCTGAAATTTACTTGTCACTT[C/T]AGAGTTGTCTTTGAACG
GAAAGATT 

 TCTGTTGAGTGATAATCTTTCTCGCA[A/G]ATAACTCACAATATTTA
AAAATTGT 

 AAGAACTCTTCCATGATTGAAATGGT[A/C]GCACATGGAATAACAT
CGATAAGTT 

 ACAGCAGGTTGGAGCACAGGGCCTAA[A/G]TGGGAGGCCAGGGAG
GTGGGCAGAG 

 ATTGCTGATTTTCAGGCAAACTATGT[A/T]ACATGGCTTTCAATGGG
TGCTTGGC 

MTHFR GAAGCAGTTAGTTCTGACACCAACAA[A/G]TGGTGATAAGAGGTTG
ATAGCCTAG 

 GTGGGGGGAGGAGCTGACCAGTGAAG[A/C]AAGTGTCTTTGAAGT
CTTTGTTCTT 

 CTTGAAGGAGAAGGTGTCTGCGGGAG[C/T]CGATTTCATCATCACG
CAGCTTTTC 

 AGATGTTCCACCCCGGGCCTGGACCC[C/T]GAGCGGCATGAGA 

MLXIPL GACAAAAAGCAATTGAGGTCCAGGAG[C/G]TGCCGCCCACCCGGC
TCCTCCTCTG 

 CAGGTAACTGACCCTTCACACATTTA[C/T]GGTGCCCATCTGACATT
CATAGCAT 

VEGF GCGCGCGGGCGTGCGAGCAGCGAAAG[C/G]GACAGGGGCAAAGT
GAGTGACCTGC 

 AGACATGTCCCATTTGTGGGAACTGT[A/G]ACCCTTCCTGTGTGAGC
TGGAGGCA 

 AGACATGTCCCATTTGTGGGAACTGT[A/G]ACCCTTCCTGTGTGAGC
TGGAGGCA 

 ACATCCTGAGGTGTGTTCTCTTGGGC[C/T]TGGCAGGCATGGAGAG
CTCTGGTTC 

 AGCATTCCCGGGCGGGTGACCCAGCA[C/T]GGTCCCTCTTGGAATT
GGATTCGCC 

 ATCCTCTTCCTGCTCCCCTTCCTGGG[A/G]TGCAGCCTAAAAGGACC
TATGTCCT 

Table 2. RDS-associated SNPs. 
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4.2 Testing parameters and assay requirements: a note on methodology 
A common class of experiments, known as a multiplexed assay or multiplexed biochemical 
experiment, comprises of reacting a sample known or suspected to contain one more target 
analyte species with a set of “probe” molecules. Multiplexing allows two or more, often 
many more (e.g., 10, 50, 100, 1,000 or more), target analyte species to be probed 
simultaneously (i.e., in parallel). Genome Wide scans have now been used to identify gene 
clusters in alcohol and drug addiction (Agrawal et al., 2010). For example, in a gene 
expression assay, each species of target analyte, usually a nucleic acid (i.e., DNA or RNA) of 
known nucleotide sequence but whose presence in a particular sample is suspected but is 
not known with certainty, can be detected using a short probe nucleic acid (e.g., a 
synthetically produced oligonucleotide) having a nucleotide sequence at least a portion of 
which is sufficiently complementary to the target sequence in the particular target analyte to 
allow stable hybridization under the various assay conditions used (including hybridization 
and stringent washing conditions) so that probe/target hybrids can later be detected using a 
desired detection scheme. As those in the art appreciate, such assays can involve those 
wherein target analyte species are labeled (or not) with a detectable label or wherein the 
various target analyte-specific probe species are labeled (directly or indirectly) with any 
suitable label that can be detected by the detector used with the particular assay format (e.g., 
bead-based formats, gene arrays, etc.). Labels include fluorescent molecules.  
For example, in many known DNA/genomic bead-based multiplex assays, each probe 
species includes a DNA molecule of a predetermined nucleotide sequence and length 
attached to an encoded or otherwise identifiable bead or particle. When a labeled “target” 
analyte (in this case, a detectably labeled (e.g., fluorescently labeled) DNA molecule 
containing a target nucleotide sequence) is mixed with the probes, segments of the labeled 
target analyte selectively bind to complementary segments of the DNA sequence of one of 
the bead-bound probe species. The probes are then spatially separated and examined for 
fluorescence. The beads that fluoresce indicate that molecules of the target analyte have 
attached or hybridized to complementary probe molecules on that bead. The DNA sequence 
of the target analyte can then be determined, as the complementary nucleotide sequence of 
the particular probe species hybridized to the labeled target is known, and identification of 
the encoded bead indicates which probe species was bound to that bead. In addition, in such 
assays the level of fluorescence is indicative of how many of the target molecules hybridized 
(or attached) to the probe molecules for a given bead. As is known, similar bead-based 
assays may be performed with any set of known and unknown molecules, analytes, or 
ligands.  
In such bead-based assays, the bead-bound probes are allowed to mix with samples that 
may contain the target analytes without any specific spatial position; as such, such assays 
are commonly called “random bead assays”. In addition, because the bead-bound probes 
are free to move (usually in a liquid medium), the probe molecules and target analytes have 
a better opportunity to interact than in other assay techniques, such as in a conventional 
planar microarray assay format.  
There are many bead/substrate types that can be used for tagging or otherwise uniquely 
identifying individual beads with attached probes. Known methods include using 
polystyrene latex spheres that are colored or fluorescently labeled. Other methods include 
using small plastic particles with a conventional bar code applied, or a small container 
having a solid support material and a radio-frequency (RF) tag. Still other bead-based 
approaches involve vary small encoded beads, particles, or substrates capable of providing a 
large number of unique codes (e.g., greater than 1 million codes) are known.  
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GENE SNP 

 ACAGAGTTTACGAACTCACTGTAAAA[C/T]TCACCTTCGCCATAAG
ACCTTCTTC 

 GGAGAGAAAACAAAGTCAATGGGGCA[C/T]GTGTGGGAAACCAGC
CTGACCTGTG 

 TTACAGGGACTTCCAAGGAAGATGCC[A/G]TGAAAGCTTACATCAA
CAAAGTAGA 

GABRA6 TTGGGAAAGGAGAGTCTGAAGGGACA[A/G]TGCATGGTCGGAGAG
CAGTGACAAT 

 AAATTGGAAATCTGTAACGCAGCTTC[C/T]GTAAGCATGTGTGGGC
AAAAAAGCA 

 TTCTTTCCATCTGGCACCTATTTATT[C/G]ACTATTTATGCATTCGTT
GAATTAT 

 CTCTTTCACCATTGACAAATATTTAT[G/T]GACGACTTACTTTCTATG
TAAGGTC 

GABRB3 CGTTCAGTTTAGTAAGCAAAGGCTTC[C/T]TGGCTTCTCTGGTGATG
GGGTTTGT 

 AGCTTACCATTTAAGTAGAACTGTTT[A/G]AGATGCTGGACATTCTA
ATACAATC 

 CCAAATCTGAAATTTACTTGTCACTT[C/T]AGAGTTGTCTTTGAACG
GAAAGATT 

 TCTGTTGAGTGATAATCTTTCTCGCA[A/G]ATAACTCACAATATTTA
AAAATTGT 

 AAGAACTCTTCCATGATTGAAATGGT[A/C]GCACATGGAATAACAT
CGATAAGTT 

 ACAGCAGGTTGGAGCACAGGGCCTAA[A/G]TGGGAGGCCAGGGAG
GTGGGCAGAG 

 ATTGCTGATTTTCAGGCAAACTATGT[A/T]ACATGGCTTTCAATGGG
TGCTTGGC 

MTHFR GAAGCAGTTAGTTCTGACACCAACAA[A/G]TGGTGATAAGAGGTTG
ATAGCCTAG 

 GTGGGGGGAGGAGCTGACCAGTGAAG[A/C]AAGTGTCTTTGAAGT
CTTTGTTCTT 

 CTTGAAGGAGAAGGTGTCTGCGGGAG[C/T]CGATTTCATCATCACG
CAGCTTTTC 

 AGATGTTCCACCCCGGGCCTGGACCC[C/T]GAGCGGCATGAGA 

MLXIPL GACAAAAAGCAATTGAGGTCCAGGAG[C/G]TGCCGCCCACCCGGC
TCCTCCTCTG 

 CAGGTAACTGACCCTTCACACATTTA[C/T]GGTGCCCATCTGACATT
CATAGCAT 

VEGF GCGCGCGGGCGTGCGAGCAGCGAAAG[C/G]GACAGGGGCAAAGT
GAGTGACCTGC 

 AGACATGTCCCATTTGTGGGAACTGT[A/G]ACCCTTCCTGTGTGAGC
TGGAGGCA 

 AGACATGTCCCATTTGTGGGAACTGT[A/G]ACCCTTCCTGTGTGAGC
TGGAGGCA 

 ACATCCTGAGGTGTGTTCTCTTGGGC[C/T]TGGCAGGCATGGAGAG
CTCTGGTTC 

 AGCATTCCCGGGCGGGTGACCCAGCA[C/T]GGTCCCTCTTGGAATT
GGATTCGCC 

 ATCCTCTTCCTGCTCCCCTTCCTGGG[A/G]TGCAGCCTAAAAGGACC
TATGTCCT 

Table 2. RDS-associated SNPs. 
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4.2 Testing parameters and assay requirements: a note on methodology 
A common class of experiments, known as a multiplexed assay or multiplexed biochemical 
experiment, comprises of reacting a sample known or suspected to contain one more target 
analyte species with a set of “probe” molecules. Multiplexing allows two or more, often 
many more (e.g., 10, 50, 100, 1,000 or more), target analyte species to be probed 
simultaneously (i.e., in parallel). Genome Wide scans have now been used to identify gene 
clusters in alcohol and drug addiction (Agrawal et al., 2010). For example, in a gene 
expression assay, each species of target analyte, usually a nucleic acid (i.e., DNA or RNA) of 
known nucleotide sequence but whose presence in a particular sample is suspected but is 
not known with certainty, can be detected using a short probe nucleic acid (e.g., a 
synthetically produced oligonucleotide) having a nucleotide sequence at least a portion of 
which is sufficiently complementary to the target sequence in the particular target analyte to 
allow stable hybridization under the various assay conditions used (including hybridization 
and stringent washing conditions) so that probe/target hybrids can later be detected using a 
desired detection scheme. As those in the art appreciate, such assays can involve those 
wherein target analyte species are labeled (or not) with a detectable label or wherein the 
various target analyte-specific probe species are labeled (directly or indirectly) with any 
suitable label that can be detected by the detector used with the particular assay format (e.g., 
bead-based formats, gene arrays, etc.). Labels include fluorescent molecules.  
For example, in many known DNA/genomic bead-based multiplex assays, each probe 
species includes a DNA molecule of a predetermined nucleotide sequence and length 
attached to an encoded or otherwise identifiable bead or particle. When a labeled “target” 
analyte (in this case, a detectably labeled (e.g., fluorescently labeled) DNA molecule 
containing a target nucleotide sequence) is mixed with the probes, segments of the labeled 
target analyte selectively bind to complementary segments of the DNA sequence of one of 
the bead-bound probe species. The probes are then spatially separated and examined for 
fluorescence. The beads that fluoresce indicate that molecules of the target analyte have 
attached or hybridized to complementary probe molecules on that bead. The DNA sequence 
of the target analyte can then be determined, as the complementary nucleotide sequence of 
the particular probe species hybridized to the labeled target is known, and identification of 
the encoded bead indicates which probe species was bound to that bead. In addition, in such 
assays the level of fluorescence is indicative of how many of the target molecules hybridized 
(or attached) to the probe molecules for a given bead. As is known, similar bead-based 
assays may be performed with any set of known and unknown molecules, analytes, or 
ligands.  
In such bead-based assays, the bead-bound probes are allowed to mix with samples that 
may contain the target analytes without any specific spatial position; as such, such assays 
are commonly called “random bead assays”. In addition, because the bead-bound probes 
are free to move (usually in a liquid medium), the probe molecules and target analytes have 
a better opportunity to interact than in other assay techniques, such as in a conventional 
planar microarray assay format.  
There are many bead/substrate types that can be used for tagging or otherwise uniquely 
identifying individual beads with attached probes. Known methods include using 
polystyrene latex spheres that are colored or fluorescently labeled. Other methods include 
using small plastic particles with a conventional bar code applied, or a small container 
having a solid support material and a radio-frequency (RF) tag. Still other bead-based 
approaches involve vary small encoded beads, particles, or substrates capable of providing a 
large number of unique codes (e.g., greater than 1 million codes) are known.  
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In multiplex assays designed to simultaneously examine 2-25 or so different target analyte 
species, other assay formats can be adapted for use in the GARS test. Indeed, any format 
suited for analysis of multiple genes, either simultaneously in one or more parallel reactions 
or in different reactions carried out in series or at different times, can readily be adapted for 
use.  

5. Brief description of risk alleles in a number of reward genes 
5.1 Dopamine D2 receptor gene (DRD2) 
The dopamine D2 receptor gene (DRD2) first associated with severe alcoholism is the most 
widely studied gene in psychiatric genetics (Blum et a l., 1990). The Taq1 A is a single 
nucleotide polymorphism (SNP rs: 1800497) originally thought to be located in the 3’-
untranslated region of the DRD2 but has since been shown to be located within exon 8 of an 
adjacent gene, the ankyrin repeat and kinase domain containing 1 (ANKK1). Importantly, 
while there may be distinct differences in function, the mis-location of the Taq1 A allele may 
be attributable to the ANKKI and the DRD2 being on the same haplotype or the ANKKI 
being involved in reward processing through a signal transduction pathway (Neville et  
al.,2004). The ANKKI and the DRD2 gene polymorphisms may have distinct, different 
actions with regard to brain function (Huang et al, 2009). Presence of the A1+ genotype 
(A1/A1, A1/A2) compared to the A– genotype (A2/A2) is associated with reduced receptor 
density. (Noble et al, 1991; Montag et al., 2010; Jönsson et al., 1999). This reduction causes 
hypodopaminergic functioning in the dopamine reward pathway. Other DRD2 
polymorphisms such as the C (57T, A SNP (rs: 6277) at exon 7 also associates with a number 
of RDS behaviors including drug use (Duan et al., 2003). Compared to the T– genotype 
(C/C), the T+ genotype (T/T, T/C) is associated with reduced translation of DRD2 mRNA 
and diminished DRD2 mRNA, leading to reduced DRD2 density and a predisposition to 
alcohol dependence (Hirvonen et al.,2004)  The Taq1 A allele is a predictive risk allele in 
families ( Hill et al., 2008). 
More recently, the DRD2 haplotypes I-C-G-A2 and I-C-A-A1 have been found to occur with 
a higher frequency in alcoholics [P=0.026, odds ratio (OR): 1.340; P=0.010, OR: 1.521, 
respectively]. The rare haplotype I-C-A-A2 occurred less often in alcoholics (P=0.010, OR: 
0.507), and was also less often transmitted from parents to their affected children (1 vs. 7). 
Among the subgroups, I-C-G-A2 and I-C-A-A1 had a higher frequency in Cloninger 1 
alcoholics (P=0.083 and 0.001, OR: 1.917, respectively) and in alcoholics with a positive 
family history (P=0.031, OR: 1.478; P=0.073, respectively). Cloninger 2 alcoholics had a 
higher frequency of the rare haplotype D-T-A-A2 (P<0.001, OR: 4.614) always compared 
with controls. In patients with positive family history, haplotype I-C-A-A2 (P=0.004, OR: 
0.209) and in Cloninger 1 alcoholics, haplotype I-T-A-A1 (P=0.045 OR: 0.460) was less often 
present, confirming that haplotypes, which are supposed to induce a low DRD2 expression, 
are associated with alcohol dependence. Furthermore, supposedly high-expressing 
haplotypes weakened or neutralized the action of low-expressing haplotypes (Kraschewski 
et al 2009). 

5.2 D4 dopamine receptor (DRD4) 
There is evidence that the length of the D4 dopamine receptor (DRD4) exon 3 variable 
number of tandem repeats (VNTR) affects DRD4 functioning by modulating the expression 
and efficiency of maturation of the receptor. (Schoots & Van Tol 2003). The 7 repeat (7R) 
VNTR requires significantly higher amounts of dopamine to produce a response of the same 
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magnitude as other size VNTRs (Oak et al., 2000). This reduced sensitivity or “dopamine 
resistance” leads to hypodopaminergic functioning. Thus 7R VNTR has been associated 
with substance–seeking behavior (McGeary et al., 2007). Survival analysis has revealed that 
by 25 years of age 76% of subjects with a DRD4 7-repeat allele have significantly more 
persistent ADHD compared with 66% of subjects without the risk allele. In contrast, there 
were no significant associations between the course of ADHD and the DAT1 10-repeat allele 
(P=0.94) and 5HTTLPR long allele, suggesting that the DRD4 7-repeat allele is associated 
with a more persistent course of ADHD (Biederman et al., 2009). This is consistent with the 
finding of the presence of the 7R DAT genotype in the heroin addict. Moreover, in a study 
evaluating the role of dopamine D4 receptor (DRD4) exon 3 polymorphisms (48 bp VNTR) 
in the pathogenesis of alcoholism, significant differences in the short alleles (2-5 VNTR) 
frequencies were found between controls and patients with a history of delirium tremors 
and/or alcohol seizures (p = 0.043) (Grzywacz et al., 2009). A trend was also observed in the 
higher frequency of short alleles amongst individuals with an early age of onset of 
alcoholism (p = 0.063). These results indicate that inherited short variants of DRD4 alleles 
(3R) may play a role in pathogenesis of alcohol dependence and carriers of the 4R may have 
a protective effect for alcoholism risk behaviors. It is of further note that the DRD4 7-repeat 
allele is significantly over-represented in the opioid-dependent cohort and confers a relative 
risk of 2.46 (Kotler et al., 1997).  

5.3 Dopamine transporter gene (DAT1) 
The dopamine transporter protein regulates dopamine –mediated neurotransmission by 
rapidly accumulating dopamine that has been released into the synapse (Vandenbergh, 
1998). The dopamine transporter gene (SLC6A3 or DAT1) is localized to chromosome 
5p15.3. Moreover, there is a VNTR polymorphism within the 3’ non-coding region of DAT1 
(Michelhaugh et al., 2001). There are two important alleles that may independently increase 
risk for RDS behaviors. The 9 repeat (9R) VNTR has been shown to influence gene 
expression and to augment transcription of the dopamine transporter protein, resulting in 
an enhanced clearance of synaptic dopamine, yielding reduced levels of dopamine to 
activate postsynaptic neurons. Presence of the 9R VNTR has also been linked to Substance 
Use Disorder (SUD) (Guindalini et al., 2006). Moreover, in terms of RDS behaviors, tandem 
repeats of the dopamine transporter gene (DAT) have been associated with high risk for 
ADHD in children and in adults alike (Vandenbergh et al., 2002; Cook et al., 1995). The 10-
repeat allele is significant for hyperactivity-impulsivity (HI) symptoms (Lee et al., 2007).  

5.4 Catechol-O-methyltransferase (COMT)  
The catechol-O-methyltransferase (COMT) is an enzyme involved in the metabolism of 
dopamine, adrenaline and noradrenaline. The Val158Met polymorphism of the COMT gene 
has been previously associated with a variability of the COMT activity, and alcoholism. Serý 
(2006) found a relationship between the Val158Met polymorphism of the COMT gene and 
alcoholism in male subjects. Serý (2006) found the significant difference between male 
alcoholics and male controls in allele and genotype frequencies (p<0,007; and p<0, 04 
respectively. Interestingly in one of the subjects genotyped herein, who battles with heroin 
as an addiction while carrying the DRD2 A1 allele also carried the low enzyme COMT 
activity genotype (A/A). This is agreement with the work of Cao et al. (2003) who did not 
find an association with the high G/G and heroin addiction. No differences in genotype and 
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In multiplex assays designed to simultaneously examine 2-25 or so different target analyte 
species, other assay formats can be adapted for use in the GARS test. Indeed, any format 
suited for analysis of multiple genes, either simultaneously in one or more parallel reactions 
or in different reactions carried out in series or at different times, can readily be adapted for 
use.  

5. Brief description of risk alleles in a number of reward genes 
5.1 Dopamine D2 receptor gene (DRD2) 
The dopamine D2 receptor gene (DRD2) first associated with severe alcoholism is the most 
widely studied gene in psychiatric genetics (Blum et a l., 1990). The Taq1 A is a single 
nucleotide polymorphism (SNP rs: 1800497) originally thought to be located in the 3’-
untranslated region of the DRD2 but has since been shown to be located within exon 8 of an 
adjacent gene, the ankyrin repeat and kinase domain containing 1 (ANKK1). Importantly, 
while there may be distinct differences in function, the mis-location of the Taq1 A allele may 
be attributable to the ANKKI and the DRD2 being on the same haplotype or the ANKKI 
being involved in reward processing through a signal transduction pathway (Neville et  
al.,2004). The ANKKI and the DRD2 gene polymorphisms may have distinct, different 
actions with regard to brain function (Huang et al, 2009). Presence of the A1+ genotype 
(A1/A1, A1/A2) compared to the A– genotype (A2/A2) is associated with reduced receptor 
density. (Noble et al, 1991; Montag et al., 2010; Jönsson et al., 1999). This reduction causes 
hypodopaminergic functioning in the dopamine reward pathway. Other DRD2 
polymorphisms such as the C (57T, A SNP (rs: 6277) at exon 7 also associates with a number 
of RDS behaviors including drug use (Duan et al., 2003). Compared to the T– genotype 
(C/C), the T+ genotype (T/T, T/C) is associated with reduced translation of DRD2 mRNA 
and diminished DRD2 mRNA, leading to reduced DRD2 density and a predisposition to 
alcohol dependence (Hirvonen et al.,2004)  The Taq1 A allele is a predictive risk allele in 
families ( Hill et al., 2008). 
More recently, the DRD2 haplotypes I-C-G-A2 and I-C-A-A1 have been found to occur with 
a higher frequency in alcoholics [P=0.026, odds ratio (OR): 1.340; P=0.010, OR: 1.521, 
respectively]. The rare haplotype I-C-A-A2 occurred less often in alcoholics (P=0.010, OR: 
0.507), and was also less often transmitted from parents to their affected children (1 vs. 7). 
Among the subgroups, I-C-G-A2 and I-C-A-A1 had a higher frequency in Cloninger 1 
alcoholics (P=0.083 and 0.001, OR: 1.917, respectively) and in alcoholics with a positive 
family history (P=0.031, OR: 1.478; P=0.073, respectively). Cloninger 2 alcoholics had a 
higher frequency of the rare haplotype D-T-A-A2 (P<0.001, OR: 4.614) always compared 
with controls. In patients with positive family history, haplotype I-C-A-A2 (P=0.004, OR: 
0.209) and in Cloninger 1 alcoholics, haplotype I-T-A-A1 (P=0.045 OR: 0.460) was less often 
present, confirming that haplotypes, which are supposed to induce a low DRD2 expression, 
are associated with alcohol dependence. Furthermore, supposedly high-expressing 
haplotypes weakened or neutralized the action of low-expressing haplotypes (Kraschewski 
et al 2009). 

5.2 D4 dopamine receptor (DRD4) 
There is evidence that the length of the D4 dopamine receptor (DRD4) exon 3 variable 
number of tandem repeats (VNTR) affects DRD4 functioning by modulating the expression 
and efficiency of maturation of the receptor. (Schoots & Van Tol 2003). The 7 repeat (7R) 
VNTR requires significantly higher amounts of dopamine to produce a response of the same 
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magnitude as other size VNTRs (Oak et al., 2000). This reduced sensitivity or “dopamine 
resistance” leads to hypodopaminergic functioning. Thus 7R VNTR has been associated 
with substance–seeking behavior (McGeary et al., 2007). Survival analysis has revealed that 
by 25 years of age 76% of subjects with a DRD4 7-repeat allele have significantly more 
persistent ADHD compared with 66% of subjects without the risk allele. In contrast, there 
were no significant associations between the course of ADHD and the DAT1 10-repeat allele 
(P=0.94) and 5HTTLPR long allele, suggesting that the DRD4 7-repeat allele is associated 
with a more persistent course of ADHD (Biederman et al., 2009). This is consistent with the 
finding of the presence of the 7R DAT genotype in the heroin addict. Moreover, in a study 
evaluating the role of dopamine D4 receptor (DRD4) exon 3 polymorphisms (48 bp VNTR) 
in the pathogenesis of alcoholism, significant differences in the short alleles (2-5 VNTR) 
frequencies were found between controls and patients with a history of delirium tremors 
and/or alcohol seizures (p = 0.043) (Grzywacz et al., 2009). A trend was also observed in the 
higher frequency of short alleles amongst individuals with an early age of onset of 
alcoholism (p = 0.063). These results indicate that inherited short variants of DRD4 alleles 
(3R) may play a role in pathogenesis of alcohol dependence and carriers of the 4R may have 
a protective effect for alcoholism risk behaviors. It is of further note that the DRD4 7-repeat 
allele is significantly over-represented in the opioid-dependent cohort and confers a relative 
risk of 2.46 (Kotler et al., 1997).  

5.3 Dopamine transporter gene (DAT1) 
The dopamine transporter protein regulates dopamine –mediated neurotransmission by 
rapidly accumulating dopamine that has been released into the synapse (Vandenbergh, 
1998). The dopamine transporter gene (SLC6A3 or DAT1) is localized to chromosome 
5p15.3. Moreover, there is a VNTR polymorphism within the 3’ non-coding region of DAT1 
(Michelhaugh et al., 2001). There are two important alleles that may independently increase 
risk for RDS behaviors. The 9 repeat (9R) VNTR has been shown to influence gene 
expression and to augment transcription of the dopamine transporter protein, resulting in 
an enhanced clearance of synaptic dopamine, yielding reduced levels of dopamine to 
activate postsynaptic neurons. Presence of the 9R VNTR has also been linked to Substance 
Use Disorder (SUD) (Guindalini et al., 2006). Moreover, in terms of RDS behaviors, tandem 
repeats of the dopamine transporter gene (DAT) have been associated with high risk for 
ADHD in children and in adults alike (Vandenbergh et al., 2002; Cook et al., 1995). The 10-
repeat allele is significant for hyperactivity-impulsivity (HI) symptoms (Lee et al., 2007).  

5.4 Catechol-O-methyltransferase (COMT)  
The catechol-O-methyltransferase (COMT) is an enzyme involved in the metabolism of 
dopamine, adrenaline and noradrenaline. The Val158Met polymorphism of the COMT gene 
has been previously associated with a variability of the COMT activity, and alcoholism. Serý 
(2006) found a relationship between the Val158Met polymorphism of the COMT gene and 
alcoholism in male subjects. Serý (2006) found the significant difference between male 
alcoholics and male controls in allele and genotype frequencies (p<0,007; and p<0, 04 
respectively. Interestingly in one of the subjects genotyped herein, who battles with heroin 
as an addiction while carrying the DRD2 A1 allele also carried the low enzyme COMT 
activity genotype (A/A). This is agreement with the work of Cao et al. (2003) who did not 
find an association with the high G/G and heroin addiction. No differences in genotype and 
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allele frequencies of 108 val/met polymorphism of COMT gene were observed between 
heroin-dependent subjects and normal controls (genotype-wise: chi-square=1.67, P=0.43; 
allele-wise: chi-square=1.23, P=0.27). No differences in genotype and allele frequencies of 
900 Ins C/Del C polymorphism of COMT gene were observed between heroin-dependent 
subjects and normal controls (genotype-wise: chi-square=3.73, P=0.16; allele-wise: chi-
square=0.76, P=0.38). While there is still some controversy regarding the COMT association 
with heroin addiction it was also interesting that the A allele of the val/met polymorphisms 
(-287 A/G) found by Cao et al. (2003) was found to be much higher in heroin addicts than 
controls. Faster metabolism results in reduced dopamine availability at the synapse, which 
reduces postsynaptic activation, inducing hypodopaminergic functioning. Generally 
Vanderbergh et al. (1997) and Wang et al. (2001) support an association with the Val allele 
and SUD but others do not (Samochowise et al. 2006).  

5.5 Monoamine – Oxidase A  
Monoamine oxidase-A (MAOA) is a mitochondrial enzyme that degrades the 
neurotransmitters serotonin, norepinephrine, and dopamine. This system is involved with 
both psychological and physical functioning. The gene that encodes MAOA is found on the 
X chromosome and contains a polymorphism (MAOA-uVNTR) located 1.2 kb upstream of 
the MAOA coding sequences (Shih, 1991). In this polymorphism, consisting of a 30-base pair 
repeated sequence, six allele variants containing either 2-, 3-, 3.5-, 4-, 5-, or 6-repeat copies 
have been identified (Zhu & Shih,  1997). Functional studies indicate that certain alleles may 
confer lower transcriptional efficiency than others. The 3-repeat variant conveys lower 
efficiency, whereas 3.5- and 4-repeat alleles result in higher efficiency (Brummett et al., 
2007). The 3- and 4-repeat alleles are the most common, and to date there is less consensus 
regarding the transcriptional efficiency of the other less commonly occurring alleles (e.g., 2-, 
5-, and 6-repeat). The primary role of MAOA in regulating monoamine turnover, and hence 
ultimately influencing levels of norepinephrine, dopamine, and serotonin, indicates that its 
gene is a highly plausible candidate for affecting individual differences in the manifestation 
of psychological traits and psychiatric disorders (Shih et al., 1999). For example, recent 
evidence indicates that the MAOA gene may be associated with depression (Brummett et al., 
2008) and stress (Lee et al., 2009). However, evidence regarding whether higher or lower 
MAOA gene transcriptional efficiency is positively associated with psychological pathology 
as been mixed. The low-activity 3-repeat allele of the MAOA-uVNTR polymorphism has 
been positively related to symptoms of antisocial personality (Ponce et al., 2009) and cluster 
B personality disorders. Other studies, however, suggest that alleles associated with higher 
transcriptional efficiency are related to unhealthy psychological characteristics such as trait 
aggressiveness and impulsivity. High MAO activity and low levels of dopamine are 2 
important factors in the development of alcohol dependence. MAO is an important enzyme 
associated with the metabolism of biogenic amines. Therefore, Huang et al. (2007) 
investigated whether the association between the dopamine D2 receptor (DRD2) gene and 
alcoholism is affected by different polymorphisms of the MAO type A (MAOA) gene. The 
genetic variant of the DRD2 gene was only associated with the anxiety, depression 
(ANX/DEP) ALC phenotype, and the genetic variant of the MAOA gene was associated 
with ALC. Subjects carrying the MAOA 3-repeat allele and genotype A1/A1 of the DRD2 
were 3.48 times (95% confidence interval = 1.47-8.25) more likely to be ANX/DEP ALC than 
the subjects carrying the MAOA 3-repeat allele and DRD2 A2/A2 genotype. The MAOA 
gene may modify the association between the DRD2 gene and ANX/DEP ALC phenotype. 
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Overall, Vanyukov et al (2004) suggested that, although not definitive, variants in MAOA 
account for a small portion of the variance of SUD risk, possibly mediated by liability to 
early onset behavioral problems (Vanyukov et al., 2004).  

5.6 Serotonin transporter gene  
The human serotonin (5-hydroxytryptamine) transporter, encoded by the SLC6A4 gene on 
chromosome 17q11.1-q12, is the cellular reuptake site for serotonin and a site of action for 
several drugs with central nervous system effects, including both therapeutic agents (e.g. 
antidepressants) and drugs of abuse (e.g. cocaine). It is known that the serotonin transporter 
plays an important role in the metabolic cycle of a broad range of antidepressants, 
antipsychotics, anxiolytics, antiemetics, and anti-migraine drugs. Salz et al. (2009) found an 
excess of -1438G and 5-HTTLPR L carriers in alcoholic patients in comparison to the heroin 
dependent group [OR (95% CI)=1.98 (1.13-3.45) and 1.92 (1.07-3.44), respectively]. The A-
1438G and 5-HTTLPR polymorphisms also interacted in distinguishing alcohol from heroin 
dependent patients (df) =10.21 (4), p=0.037). The association of -1438A/G with alcohol 
dependence was especially pronounced in the presence of 5-HTTLPR S/S, less evident with 
5-HTTLPR L/S and not present with 5-HTTLPR.  

5.7 Gamma-aminobutyric acid (GABA) receptor genes 
Gamma-aminobutyric acid (GABA) receptor genes have also received some attention as 
candidates for drug use disorders. One reason for this is that the dopamine and GABA 
systems are functionally interrelated (White, 1996). Research suggests that dopamine 
neurons projecting from the anterior ventral tegmental area to the NAc are tonically 
inhibited by GABA through its actions at the GABAA receptor (Ikemoto, Kohl, & McBride, 
1997). Moreover, it has been shown that alcohol (Theile, Morikawa, Gonzales, & Morrisett, 
2008) or opioid (Johnson & North, 1992) enhancement of GABAergic (through GABAA 
receptor) transmission inhibits the release of dopamine in the mesocorticolimbic system. 
Thus, a hyperactive GABA system, by inhibiting dopamine release, could also lead to 
hypodopaminergic functioning. Because of this, GABA genes are of interest in the search for 
causes of drug use disorders. A dinucleotide repeat (DNR) polymorphism of the GABA 
receptor β3 subunit gene (GABRB3) results in either the presence of the 181-bp G1 or 11 
other repeats designated as non-G1 (NG1). Research indicates that the NG1 is more 
prevalent in children of alcoholics (COAs; Namkoong, Cheon, Kim, Jun, & Lee, 2008). 
Presence of the NG1 has been associated with alcohol dependence (Noble et al., 1998; Song 
et al., 2003). In addition, other GABA receptor genes have also been associated with this 
disorder (Edenberg et al., 2004). 

6. Multiplex analysis and GARS  
There is a need to classify patients at genetic risk for drug seeking behavior prior to or upon 
entry to residential and or non-residential chemical dependency programs. Instead of 
continuing to evaluate single gene associations to predict future drug abuse, it seems 
parsimonious to evaluate multiple genes involved in the brain reward cascade and 
hypodopaminergic antecedents. As described in this example, such methods employ RDS-
associated gene panels to stratify or classify patients entering a treatment facility as having 
low,  moderate, or high genetic predictive risk based on a number of now known and/or 
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allele frequencies of 108 val/met polymorphism of COMT gene were observed between 
heroin-dependent subjects and normal controls (genotype-wise: chi-square=1.67, P=0.43; 
allele-wise: chi-square=1.23, P=0.27). No differences in genotype and allele frequencies of 
900 Ins C/Del C polymorphism of COMT gene were observed between heroin-dependent 
subjects and normal controls (genotype-wise: chi-square=3.73, P=0.16; allele-wise: chi-
square=0.76, P=0.38). While there is still some controversy regarding the COMT association 
with heroin addiction it was also interesting that the A allele of the val/met polymorphisms 
(-287 A/G) found by Cao et al. (2003) was found to be much higher in heroin addicts than 
controls. Faster metabolism results in reduced dopamine availability at the synapse, which 
reduces postsynaptic activation, inducing hypodopaminergic functioning. Generally 
Vanderbergh et al. (1997) and Wang et al. (2001) support an association with the Val allele 
and SUD but others do not (Samochowise et al. 2006).  

5.5 Monoamine – Oxidase A  
Monoamine oxidase-A (MAOA) is a mitochondrial enzyme that degrades the 
neurotransmitters serotonin, norepinephrine, and dopamine. This system is involved with 
both psychological and physical functioning. The gene that encodes MAOA is found on the 
X chromosome and contains a polymorphism (MAOA-uVNTR) located 1.2 kb upstream of 
the MAOA coding sequences (Shih, 1991). In this polymorphism, consisting of a 30-base pair 
repeated sequence, six allele variants containing either 2-, 3-, 3.5-, 4-, 5-, or 6-repeat copies 
have been identified (Zhu & Shih,  1997). Functional studies indicate that certain alleles may 
confer lower transcriptional efficiency than others. The 3-repeat variant conveys lower 
efficiency, whereas 3.5- and 4-repeat alleles result in higher efficiency (Brummett et al., 
2007). The 3- and 4-repeat alleles are the most common, and to date there is less consensus 
regarding the transcriptional efficiency of the other less commonly occurring alleles (e.g., 2-, 
5-, and 6-repeat). The primary role of MAOA in regulating monoamine turnover, and hence 
ultimately influencing levels of norepinephrine, dopamine, and serotonin, indicates that its 
gene is a highly plausible candidate for affecting individual differences in the manifestation 
of psychological traits and psychiatric disorders (Shih et al., 1999). For example, recent 
evidence indicates that the MAOA gene may be associated with depression (Brummett et al., 
2008) and stress (Lee et al., 2009). However, evidence regarding whether higher or lower 
MAOA gene transcriptional efficiency is positively associated with psychological pathology 
as been mixed. The low-activity 3-repeat allele of the MAOA-uVNTR polymorphism has 
been positively related to symptoms of antisocial personality (Ponce et al., 2009) and cluster 
B personality disorders. Other studies, however, suggest that alleles associated with higher 
transcriptional efficiency are related to unhealthy psychological characteristics such as trait 
aggressiveness and impulsivity. High MAO activity and low levels of dopamine are 2 
important factors in the development of alcohol dependence. MAO is an important enzyme 
associated with the metabolism of biogenic amines. Therefore, Huang et al. (2007) 
investigated whether the association between the dopamine D2 receptor (DRD2) gene and 
alcoholism is affected by different polymorphisms of the MAO type A (MAOA) gene. The 
genetic variant of the DRD2 gene was only associated with the anxiety, depression 
(ANX/DEP) ALC phenotype, and the genetic variant of the MAOA gene was associated 
with ALC. Subjects carrying the MAOA 3-repeat allele and genotype A1/A1 of the DRD2 
were 3.48 times (95% confidence interval = 1.47-8.25) more likely to be ANX/DEP ALC than 
the subjects carrying the MAOA 3-repeat allele and DRD2 A2/A2 genotype. The MAOA 
gene may modify the association between the DRD2 gene and ANX/DEP ALC phenotype. 
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Overall, Vanyukov et al (2004) suggested that, although not definitive, variants in MAOA 
account for a small portion of the variance of SUD risk, possibly mediated by liability to 
early onset behavioral problems (Vanyukov et al., 2004).  

5.6 Serotonin transporter gene  
The human serotonin (5-hydroxytryptamine) transporter, encoded by the SLC6A4 gene on 
chromosome 17q11.1-q12, is the cellular reuptake site for serotonin and a site of action for 
several drugs with central nervous system effects, including both therapeutic agents (e.g. 
antidepressants) and drugs of abuse (e.g. cocaine). It is known that the serotonin transporter 
plays an important role in the metabolic cycle of a broad range of antidepressants, 
antipsychotics, anxiolytics, antiemetics, and anti-migraine drugs. Salz et al. (2009) found an 
excess of -1438G and 5-HTTLPR L carriers in alcoholic patients in comparison to the heroin 
dependent group [OR (95% CI)=1.98 (1.13-3.45) and 1.92 (1.07-3.44), respectively]. The A-
1438G and 5-HTTLPR polymorphisms also interacted in distinguishing alcohol from heroin 
dependent patients (df) =10.21 (4), p=0.037). The association of -1438A/G with alcohol 
dependence was especially pronounced in the presence of 5-HTTLPR S/S, less evident with 
5-HTTLPR L/S and not present with 5-HTTLPR.  

5.7 Gamma-aminobutyric acid (GABA) receptor genes 
Gamma-aminobutyric acid (GABA) receptor genes have also received some attention as 
candidates for drug use disorders. One reason for this is that the dopamine and GABA 
systems are functionally interrelated (White, 1996). Research suggests that dopamine 
neurons projecting from the anterior ventral tegmental area to the NAc are tonically 
inhibited by GABA through its actions at the GABAA receptor (Ikemoto, Kohl, & McBride, 
1997). Moreover, it has been shown that alcohol (Theile, Morikawa, Gonzales, & Morrisett, 
2008) or opioid (Johnson & North, 1992) enhancement of GABAergic (through GABAA 
receptor) transmission inhibits the release of dopamine in the mesocorticolimbic system. 
Thus, a hyperactive GABA system, by inhibiting dopamine release, could also lead to 
hypodopaminergic functioning. Because of this, GABA genes are of interest in the search for 
causes of drug use disorders. A dinucleotide repeat (DNR) polymorphism of the GABA 
receptor β3 subunit gene (GABRB3) results in either the presence of the 181-bp G1 or 11 
other repeats designated as non-G1 (NG1). Research indicates that the NG1 is more 
prevalent in children of alcoholics (COAs; Namkoong, Cheon, Kim, Jun, & Lee, 2008). 
Presence of the NG1 has been associated with alcohol dependence (Noble et al., 1998; Song 
et al., 2003). In addition, other GABA receptor genes have also been associated with this 
disorder (Edenberg et al., 2004). 

6. Multiplex analysis and GARS  
There is a need to classify patients at genetic risk for drug seeking behavior prior to or upon 
entry to residential and or non-residential chemical dependency programs. Instead of 
continuing to evaluate single gene associations to predict future drug abuse, it seems 
parsimonious to evaluate multiple genes involved in the brain reward cascade and 
hypodopaminergic antecedents. As described in this example, such methods employ RDS-
associated gene panels to stratify or classify patients entering a treatment facility as having 
low,  moderate, or high genetic predictive risk based on a number of now known and/or 
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later discovered RDS risk alleles. Our laboratory developed a Genetic Addiction Risk Score 
(GARS) for this purpose. This example describes genetic studies for seven RDS-associated 
alleles for six candidate genes in a patient population (n=26) of recovering poly-drug 
abusers (Blum et al., 2010).  
To determine RDS risk severity for each of these 26 patients, the percentage of prevalence of 
the risk alleles was calculated and a severity score based on the percentage of these alleles 
present in a given patient was developed. Subjects carry the following risk alleles: 
DRD2=A1; SLC6A3 (DAT) =10R; DRD4=3R or 7R; 5HTTlRP = L or LA; MAO= 3R; and 
COMT=G. As depicted in Tables 5 and 6, below, Low Severity (LS) = 1-36%, Moderate 
Severity (MS) =37-50%, and High Severity (HS) = 51-100%, scores were assigned. Two 
distinct ethnic populations among the 26 patients were studied. Group 1 consisted of 16 
male Caucasian psycho-stimulant addicts and Group 2 consisted of 10 Chinese heroin-
addicted males. Based on this analysis, the 16 Caucasian 100% of subjects had at least one 
risk allele (see tables 5 and 6). Therefore, using this approach it was found that 81% of the 
patients were at moderate to high risk for addictive behavior. Of particular interest was the 
discovery that 56% of the subjects carried the DRD2 A1 allele (9/16).  
Out of the nine Chinese heroin addicts (Group 2), it was found that 11% (1) were HS, 56% 
(5) were MS, and 33% (3) were LS. These scores were then converted to a fraction and 
represented as GARS, whereby the average GARS was found to be: 0.28 Low Severity; 0.43 
moderate severity; and 0.54 high severity, respectively. Therefore, using GARS it was 
discovered that 67% of the Group 2 patients were at moderate to high risk for addictive 
behavior. As with Group 1, 56% of the Group 2 subjects carried the DRD2 A1 allele (5/9). 
Statistical analysis revealed that the two groups did not differ in terms of overall severity 
(67% vs. 81%) in these two distinct populations. Combining these two independent study 
populations reveals that subjects entering a residential treatment facility for poly-drug abuse 
carry at least one risk allele (100%). Moreover, 74% of the combined 25 subjects who were 
genotyped by SNP analysis had a moderate-to-high GARS. 
The 16 patients of Group 1 were interviewed and evaluated for chemical dependence using 
a standard battery of diagnostic tests and questionnaires. The tests included the following: a 
drug history questionnaire; a physical assessment, urine drug tests; a breathalyzer; complete 
CBC blood test; and a symptom severity questionnaire. The patients were determined to be 
substance dependent according to Diagnostic and Statistical Manual (DSM-IV) criteria. All 
patients were residential in-patients enrolled in 30-90 day chemical dependence 
rehabilitation programs at either of two treatment centers in the U.S.  
Table 3 shows the demographics of the 16 patients, including gender, race, age, and length 
of abstinence. The median age was 29.5 ± 8.8 SD years. The population breakdown was as 
follows: 87.5 % Caucasian and 12.5% Hispanic. The average number of months abstinent for 
the entire population was 9.5 ±23.3. There were 3 pure cocaine-only addicts; 4 cocaine crack 
addicts; and 9 cocaine plus other drugs of abuse (alcohol, opiates and marijuana).  
Table 4 includes genotype data from a functional MRI (fMRI) study in China evaluating 
involving 10 heroin-addicted Chinese males with a median age of 33 ± 7.6 SD years. 
Diagnosis of heroin dependence was also determined in this group using DSM-1 V criteria 
and other behavioral instruments. The average number of months abstinent for the entire 
population was 16 ± 7.9. 
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Median ±st.dev. (min, max) N (total = 16) 
Age 29.5 ±8.80 (19, 48) 16 

Clean time (months) 9.5 ±23.33 (2, 101) 16 
Race = Caucasian 14 
Race = Hispanic 2 

Sex = Male 16 
Primary Substance = Cocaine only 3 
Primary Substance = Crack cocaine 4 

Primary Substance = Cocaine + Other* 9 

Table 3. Demographics of all Caucasian subjects combined. 

 
 Median ±st.dev. (min, max) N (total = 10) 

Age 33 ± 7.57 (20, 44) 10 
Clean time (months) 16 ± 7.91 (1, 24) 10 

Race = Chinese   10 
Sex = Male   10 
Primary Substance =  Heroin only  10 

Primary Substance =  Heroin  + other  0 
*One sample was eliminated because genotyping could not be performed. Source Blum et al 2010. 

Table 4. Demographics of all Chinese subjects combined*. 

6.1 Genotyping 
Genotyping (Blum et al., 2010) was performed as follows. Each patient was also genotyped 
for the following gene polymorphisms: MAOA-VNTR, 5HTTLPR, SLC6A3, DRD4, ANKKI, 
DRD2 TaqIA (rs1800497), and the COMT val158met SNP (rs4680). Genotypes were scored 
independently by two investigators.  
The dopamine transporter (DAT1, locus symbol SLC6A3, which maps to 5p15.3, contains a 
40 base-pair Variable Number Tandem Repeat (VNTR) element consisting of 3-11 copies in 
the 3' untranslated region (UTR) of the gene.  
The dopamine D4 receptor (DRD4), which maps to 11p15.5, contains a 48 bp VNTR 
polymorphism in the third exon, which consists of 2-11 repeats.  
Monoamine Oxidase A upstream VNTR (MAOA-uVNTR). The MAOA gene, which maps to 
Xp11.3-11.4, contains a 30 bp VNTR in the 5’ regulatory region of the gene that has been 
shown to affect expression. A genotype by environment interaction has been reported for 
this polymorphism.  
Serotonin Transporter-Linked Polymorphic region (5HTTLPR). The serotonin transporter 
(5HTT, Locus Symbol SLC6A4), which maps to 17q11.1-17q12, contains a 43 bp 
insertion/deletion (ins/del) polymorphism in the 5’ regulatory region of the gene. A SNP 
(rs25531, A/G) in the Long form of 5HTTLPR has functional significance: The more 
common LA allele is associated with the reported higher basal activity, whereas the less 
common LG allele has transcriptional activity no greater than the S. The SNP rs25531 is 
assayed by incubating the full length PCR product with the restriction endonuclease MspI. 
For all of the above VNTR and ins/del polymorphisms, PCR reactions contained 
approximately 20 ng of DNA, 10% DMSO, 1.8 mM MgCl2, 200 µM deoxynucleotides, with 
7’-deaza-2’-deoxyGTP substituted for one half of the dGTP, 400 nM of appropriate forward 
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later discovered RDS risk alleles. Our laboratory developed a Genetic Addiction Risk Score 
(GARS) for this purpose. This example describes genetic studies for seven RDS-associated 
alleles for six candidate genes in a patient population (n=26) of recovering poly-drug 
abusers (Blum et al., 2010).  
To determine RDS risk severity for each of these 26 patients, the percentage of prevalence of 
the risk alleles was calculated and a severity score based on the percentage of these alleles 
present in a given patient was developed. Subjects carry the following risk alleles: 
DRD2=A1; SLC6A3 (DAT) =10R; DRD4=3R or 7R; 5HTTlRP = L or LA; MAO= 3R; and 
COMT=G. As depicted in Tables 5 and 6, below, Low Severity (LS) = 1-36%, Moderate 
Severity (MS) =37-50%, and High Severity (HS) = 51-100%, scores were assigned. Two 
distinct ethnic populations among the 26 patients were studied. Group 1 consisted of 16 
male Caucasian psycho-stimulant addicts and Group 2 consisted of 10 Chinese heroin-
addicted males. Based on this analysis, the 16 Caucasian 100% of subjects had at least one 
risk allele (see tables 5 and 6). Therefore, using this approach it was found that 81% of the 
patients were at moderate to high risk for addictive behavior. Of particular interest was the 
discovery that 56% of the subjects carried the DRD2 A1 allele (9/16).  
Out of the nine Chinese heroin addicts (Group 2), it was found that 11% (1) were HS, 56% 
(5) were MS, and 33% (3) were LS. These scores were then converted to a fraction and 
represented as GARS, whereby the average GARS was found to be: 0.28 Low Severity; 0.43 
moderate severity; and 0.54 high severity, respectively. Therefore, using GARS it was 
discovered that 67% of the Group 2 patients were at moderate to high risk for addictive 
behavior. As with Group 1, 56% of the Group 2 subjects carried the DRD2 A1 allele (5/9). 
Statistical analysis revealed that the two groups did not differ in terms of overall severity 
(67% vs. 81%) in these two distinct populations. Combining these two independent study 
populations reveals that subjects entering a residential treatment facility for poly-drug abuse 
carry at least one risk allele (100%). Moreover, 74% of the combined 25 subjects who were 
genotyped by SNP analysis had a moderate-to-high GARS. 
The 16 patients of Group 1 were interviewed and evaluated for chemical dependence using 
a standard battery of diagnostic tests and questionnaires. The tests included the following: a 
drug history questionnaire; a physical assessment, urine drug tests; a breathalyzer; complete 
CBC blood test; and a symptom severity questionnaire. The patients were determined to be 
substance dependent according to Diagnostic and Statistical Manual (DSM-IV) criteria. All 
patients were residential in-patients enrolled in 30-90 day chemical dependence 
rehabilitation programs at either of two treatment centers in the U.S.  
Table 3 shows the demographics of the 16 patients, including gender, race, age, and length 
of abstinence. The median age was 29.5 ± 8.8 SD years. The population breakdown was as 
follows: 87.5 % Caucasian and 12.5% Hispanic. The average number of months abstinent for 
the entire population was 9.5 ±23.3. There were 3 pure cocaine-only addicts; 4 cocaine crack 
addicts; and 9 cocaine plus other drugs of abuse (alcohol, opiates and marijuana).  
Table 4 includes genotype data from a functional MRI (fMRI) study in China evaluating 
involving 10 heroin-addicted Chinese males with a median age of 33 ± 7.6 SD years. 
Diagnosis of heroin dependence was also determined in this group using DSM-1 V criteria 
and other behavioral instruments. The average number of months abstinent for the entire 
population was 16 ± 7.9. 
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Median ±st.dev. (min, max) N (total = 16) 
Age 29.5 ±8.80 (19, 48) 16 

Clean time (months) 9.5 ±23.33 (2, 101) 16 
Race = Caucasian 14 
Race = Hispanic 2 

Sex = Male 16 
Primary Substance = Cocaine only 3 
Primary Substance = Crack cocaine 4 

Primary Substance = Cocaine + Other* 9 

Table 3. Demographics of all Caucasian subjects combined. 

 
 Median ±st.dev. (min, max) N (total = 10) 

Age 33 ± 7.57 (20, 44) 10 
Clean time (months) 16 ± 7.91 (1, 24) 10 

Race = Chinese   10 
Sex = Male   10 
Primary Substance =  Heroin only  10 

Primary Substance =  Heroin  + other  0 
*One sample was eliminated because genotyping could not be performed. Source Blum et al 2010. 

Table 4. Demographics of all Chinese subjects combined*. 

6.1 Genotyping 
Genotyping (Blum et al., 2010) was performed as follows. Each patient was also genotyped 
for the following gene polymorphisms: MAOA-VNTR, 5HTTLPR, SLC6A3, DRD4, ANKKI, 
DRD2 TaqIA (rs1800497), and the COMT val158met SNP (rs4680). Genotypes were scored 
independently by two investigators.  
The dopamine transporter (DAT1, locus symbol SLC6A3, which maps to 5p15.3, contains a 
40 base-pair Variable Number Tandem Repeat (VNTR) element consisting of 3-11 copies in 
the 3' untranslated region (UTR) of the gene.  
The dopamine D4 receptor (DRD4), which maps to 11p15.5, contains a 48 bp VNTR 
polymorphism in the third exon, which consists of 2-11 repeats.  
Monoamine Oxidase A upstream VNTR (MAOA-uVNTR). The MAOA gene, which maps to 
Xp11.3-11.4, contains a 30 bp VNTR in the 5’ regulatory region of the gene that has been 
shown to affect expression. A genotype by environment interaction has been reported for 
this polymorphism.  
Serotonin Transporter-Linked Polymorphic region (5HTTLPR). The serotonin transporter 
(5HTT, Locus Symbol SLC6A4), which maps to 17q11.1-17q12, contains a 43 bp 
insertion/deletion (ins/del) polymorphism in the 5’ regulatory region of the gene. A SNP 
(rs25531, A/G) in the Long form of 5HTTLPR has functional significance: The more 
common LA allele is associated with the reported higher basal activity, whereas the less 
common LG allele has transcriptional activity no greater than the S. The SNP rs25531 is 
assayed by incubating the full length PCR product with the restriction endonuclease MspI. 
For all of the above VNTR and ins/del polymorphisms, PCR reactions contained 
approximately 20 ng of DNA, 10% DMSO, 1.8 mM MgCl2, 200 µM deoxynucleotides, with 
7’-deaza-2’-deoxyGTP substituted for one half of the dGTP, 400 nM of appropriate forward 
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and reverse amplification primers, and 1 unit of AmpliTaq Gold® polymerase, in a total 
volume of 20 µl. Amplification was performed using touchdown PCR. After amplification, 
an aliquot of PCR product was combined with loading buffer containing size standard 
(Genescan 1200 Liz) and analyzed with an ABI PRISM® 3130 Genetic Analyzer.  
DRD2 TaqIA (rs1800497). The gene encoding the dopamine D2 receptor maps to 11q23, and 
contains a polymorphic TaqI restriction endonuclease site located within exon of the 
adjacent ANKKI gene that was originally thought to be located in the 3' untranslated region 
of the gene. The A1 allele has been reported to reduce the amount of receptor protein. This 
SNP was assayed using a Taqman (5’Nuclease) assay. 
COMT val158met SNP (rs4680). The gene encoding COMT maps to 22q11.21, and codes for 
both the membrane-bound and soluble forms of the enzyme that metabolizes dopamine to 
3-methoxy-4-hydroxyphenylethylamine. An A→G mutation results in a valine to 
methionine substitution at codons 158/108, respectively.  This amino acid substitution has 
been associated with a four-fold reduction in enzymatic activity. The COMT SNP was 
assayed with a Taqman method.  

6.2 Genetic Addiction Risk Score (GARS) 
In terms of genotyping data it has been determined that when multiple RDS-associated 
genes are analyzed, such as the genes for serotonergic- 2A receptor (5-HTT2a), serotonergic 
transportor (5HTTLPR), (dopamine D2 receptor (DRD2), Dopamine D4 receptor (DRD4), 
Dopamine transporter (DAT1), Catechol-o-methyl –transferase (COMT), and monoamine–
oxidase (MOA), 100% of all subjects carried at least one risk allele. To our knowledge this is 
the first reported attempt to stratify or classify addiction risk by incorporating an algorithm 
formulation that combines genotyping results for a number of RDS-associated risk alleles by 
pre-assigning an allele as a risk allele having predictive value for drug use. Previously, Blum 
et al (1996) using Bayesian statistics it was shown that the DRD2 A1 allele had a predictive 
value of 74.4% for all Reward Deficiency Syndrome (RDS). Here, the subjects studied in this 
investigation had multiple drug abuse relapses and presented to in-patient residential 
treatment programs.  
 

Sub MAOAuVNTR 5HTTLPR 5HTTLPR SLC6A3 DRD4 DRD2 COMT Any risk 
allele 

SEVERITY* 
GARS 

1 3R S/L S/LG 9R/10R 4R/4R A1/A2 G/G POSITIVE 0.46–MS 
2 3R S/L S/LA 10R/10R 4R/7R A2/A2 G/G POSITIVE 0.62 –HS 
3 3R L/L LA /LG 9R/9R 3R/4R A1/A2 A/G POSITIVE 0.57-HS 
4 4R S/L S/LA 10R/10R 3R/7R A2/A2 G/G POSITIVE 0.46-MS 
5 4R L/L LA/LA 10R/10R 4R/7R A2/A2 A/G POSITIVE 0.62 –HS 
6 3R S/S S/S 9R/10R 4R/7R A2/A2 A/G POSITIVE 0.30 –LS 
7 4R S/L S/LG 10R/10R 4R/4R A1/A1 A/A POSITIVE 0.38 –MS 
8 4R S/L S/LA 9R/10R 3R/4R A2/A2 A/A POSITIVE 0.23-LS 
9 3R L/L LA//LA 9R/9R 4R/7R A2/A2 A/G POSITIVE 0.54-HS 
10 4R L/L LA/LA 9R/10R 4R/4R A2/A2 G/G POSITIVE 0.54 –HS 
11 3R S/L S/ LA 9R/10R 4R/4R A1/A2 G/G POSITIVE 0.54-HS 
12 4R L/L LA/LA 9R/10R 4R/4R A1/A2 A/G POSITIVE 0.54-HS 
13 4R S/L S/ LA 10R/10R 4R/4R A1/A2 A/G POSITIVE 0.46 –MS 
14 4R S/S S/S 9R/10R 4R/4R A1/A2 G/G POSITIVE 0.30-LS 
15 3R L/L LA / LA 10R/10R 4R/4R A1/A2 A/G POSITIVE 0.69 –HS 
16 4R S/L S/LA 10R/10R 4R/7R A1/A2 A/A POSITIVE 0.46-MS 

Table 5. Group 1 genotyping data for each Caucasian patient. Data taken from Blum et al. 
2010. 
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The finding that 75% of these individuals have moderate-to-high GARS, whereas only 25% 
had low GARS, indicates that pre-screening patients prior enrolling in a treatment program 
could be beneficial. Clinically, this will be important for understanding expectations of 
future success and the need for intensive treatment involving genomic solutions coupled 
with medical therapies, including bio-holistic therapies. It will also reduce quilt and denial 
of the entering patient.  
 

Subject MAOAuVNT
R 5HTTLPR 5HTTLPR SLC6A3 DRD4 DRD2 COMT Any risk 

allele 
SEVERITY* 

GARS 

1 4R S/L S/LA 10R/10R 4R/4R A2/A2 A/A POSITIVE 0.30–LS 

2 3R S/S S/S 10R/10R 2R/4R A1/A2 GAG POSITIVE 0.38–MS 

3 4R S/S S/S 10R/10R 3R/4R A1/A2 G/G POSITIVE 0.46-MS 

4 3R S/S S/S 10R/10R 4R/6R A2/A2 G/G POSITIVE 0.38-MS 

5 4R S/S S/S 10R/10R 4R/4R A1/A2 A/G POSITIVE 0.30–LS 

6 3R L/L S/ LG 10R/10R 4R/4R A1/A2 ND POSITIVE 0.45 –MS 

7 4R L/L LA/LG 10R/10R 4R/4R A1/A2 A/G POSITIVE 0.54 –HS 

8 4R S/S S/S 10R/10R 4R/5R A2/A2 A/G POSITIVE 0.23-LS 

9 3R S/L S/LA 10R/10R 2R/4R A2/A2 A/G POSITIVE 0.46-MS 

Table 6. Group 2 genotyping data for each Chinese patient. Data taken from Blum et al 2010.  

The GARS study supports the understanding that identifying hypodopaminergic genotypes 
may be the best predictor of adult and adolescent drug abuse or other SUD behavior. These 
results are also consistent with a number of functional MRI studies that show that the 
hypodopaminergic DRD2 A1 genotype leads to blunted responses that can could lead to 
aberrant drug and/or food seeking behavior (Stice et al., 2008), while the 
hyperdopaminergic  A2 genotype serves as a protective factor against the development of 
drug disorders (Volkow et al 2006). 
A further strength of this study is that only male subjects were used. Males with 
hypodopaminegic functioning are more likely to abuse drugs that stimulate the 
mesocorticolimbic system than those with normal dopaminergic functioning. In contrast, 
females living in a negative environment are at increased risk (possibly not due to their 
genotypes) for using more drugs and even more types of drug that increase their risk for 
SUD.  
Another strength of this study is that it is in agreement with the work of Conner et al. [2010] 
confirming the importance of the cumulative effect of multiple genotypes coding for 
hypodopaminergic functioning, regardless of their genomic location, as a predictive method  
of drug use in males. Moreover, it extends the current literature, by suggesting for the first 
time a simple method using genetic testing to classify risk behavior in male patients seeking 
in-patient residential treatment (see table 7). 

6.3 A representative RDS gene panel   
Table 7, describes a RDS-associated gene/polymorphism panel that can be used in 
accordance with the potential development of the GARS test. 
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and reverse amplification primers, and 1 unit of AmpliTaq Gold® polymerase, in a total 
volume of 20 µl. Amplification was performed using touchdown PCR. After amplification, 
an aliquot of PCR product was combined with loading buffer containing size standard 
(Genescan 1200 Liz) and analyzed with an ABI PRISM® 3130 Genetic Analyzer.  
DRD2 TaqIA (rs1800497). The gene encoding the dopamine D2 receptor maps to 11q23, and 
contains a polymorphic TaqI restriction endonuclease site located within exon of the 
adjacent ANKKI gene that was originally thought to be located in the 3' untranslated region 
of the gene. The A1 allele has been reported to reduce the amount of receptor protein. This 
SNP was assayed using a Taqman (5’Nuclease) assay. 
COMT val158met SNP (rs4680). The gene encoding COMT maps to 22q11.21, and codes for 
both the membrane-bound and soluble forms of the enzyme that metabolizes dopamine to 
3-methoxy-4-hydroxyphenylethylamine. An A→G mutation results in a valine to 
methionine substitution at codons 158/108, respectively.  This amino acid substitution has 
been associated with a four-fold reduction in enzymatic activity. The COMT SNP was 
assayed with a Taqman method.  

6.2 Genetic Addiction Risk Score (GARS) 
In terms of genotyping data it has been determined that when multiple RDS-associated 
genes are analyzed, such as the genes for serotonergic- 2A receptor (5-HTT2a), serotonergic 
transportor (5HTTLPR), (dopamine D2 receptor (DRD2), Dopamine D4 receptor (DRD4), 
Dopamine transporter (DAT1), Catechol-o-methyl –transferase (COMT), and monoamine–
oxidase (MOA), 100% of all subjects carried at least one risk allele. To our knowledge this is 
the first reported attempt to stratify or classify addiction risk by incorporating an algorithm 
formulation that combines genotyping results for a number of RDS-associated risk alleles by 
pre-assigning an allele as a risk allele having predictive value for drug use. Previously, Blum 
et al (1996) using Bayesian statistics it was shown that the DRD2 A1 allele had a predictive 
value of 74.4% for all Reward Deficiency Syndrome (RDS). Here, the subjects studied in this 
investigation had multiple drug abuse relapses and presented to in-patient residential 
treatment programs.  
 

Sub MAOAuVNTR 5HTTLPR 5HTTLPR SLC6A3 DRD4 DRD2 COMT Any risk 
allele 

SEVERITY* 
GARS 

1 3R S/L S/LG 9R/10R 4R/4R A1/A2 G/G POSITIVE 0.46–MS 
2 3R S/L S/LA 10R/10R 4R/7R A2/A2 G/G POSITIVE 0.62 –HS 
3 3R L/L LA /LG 9R/9R 3R/4R A1/A2 A/G POSITIVE 0.57-HS 
4 4R S/L S/LA 10R/10R 3R/7R A2/A2 G/G POSITIVE 0.46-MS 
5 4R L/L LA/LA 10R/10R 4R/7R A2/A2 A/G POSITIVE 0.62 –HS 
6 3R S/S S/S 9R/10R 4R/7R A2/A2 A/G POSITIVE 0.30 –LS 
7 4R S/L S/LG 10R/10R 4R/4R A1/A1 A/A POSITIVE 0.38 –MS 
8 4R S/L S/LA 9R/10R 3R/4R A2/A2 A/A POSITIVE 0.23-LS 
9 3R L/L LA//LA 9R/9R 4R/7R A2/A2 A/G POSITIVE 0.54-HS 
10 4R L/L LA/LA 9R/10R 4R/4R A2/A2 G/G POSITIVE 0.54 –HS 
11 3R S/L S/ LA 9R/10R 4R/4R A1/A2 G/G POSITIVE 0.54-HS 
12 4R L/L LA/LA 9R/10R 4R/4R A1/A2 A/G POSITIVE 0.54-HS 
13 4R S/L S/ LA 10R/10R 4R/4R A1/A2 A/G POSITIVE 0.46 –MS 
14 4R S/S S/S 9R/10R 4R/4R A1/A2 G/G POSITIVE 0.30-LS 
15 3R L/L LA / LA 10R/10R 4R/4R A1/A2 A/G POSITIVE 0.69 –HS 
16 4R S/L S/LA 10R/10R 4R/7R A1/A2 A/A POSITIVE 0.46-MS 

Table 5. Group 1 genotyping data for each Caucasian patient. Data taken from Blum et al. 
2010. 
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The finding that 75% of these individuals have moderate-to-high GARS, whereas only 25% 
had low GARS, indicates that pre-screening patients prior enrolling in a treatment program 
could be beneficial. Clinically, this will be important for understanding expectations of 
future success and the need for intensive treatment involving genomic solutions coupled 
with medical therapies, including bio-holistic therapies. It will also reduce quilt and denial 
of the entering patient.  
 

Subject MAOAuVNT
R 5HTTLPR 5HTTLPR SLC6A3 DRD4 DRD2 COMT Any risk 

allele 
SEVERITY* 

GARS 

1 4R S/L S/LA 10R/10R 4R/4R A2/A2 A/A POSITIVE 0.30–LS 

2 3R S/S S/S 10R/10R 2R/4R A1/A2 GAG POSITIVE 0.38–MS 

3 4R S/S S/S 10R/10R 3R/4R A1/A2 G/G POSITIVE 0.46-MS 

4 3R S/S S/S 10R/10R 4R/6R A2/A2 G/G POSITIVE 0.38-MS 

5 4R S/S S/S 10R/10R 4R/4R A1/A2 A/G POSITIVE 0.30–LS 

6 3R L/L S/ LG 10R/10R 4R/4R A1/A2 ND POSITIVE 0.45 –MS 

7 4R L/L LA/LG 10R/10R 4R/4R A1/A2 A/G POSITIVE 0.54 –HS 

8 4R S/S S/S 10R/10R 4R/5R A2/A2 A/G POSITIVE 0.23-LS 

9 3R S/L S/LA 10R/10R 2R/4R A2/A2 A/G POSITIVE 0.46-MS 

Table 6. Group 2 genotyping data for each Chinese patient. Data taken from Blum et al 2010.  

The GARS study supports the understanding that identifying hypodopaminergic genotypes 
may be the best predictor of adult and adolescent drug abuse or other SUD behavior. These 
results are also consistent with a number of functional MRI studies that show that the 
hypodopaminergic DRD2 A1 genotype leads to blunted responses that can could lead to 
aberrant drug and/or food seeking behavior (Stice et al., 2008), while the 
hyperdopaminergic  A2 genotype serves as a protective factor against the development of 
drug disorders (Volkow et al 2006). 
A further strength of this study is that only male subjects were used. Males with 
hypodopaminegic functioning are more likely to abuse drugs that stimulate the 
mesocorticolimbic system than those with normal dopaminergic functioning. In contrast, 
females living in a negative environment are at increased risk (possibly not due to their 
genotypes) for using more drugs and even more types of drug that increase their risk for 
SUD.  
Another strength of this study is that it is in agreement with the work of Conner et al. [2010] 
confirming the importance of the cumulative effect of multiple genotypes coding for 
hypodopaminergic functioning, regardless of their genomic location, as a predictive method  
of drug use in males. Moreover, it extends the current literature, by suggesting for the first 
time a simple method using genetic testing to classify risk behavior in male patients seeking 
in-patient residential treatment (see table 7). 

6.3 A representative RDS gene panel   
Table 7, describes a RDS-associated gene/polymorphism panel that can be used in 
accordance with the potential development of the GARS test. 
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Gene Significance Comment 

ALDH2 P= 5 X 10-37 With alcoholism and alcohol-
induced medical diseases 

ADH1B P= 2 X 10-21 With alcoholism and alcohol-
induced medical diseases 

ADH1C P = 4 X 10-33 With alcoholism and alcohol-
induced medical diseases 

DRD2 P =1 X 10-8 With alcohol and drug abuse 
DRD4 P= 1 X 10-2 With alcohol and drug abuse 

SLC6A4 P= 2 X 10-3 With alcohol , heroin, cocaine, 
methamphetamine dependence 

HTRIB P= 5 X 10-1 With alcohol and drug abuse 
HTRI2A P= 5 X 10-1 With alcohol and drug abuse 

TPH P = 2 X 10-3 With alcohol and drug abuse 

MAOA P = 9 X 10-5 With alcohol and drug abuse 
OPRD1 P= 5 X 10-1 With alcohol and drug abuse 

GABRG2 P= 5 X 10-4 With alcohol and drug abuse 
GABRA2 P= 7 X 10-4 With alcohol and drug abuse 
GABRA6 P= 6 X 10-4 With alcohol and drug abuse 

COMT* P= 5 X 10-1 With alcohol and drug abuse in 
Asians

DAT1 P= 5 X 10-1 With alcohol and drug abuse in 
Asians

CNR1 P= 5 X 10-1 With alcohol and drug abuse 
CYP2E1* P =7 X10-2 With alcohol LIVER DISEASE 

Table 7. An RDS gene panel. Chen et al. Journal of Psychoactive drugs. June 2011.  

7. Conclusion 
The need to genetically test individuals, especially at entry into a residential or even non-
residential chemical dependency program, has long been recognized. In the GARS  study, a 
high percentage (75%) of subjects were found to carry a moderate to high GARS, and 100% 
of individuals tested possessed at least  one of the RDS risk alleles tested. It is of some 
interest that in the Group 2 population only rare DRD4 alleles such as 2R, 5R, and 6R were 
found. This study supports our understanding that hypodopaminergic state is due to gene 
polymorphisms, as well as environmental elements including both stress and neurotoxicity 
from aberrant abuse of psychoactive drugs (e.g., alcohol, heroin, cocaine etc). This study 
demonstrates that useful genetic variables include serotonergic genes (e.g., serotonergic 
receptors [5HT2a], serotonin transporter 5HTlPR, etc.), endorphinergic genes (e.g., mu 
OPRM1 gene, proenkephalin (PENK) [PENK polymorphic 3' UTR dinucleotide (CA) 
repeats]), and dopaminergic genes (e.g., ANKKI Taq A; DRD2 C957T, DRD4 7R, COMT 
Val/met substation, MAO-A uVNTR, and SLC3 9 or 10R). Future studies could add other 
genes (e.g., GABARB3) and D3 dopamine receptor. 
Any of these genetic and/or environmental impairments could result in reduced release of 
dopamine and or reduced number of dopaminergic receptors. The use of GARS will have 
prevention and treatment benefits in those patients afflicted with genetic antecedents to 
RDS-seeking behaviors.  
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Gene Significance Comment 

ALDH2 P= 5 X 10-37 With alcoholism and alcohol-
induced medical diseases 

ADH1B P= 2 X 10-21 With alcoholism and alcohol-
induced medical diseases 

ADH1C P = 4 X 10-33 With alcoholism and alcohol-
induced medical diseases 

DRD2 P =1 X 10-8 With alcohol and drug abuse 
DRD4 P= 1 X 10-2 With alcohol and drug abuse 

SLC6A4 P= 2 X 10-3 With alcohol , heroin, cocaine, 
methamphetamine dependence 

HTRIB P= 5 X 10-1 With alcohol and drug abuse 
HTRI2A P= 5 X 10-1 With alcohol and drug abuse 

TPH P = 2 X 10-3 With alcohol and drug abuse 

MAOA P = 9 X 10-5 With alcohol and drug abuse 
OPRD1 P= 5 X 10-1 With alcohol and drug abuse 

GABRG2 P= 5 X 10-4 With alcohol and drug abuse 
GABRA2 P= 7 X 10-4 With alcohol and drug abuse 
GABRA6 P= 6 X 10-4 With alcohol and drug abuse 

COMT* P= 5 X 10-1 With alcohol and drug abuse in 
Asians

DAT1 P= 5 X 10-1 With alcohol and drug abuse in 
Asians

CNR1 P= 5 X 10-1 With alcohol and drug abuse 
CYP2E1* P =7 X10-2 With alcohol LIVER DISEASE 

Table 7. An RDS gene panel. Chen et al. Journal of Psychoactive drugs. June 2011.  

7. Conclusion 
The need to genetically test individuals, especially at entry into a residential or even non-
residential chemical dependency program, has long been recognized. In the GARS  study, a 
high percentage (75%) of subjects were found to carry a moderate to high GARS, and 100% 
of individuals tested possessed at least  one of the RDS risk alleles tested. It is of some 
interest that in the Group 2 population only rare DRD4 alleles such as 2R, 5R, and 6R were 
found. This study supports our understanding that hypodopaminergic state is due to gene 
polymorphisms, as well as environmental elements including both stress and neurotoxicity 
from aberrant abuse of psychoactive drugs (e.g., alcohol, heroin, cocaine etc). This study 
demonstrates that useful genetic variables include serotonergic genes (e.g., serotonergic 
receptors [5HT2a], serotonin transporter 5HTlPR, etc.), endorphinergic genes (e.g., mu 
OPRM1 gene, proenkephalin (PENK) [PENK polymorphic 3' UTR dinucleotide (CA) 
repeats]), and dopaminergic genes (e.g., ANKKI Taq A; DRD2 C957T, DRD4 7R, COMT 
Val/met substation, MAO-A uVNTR, and SLC3 9 or 10R). Future studies could add other 
genes (e.g., GABARB3) and D3 dopamine receptor. 
Any of these genetic and/or environmental impairments could result in reduced release of 
dopamine and or reduced number of dopaminergic receptors. The use of GARS will have 
prevention and treatment benefits in those patients afflicted with genetic antecedents to 
RDS-seeking behaviors.  
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1. Introduction 
The biologic approach to IBD therapy has developed in recent years as a result of a better 
understanding of specific immunopathological processes in intestinal inflammation.  
Advances in the development of biologic drugs were the result of two major findings, in 
basic research: 1) The ability to dissect immunopathologies in the intestinal mucosa up to 
the level of single molecules. The best example of such progress is the generation of 
sophisticated experimental models of inflammatory bowel disease such as knock-out and 
transgenic mice in which experimental colitis is exacerbated or ameliorated because of the 
lack or over expression of a single gene. Treatment strategies to decrease/neutralize or 
increase the concentration or effect of the protein encoded by that gene can be performed. 2) 
Advances in biotechnology now enable the insertion of genes into viral vectors so that 
targeted delivery of cytokines is possible, antisense oligonucleotide can be designed to 
hybridize with target RNA’s thus the expression of specific molecules can be decreased, 
commercial amounts of growth factors generated and humanized antibodies creating less 
immunogenicity can be engineered. 
There are several categories of treatments that are relevant to IBD such as 1) Anti-Tumoral 
Necrosis Factor alfa (TNF-α) antibodies; 2) Selective adhesion blockade; 3) Recombinant 
cytokines; 4) Growth factors; 5) Immunostimulation; 6) Nucleic acid based therapies; 7) 
Gene therapy; 8) Autologous bone-marrow transplantation; 9) Helminths, 10) Apheresis.  

2. Anti-tnf alpha therapies 
TNF-α mediates multiple proinflammatory signals that play a central role in the 
pathogenesis of IBD, including neutrophil recruitment to local sites of inflammation, 
activation of both coagulation and fibrinolysis, and induction of granuloma formation. 
Increased numbers of TNF-α producing cells are present in intestinal biopsy specimens from 
IBD patients, more frequently in Crohn’s disease tissues than ulcerative colitis [1]. 

2.1 INFLIXIMAB 
Infliximab is a chimeric (75% human / 25% mouse) anti-TNFα monoclonal antibody; TNFα 
mediates multiple pro-inflammatory processes central to the pathogenesis of IBD. 
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Infliximab was demonstrated to be effective in both the induction and maintenance therapy 
for refractory luminal and fistulizing CD. In a randomized double-blind placebo controlled 
trial, 108 patients with moderate-to-severe CD which is resistant to conventional therapy, 
were treated with the single intravenous infusion of either placebo or infliximab at a dose of 
5 mg/kg, 10 mg/kg or 20 mg/kg. 
The rates of the clinical response at 4 week were 81% for infliximab 5 mg/kg, 50% for 
infliximab 10 mg/kg and 64% for infliximab 20 mg/kg, all of which were significantly 
higher than that for the placebo-treated group. The clinical remission rate at 4 week was also 
significantly higher in the infliximab-treated group than in the placebo-treated group (33% 
vs 4%) [2]. In a randomized, double-blind, placebo-controlled trial for the treatment of 
fistulizing disease, 94 CD patients with draining abdominal and perianal fistulas refractory 
to conventional therapy were treated with three intravenous infusions at week 0, 2 and 6 of 
either a placebo or infliximab at a dose of 5 mg/kg or 10 mg/kg. The response rates were 
significantly greater in the infliximab 5 mg/kg group (68%) and in the infliximab 10 mg/kg 
group (56%) than that in the placebo-treated group (26%). The rates of a complete closure of 
the fistulas were also significantly higher in the infliximab 5 mg/kg and 10 mg/kg group 
(55% and 38% respectively) compared with the placebo-treated group (13%) [3]. 
Rutgeerts et al. [4] who described the ACT 1 and 2 trials. These trials enrolled patients with 
moderate–severe UC refractory to aminosalicylates (ACT 1), corticosteroids, and/or 
immunosupressives (ACT 1 and 2). A total of 728 patients were randomized to receive a 
standard induction schedule of infliximab (5 or 10 mg/kg) or placebo at weeks 0, 2, and 6 
followed by every 8 week “maintenance” dosing. Patients were followed for 54 weeks in 
ACT 1 and 30 weeks in ACT 2. Clinical responses after 8 weeks were reported in 69% and 
64% of patients receiving infliximab 5 mg/kg in ACT 1 and 2, and in 61% and 69% of 
patients who received 10 mg/kg, compared to 37% and 29% of patients who received 
placebo. In both studies, patients who received infliximab were more likely to have a clinical 
response at week 30 and by week 54 in ACT 1, 45% and 44% of patients who had received 5 
or 10 mg/kg infliximab “maintained” their clinical response compared with 20% of patients 
randomized to placebo. 

2.2 ADALIMUMAB 
Adalimumab is a subcutaneously administered IgG1 monoclonal antibody that binds with 
high specificity and affinity to human TNFα and consists of human-derived heavy and light 
chain variable regions and human IgG1 constant region. Adalimumab is now approved in 
the US and Europe for the treatment of CD. 
The CLASSIC I trial randomized 299 moderate to severe CD patients naïve to anti-TNF 
therapy to one of three dose combinations administered at week 0 and 2 (160/80 mg, 80/40 
mg, or 40/20 mg) or placebo. At week 4, 36% (P = 0.001), 24% (P = 0.06), and 18% (P = 0.36) 
in the adalimumab groups, respectively, were in clinical remission compared to 12% in the 
placebo group [5]. Fifty-five patients who were in remission at week 4 of CLASSIC were 
randomized to receive continued adalimumab 40 mg every other week, weekly or placebo 
for up to one year as part of the CLASSIC trial in which 74%, 83% and 44% of patients, 
respectively, maintained remission at week 56 [6]. Similar to the ACCENT  study with 
infliximab, immunomodulator therapy again did not alter these results[7]. Finally, the 
CHARM trial (n = 854) examined adalimumab induction and maintenance efficacy in 
patients with moderate to severe active CD. An 80 mg dose at week 0 and 40 mg dose at 
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week 2 were administered to all patients, with 499 (58%) achieving clinical response and 
then randomized to placebo, adalimumab 40 mg every other week, or 40 mg weekly 
through week 56. Significantly higher rates of remission were seen in the adalimumab 
groups compared to placebo at both week 26 (40% and 47% vs 17%, P < 0.001) and week 56 
(36% and 41% vs 12%, P < 0.001). The adalimumab groups also had significantly more 
steroid discontinuation and complete fistula closure. Safety data was comparable to other 
TNF therapy [8]. 

2.3 CERTOLIZUMAB 
Certolizumab pegol or CDP870 (UCB; Smyrna, GA) is a monoclonal humanized anti-TNFα 
antibody Fab’ fragment linked chemically to polyethylene glycol (PEG). In contrast to 
infliximab and adalimumab the antibody fragment does not induce apoptosis [9]. 
Certolizumab has been evaluated in both induction and maintenance trials for CD [9,10]. In 
92 patients with moderate to severe CD randomized to a single intravenous dose of 1.25, 5, 
10 or 20 mg/kg of CDP870 or placebo, the primary endpoints of clinical response or 
remission after four weeks were not different between treatment groups and placebo, but 
the remission rate at week 2 was 47% in the 10 mg/kg group compared to 16% in the 
placebo group (P = 0.041) [10]. The PRECISE 1 study compared subcutaneous certolizumab 
(100, 200 or 400 mg) to placebo administered at week 0, 4, and 8 in 292 patients with 
moderate-severe CD. While all doses of certolizumab produced significant clinical benefit 
over placebo at week 2, 400 mg had the strongest effect at all time points, most markedly at 
week 10 (52.8% vs 30.1%, P = 0.006); however, no statistical significance in clinical response 
was seen at week 12, the primary endpoint. When re-analyzed according to stratification by 
C-reactive protein level (> 10 mg/L), the 400 mg group had a significantly better response at 
week 12 (53.1% vs 17.9%, P = 0.005) that was attributed to a lower placebo response rate than 
those patients with a CRP < 10. In the PRECISE 2 trial, patients who responded to a 400 mg 
induction dose at week 0 and 2 (428/668, 64%) were randomized to receive 400 mg 
certolizumab or placebo every 4 week for 26 week. Significantly more patients in the 
certolizumab arm achieved clinical response (62.8% vs 36.2%, P < 0.001) and remission 
(47.9% vs 28.6%, P < 0.001) at week 26 [11]. Safety and tolerability were similar to other anti-
TNF agents, although patients treated with certolizumab had lower rates of autoantibody 
formation. 

3. Selective adhesion blockade  
Many adhesion molecules play an important role in trafficking leukocytes into the inflamed 
gut wall and they are up-regulated in both CD and UC. α4-integrins, predominantly 
expressed on lymphocytes, usually exist in combination with a β subunit and interact with 
adressins expressed on endothelium. α4β1-integrin binds to vascular cellular adhesion 
molecule 1 (VCAM-1) and α4β7-integrin binds to mucosal addressing cell adhesion 
molecule 1 (MAdCAM-1). The interaction between α4β7-integrin and MAdCAM-1 is 
important in mediating lymphocytes homing to the gut mucosa [12]. 
Leukocyte function-associated antigen 1 (LFA-1) expressed on leukocytes interacts with 
intercellular adhesion molecule 1 (ICAM-1), which is constitutively expressed at low levels 
on vascular endothelial cells and a subset of leukocytes, and they are up-regulated on many 
cell types in response to pro-inflammatory mediators [13]. 
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3.1 NATALIZUMAB 
Natalizumab, a humanized IgG4 anti-α4-integrin monoclonal antibody, inhibits both α4β7-
integrin/MAdCAM-1 interaction and α4β1/VCAM-1 binding. It was already approved by 
Food Drug Administration (FDA) for use in patients with Crohn´s disease in 2007. The 
mechanism of action consists of natalizumab interrupted lymphocyte trafficking into the 
intestine [14]. In a large placebo-controlled randomized trial including 248 patients with 
moderate to severe CD, patients were treated twice at 4 week intervals with 3 or 6 mg/kg of 
natalizumab or placebo. A significantly higher number of patients achieved remission at 
week 6 only in the 3 mg/kg natalizumab group compared with the two infusions of placebo 
group (44% vs 27%) [15]. A larger phase 3 trial of ENACT-1 in 905 patients with moderate to 
severe CD treated with  natalizumab and concurrent immunosuppressive therapies, prior 
anti-TNF-α therapy or elevated CRP levels showed a significant response rate compared 
with placebo-treated patients [16]. Three hundred and thirty-nine patients with CD who 
responded to natalizumab were followed by 12 months (ENACT-2), natalizumab 
demonstrated a significant superiority over the placebo in its ability to sustain both the 
response and remission at all consecutive time points over a 6 months period and enabled 
patients to be successfully withdrawn from steroids [17]. In an uncontrolled short term pilot 
study in 10 patients with active UC, a single 3 mg/kg intravenous infusion of natalizumab 
showed a short-term benefit [18]. Natalizumab is efficacious in multiple sclerosis (MS) as 
well [19,20]. Against these effects of natalizumab in IBD and MS, 3 patients receiving 
repeated treatment with natalizumab developed JC virus related progressive multifocal 
leukoencephalopathy (PML) [21-23]. PML, which almost invariably occurs in patients with 
AIDS or leukemia or in organ-transplant recipients, is a fatal opportunistic infection of the 
central nervous system caused by the reactivation of a clinically latent JC polyomavirus 
infection. Two patients with MS had been receiving the concomitant administration of 
interferon β-1a [21,22] and 1 patient with CD had been treated with natalizumab 
monotherapy [23].  

3.2 MLN-02 
MLN-02 is a humanized anti-α4β7-integrin blocks specifically the α4β7-integrin/MAdCAM-
1 interaction. A randomized placebo-controlled trial in 185 patients with mild to moderately 
active UC treated with placebo, 0.5 mg/kg MLN-02 or 2.0 mg/kg MLN-02 intravenously on 
day 1 and 29 demonstrated that on day 57, 2.0 mg/kg MLN-02 showed significantly greater 
remission rates over the placebo (36.9% vs 20.7%) [24]. 
A randomized placebo-controlled trial in 181 patients with moderately active UC treated by 
two infusions with placebo, 0.5 mg/kg MLN-02, or 2.0 mg/kg MLN-02 intravenously 
demonstrated that on day 43 the remission rates were significantly higher in the actively 
treated groups (0.5 mg/kg: 33%, 2.0 mg/kg: 34%) than in the placebo-treated group (15%) 
[25]. MLN-02 appears to be a generally well-tolerated and effective therapy especially for 
active UC, but further trials are necessary to confirm these findings.  

3.3 ALICAFORSEN (ISIS 2302) 
ISIS 2302 is a 20 base phosphorothioate oligodeoxynucleotide designed to specifically 
hybridize to the 3’-untranslated region of the human ICAM-1 mRNA. Treatment of ISIS 
2302 in vitro resulted in a highly specific reduction in ICAM-1 mRNA and, consequently, a 
marked decrease in ICAM-1 protein expression [26].  
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A pilot trial in patients with moderate CD (including 15 patients treated with 13 intravenous 
infusions of 0.5, 1.0 or 2.0 mg/kg ISIS 2302 vs 5 patients with placebo over 26 day) 
demonstrated a higher remission rate in ISIS 2302-treated group compared with the placebo-
treated group on day 33 (47% vs 20%) [27, 28]. Another larger randomized placebo-
controlled trial also failed to show any benefit of ISIS 2302 for active CD [29]. Two hundred 
and ninety-nine patients with moderately active, steroid-dependent CD received placebo or 
ISIS 2302 (2 mg/kg intravenously three times a week) for 2 or 4 week in month 1 and 3. 
There were no differences in the steroid-free remission rates at week 14 between the ISIS 
2302-treated groups (2 week: 20.2%, 4 week: 21.2%) and the placebo-treated group (18.8%). 
This suggested that ISIS 2302 may be effective when given in adequate doses. In another 
study patients were infused with high dose ISIS 2302 (250 mg to 350 mg) intravenously 
three times a week for 4 week, showed a 41% remission rate [30]. A randomized placebo-
controlled trial in 40 patients with mild to moderately active distal UC treated with 60 mL 
alicaforsen enema (0.1, 0.5, 2, or 4 mg/mL or placebo) once daily for 28 consecutive days 
showed a beneficial effect at the highest dose [31]. An open-label, uncontrolled study in 12 
patients with chronic unremitting pouchitis treated with 240 mg alicaforsen enema nightly 
for 6 week demonstrated a significant improvement in the pouchitis disease activity index 
and an endoscopic mucosal appearance at week 6 [32]. 

4. Recombinant cytokines 
MRA (Anti-IL-6 receptor antibody) 
IL-6 is one of the major inflammatory cytokines. IL-6 can transduce signals into cells without 
IL-6 receptor expression when IL-6 binds to soluble IL-6 receptor. The expression of IL-6 and 
soluble IL-6 receptor increases in patients with active CD [33, 34]. A pilot randomized 
double blind placebo-controlled trial of a humanized anti-IL-6 receptor monoclonal 
antibody that included thirty-six patients were randomized biweekly to receive either a 
placebo, 8 mg/kg MRA or MRA/placebo alternately for 12 week. The clinical remission rate 
with biweekly MRA was significantly higher than with placebo (80% vs 31%) [35].  

4.1 FONTOLIZUMAB (Anti-interferon-γ antibody) 
Interferon-γ is a key cytokine that enhances the development of a Th1 immune response. 
Fontolizumab is a humanized monoclonal antibody directed against interferon-γ. A phase 2 
study of fontolizumab at intravenous doses of 4 mg/kg or 10 mg/kg in 133 patients with 
moderate to severe active CD did not demonstrate efficacy at day 28. However, exploratory 
analyses based on 91 patients who received a second dose of fontolizumab at day 28 did  
demonstrate efficacy. This effect was most prominent in patients with elevated baseline 
concentrations of CRP [36]. An additional phase 2 study of fontolizumab at lower 
subcutaneous doses of 1.0 mg/kg or 4.0 mg/kg in 196 patients with active CD did not 
demonstrate efficacy at day 28 [37]. These results indicate that a single dose may not be 
sufficient to achieve a significant improvement. Further clinical studies of fontolizumab for 
the induction and maintenance of remission in patients with CD are required.  

4.2 ANTI-IL2 Receptor (CD25) Antibodies 
Daclizumab: IL-2 is a major T cell growth factor, which is secreted by activated T cells and 
acts via the high-affinity IL-2 receptor on T cells themselves to promote cell survival and 
proliferation. The IL-2 receptor α-chain (CD25) is a component of high-affinity IL-2 receptor 
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and it is expressed on activated T cells. Daclizumab is a humanized monoclonal antibody to 
CD25, which blocks the binding of IL-2 to the IL-2 receptor. An open label pilot study of 
daclizumab suggested that it was beneficial for patients with active UC [38]. However, a 
recent placebo-controlled phase 2 trial of daclizumab at intravenous doses of 1 mg/kg twice 
with a 4-week interval or 2 mg/kg every 2 week for a total of four doses in 159 patients with 
active UC failed to show any efficacy [39].  
Basiliximab is a chimeric monoclonal antibody against CD25, which blocks the binding of 
IL-2 to the IL-2 receptor. Two uncontrolled pilot studies suggested that basiliximab in 
combination with steroids may be effective for steroid resistant UC [40, 41]. A large 
randomized controlled trial is required to confirm the therapeutic benefit of this antibody. 

4.3 VISILIZUMAB  
Visilizumab, an anti-CD3 monoclonal antibody is undergoing evaluation in severe UC. In an 
open-label phase I trial, 79% and 54% of steroid-refractory UC patients treated with 10 
mcg/kg per day (n = 24) for two consecutive days experienced response and remission 
respectively at day 30, and 100% of those treated with 15 mcg/kg per day (n = 8) achieved 
both clinical response and remission [42]. Sixty-three percent of patients receiving the higher 
dose remained in remission at one year. Almost two-thirds of patients experienced 
symptoms of cytokine release syndrome 1-3 hr post-infusion, including nausea, chills, fever, 
headache and arthralgias [43].  

5. Growth factors 

Growth factors may restore the protective and reparative foundation of the colon, and 
therefore represent a possible therapeutic option for UC. Growth factors that have been 
identified as potentially beneficial in treating UC include transforming growth factor β 
(TGF-β), epidermal growth factor (EGF), keratinocyte growth factor-1 and 2 (KGF-1 or 2, 
also known as fibroblast growth factor 7 or 10). Repifermin is a truncated, purified KGF-2 
expressed in Escheria coli, and induces the proliferation of intestinal and colonic mucosa and 
reduces intestinal ulcers and inflammation in animal models [44]. Intravenously 
administered repifermin (1-50 μg/kg) for five consecutive days did not yield different rates 
of clinical response or remission at week 4 compared to placebo in patients with active UC 
[44].  
EGF is a mitogenic peptide produced by salivary and duodenal Brunner’s glands, topical 
application is beneficial in wound healing and systemic EGF is useful in treating neonatal 
necrotizing enterocolitis [45]. An 83% remission rate was demonstrated in patients with 
mild to moderate left-sided UC (n = 24) randomized to daily EGF enemas for 2 week 
compared to 8% in the placebo group (P < 0.001); disease activity, endoscopic and 
histologic scores remained significantly better in the EGF group through 12 week [45]. It 
aids mucosal healing by stimulating local prostaglandin synthesis and epithelial cell 
regeneration via up-regulation of EGF and its receptor, neutrophil suppression, and 
decreased production of inflammatory cytokines stimulated by NSAIDs and/or H pylori 
[46]. A small open-label trial in which twice daily Rebamipide enemas were given to 
patients with UC proctitis for one month demonstrated significant clinical, endoscopic 
and histopathologic improvement [47].  
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6. Immunostimulation 
The greatest evidence supporting the use of colony-stimulating factors in intestinal 
inflammation comes from studies conducted in patients with active Crohn’s Disease (CD): 
sargramostim and filgrastim. 

6.1 GM-CSF 
Initial findings suggested that patients treated with sargramostim (GM-CSF) (Immunex 
Corporation, Seattle, WA, USA) in active CD had a high rate of clinical response and 
remission, with limited side effects [48]. This 8-week, open-label, dose-escalating study, was 
conduced on 15 patients with Crohn’s Disease Activity Index (CDAI) greater than 220 but 
lower than 475.  Among them, 80% achieved clinical response (decrease in CDAI >70 points) 
and 53% achieved remission (CDAI <150).  The response rate was 75%, 85%, and 75% in the 
4, 6, and 8 µg/kg per day dose groups.  The only patient with fistula had complete clinical 
closure of a chronic recto-vaginal fistula.  Treatment with sargramostim also improved 
quality of life. 
Lastly, the Sargramostim in Crohn’s Disease Study Group [49] conducted a multicenter, 
randomized, placebo-controlled trial, where 124 patients were included.  Patients were 
randomly assigned in a 2:1 ratio to receive sargramostim (6 µg per kilogram of body weight) 
or placebo subcutaneously daily for 56 days. The primary end point was clinical response 
and other end points included changes in disease severity, quality of life, and adverse 
events.     
The primary end point was not proven, this was achieved in 54% in the sargramostim group 
and 44% in the placebo group (P = 0.28), but a clinical response defined by a decrease from 
baseline of at least 100 points in the CDAI score was significantly higher in the 
sargramostim group than in the placebo group (48% vs 26%, P = 0.01), as well as the 
remission rate (40% vs 19%, P = 0.01).  The improvement, including remission rates, was 
also superior in the sargramostim group thirty days after treatment.  In patients in whom 
the validated Crohn’s Disease Endoscopic Index of Severity was assessed, the median post-
treatment scores were significantly lower in the sargramostim group, but the median 
decrease between the two groups was not.  Draining fistulae was eliminated in 4 of 8 of 
patients in the treatment group and in 2 of 5 in the placebo group.  Only 1 of 78 patients had 
detectable neutralizing antibodies at day 57, and no association was observed with adverse 
events. Treatment with GM-CSF may provide effective synergistic or single-agent treatment 
alternatives to immunosuppression for IBD [50], but evidence that supports its 
recommendation as treatment remains weak. 

6.2 G-CSF 
Dejaco et al [51] performed an open-label pilot study with filgrastim (Neupogen®, Amgen 
Inc, Thousand Oaks, CA, USA) in 5 CD patients with severe endoscopic postoperative 
recurrence, but with clinically inactive CD (CDAI <150).  Patients received 300 µg of 
filgrastim subcutaneously, three times weekly for a total of 12 weeks, for the primary 
objective of evaluating safety and efficacy in this group of patients. Efficacy was evaluated 
by ileocolonoscopy, including histopathological examination according to Rutgeerts’ rating 
for postoperative recurrence, which was performed before treatment and within 1 week 
after the end of treatment.  Four patients had stricturing and one had penetrating behavior.  
Complete mucosal healing occurred in 2 patients after treatment (1 patient after 12 weeks of 
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therapy and in 1 patient 9 months after treatment cessation), and all other patients had no 
response.  In 1 patient closure of perianal fistulas was noted.  This study suggested that 
despite the small number of patients filgrastim seems to be safe, well tolerated, and might 
provide efficacy in CD.  
Korzenik et al [52] conducted a 12 week open-label trial with filgrastim (Neupogen®, Amgen 
Inc, Thousand Oaks, CA, USA) that offered preliminary evidence that is a safe and 
potentially effective therapy for the treatment of active CD and fistulous complications. 
Twenty CD patients with a CDAI >220 and ≤450 were enrolled.  Primary end point was a 
decrease in the CDAI of >70 points and remission was considered to be a CDAI <150 points.  
All patients received filgrastim daily for 12 weeks at an initial dose of 300 µg 
subcutaneously.  The absolute neutrophil count (ANC) was monitored weekly and was 
targeted between 25 and 35 × 109. The dose was adjusted downward by 100 µg if ANC 
exceeded this range, and after a subsequent reduction to 100 µg/day, the dose was lowered 
to 75 µg/day. Five patients (25%) achieved remission during the study, 11 (55%) 
demonstrated a decrease of at least 70 points, and 3 of 4 (75%) patients with fistulae had a 
positive response (defined as closure of more than 50% of fistulae).  Among responders at 
week 12, 4 of 11 patients (36%) maintained response for additional 4 weeks after completion 
of therapy and the others had an increase in disease activity. 

7. Nucleic acid based therapies 
Nucleic acid based therapies have focused on the use of antisense phosphorothioate 
oligonucleotide to the p65 subunit of NF-κB and ICAM-1 antisense oligonucleotide 
(Alicaforsen, ISIS-2302). In a pilot study 11 steroid-refractory or resistant IBD patients were 
given a single dose of rectal antisense NF-κB p65 oligonucleotide. An improvement in 
clinical, endoscopic and histologic scores was seen at day 7 in 71% of the treatment group 
compared with 25% of the placebo group [53].  
ISIS-2302 is a 20-base pair complementary nucleotide chain that hybridizes with ICAM-1 
mRNA that is thus degraded by RNAse-H and the message and expression of ICAM-1 is 
therefore decreased. In patients treated with doses between 300-350 mg infused 3 times 
weekly for 4 weeks, it seemed to have higher benefit in those with active CD [54].        
Immunostimulatory DNA sequences, ISS-DNA, also known as CpG DNA, are 
unmethylated CpG dinucleotides within consensus sequences present in bacterial and 
viral genomes. ISS-DNA and their synthetic analogues activate innate immunity via Toll-
like receptor 9. ISS-ODN (Liposomal immunostimulatory DNA sequence) was shown to 
prevent and ameliorate the severity of colitis in animal models [55] and therefore may be 
effective also in the treatment of human IBD. Clinical trials to test their efficacy are 
underway.   

8. Gene therapy 

Gene therapy strategies using plasmid IL-10 vectors or an adenovirus IL-10 constructs seem 
to be a potent approach for the treatment of IBD. Barbara et al [56] reported that gene 
transfer was achieved by intraperitoneal injection of non-replicating human adenovirus 
bearing IL-10 gene, either 24 hr before or 1 hr after intrarectal administration of TNBS 
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(trinitrobenzenesulfonic acid) in rats. IL-10 gene transfer prior to colitis improved colitis 
macroscopically and histologically.     

9. Allogenic bone-marrow transplantation 
Allogenic bone-marrow transplants in CD patients were noted to induce prolonged disease 
remission, providing evidence of the role of bone-marrow T cells in this disease.  
The goal of autologous haematopoietic stem-cell transplantation (HSCT) is resetting T cell 
responses by eliminating all circulating T cells. A phase I study in 12 patients with refractory 
CD showed that 11 patients entered a sustained remission (CDAI <150). After a median 
follow-up of 18.5 months, only one patient has developed a recurrence of active CD, which 
occurred 15 month after HSCT [57]. 

10. Helminths 
Helminthic colonization has been theorized to be protective against the development of IBD 
based both on epidemiologic and animal model data. 
Another strategy for resetting the T-cell repertoire has been proposed based on the 
helminths. The immune system has evolved with the presence of these helminths, which 
functions to expand the T regulatory cell population, enhancing IL-10 production and 
shifting a TH1 type process more towards TH2 [58].  An RCT of Trichiuris suis, a pig worm, 
using 2 500 Trichiuris suis ova administered orally once every two weeks, in UC has shown a 
response of 44% of the treatment group versus 14% of receiving placebo group [59]. An open 
label study of 29 patients with active CD identified high rates of response (79.3%) and 
remission (72.4%).   

11. Apheresis 
Selective apheresis of leukocytes, including the targeted removal of monocytes, 
granulocytes, and lymphocytes is a growing area of research in the treatment of UC. 
Review of leukocyte apheresis studies shows efficacy in inducing remission across various 
UC populations in small open trials [60], but the inherent process of apheresis makes 
controlled studies difficult to conduct. Two larger trials have demonstrated that leukocyte 
apheresis (n = 76) and granulocyte/monocyte apheresis (Adacolumn®) (n = 69) are 
equally or more effective than steroids in the induction of remission [61, 62], with fewer 
adverse events [61] and greater steroid-sparing effects [62]. In the only controlled trial to 
date, 19 patients with moderate to severe UC treated with five weekly sessions of either 
leukocyte sham apheresis (followed by every other week for 4 wk) or sham apheresis 
demonstrated that the leukocyte apheresis group had significantly greater clinical 
improvement (80%) than the sham group (33%)[63]. Maintenance of remission after 
apheresis has been equivocal: in one study of 71 patients with active UC treated with 
leukocyte apheresis, only 27% of those with an initial response (n = 53) maintained 
remission for more than six months; rapid response to treatment was the only factor 
correlated with long-term response in multivariate analysis [64]. In another study, 
however, 26 of 33 patients maintained remission at one year after 11 weekly sessions of 
granulocyte/monocyte apheresis [65]. Apheresis may be effective in other settings as well, 
including a small group of patients with toxic megacolon [66], acute pouchitis [67] and a 
patient with pyoderma gangrenosum [68]. 
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demonstrated a decrease of at least 70 points, and 3 of 4 (75%) patients with fistulae had a 
positive response (defined as closure of more than 50% of fistulae).  Among responders at 
week 12, 4 of 11 patients (36%) maintained response for additional 4 weeks after completion 
of therapy and the others had an increase in disease activity. 
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Immunostimulatory DNA sequences, ISS-DNA, also known as CpG DNA, are 
unmethylated CpG dinucleotides within consensus sequences present in bacterial and 
viral genomes. ISS-DNA and their synthetic analogues activate innate immunity via Toll-
like receptor 9. ISS-ODN (Liposomal immunostimulatory DNA sequence) was shown to 
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functions to expand the T regulatory cell population, enhancing IL-10 production and 
shifting a TH1 type process more towards TH2 [58].  An RCT of Trichiuris suis, a pig worm, 
using 2 500 Trichiuris suis ova administered orally once every two weeks, in UC has shown a 
response of 44% of the treatment group versus 14% of receiving placebo group [59]. An open 
label study of 29 patients with active CD identified high rates of response (79.3%) and 
remission (72.4%).   

11. Apheresis 
Selective apheresis of leukocytes, including the targeted removal of monocytes, 
granulocytes, and lymphocytes is a growing area of research in the treatment of UC. 
Review of leukocyte apheresis studies shows efficacy in inducing remission across various 
UC populations in small open trials [60], but the inherent process of apheresis makes 
controlled studies difficult to conduct. Two larger trials have demonstrated that leukocyte 
apheresis (n = 76) and granulocyte/monocyte apheresis (Adacolumn®) (n = 69) are 
equally or more effective than steroids in the induction of remission [61, 62], with fewer 
adverse events [61] and greater steroid-sparing effects [62]. In the only controlled trial to 
date, 19 patients with moderate to severe UC treated with five weekly sessions of either 
leukocyte sham apheresis (followed by every other week for 4 wk) or sham apheresis 
demonstrated that the leukocyte apheresis group had significantly greater clinical 
improvement (80%) than the sham group (33%)[63]. Maintenance of remission after 
apheresis has been equivocal: in one study of 71 patients with active UC treated with 
leukocyte apheresis, only 27% of those with an initial response (n = 53) maintained 
remission for more than six months; rapid response to treatment was the only factor 
correlated with long-term response in multivariate analysis [64]. In another study, 
however, 26 of 33 patients maintained remission at one year after 11 weekly sessions of 
granulocyte/monocyte apheresis [65]. Apheresis may be effective in other settings as well, 
including a small group of patients with toxic megacolon [66], acute pouchitis [67] and a 
patient with pyoderma gangrenosum [68]. 
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12. Conclusion 
Several biological agents are already approved and in evaluation for treatment of IBD 
patients who had no response to conventional treatment (5-ASA, steroids, 
immnunomodulators). These antibody-based therapies consisting of monoclonal antibodies 
directed against several cytokines (anti-TNFα, IL6, IL-2R, Interferon γ) and selective 
adhesion molecules (Natalizumab, MLN-02, Alicaforsen). In addition to the cytokine 
treatment as near- to middle-term additions to therapeutic options, therapies directed to 
receptors involved in T-cell activation such as Abatacept (CTLA4-Ig) targeting the 
recruitment of inflammatory cells will soon be important for the care of IBD patients 
unresponsive to other modalities.  However, there are new potential therapies directed to 
enhance the innate immune system (Sargramostin, filgastrim) and miscellaneous such as 
nucleic acid based therapies (ISS-DNA), allogenic bone-marrow trasplants, helminths, 
apheresis and gene therapy.  
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12. Conclusion 
Several biological agents are already approved and in evaluation for treatment of IBD 
patients who had no response to conventional treatment (5-ASA, steroids, 
immnunomodulators). These antibody-based therapies consisting of monoclonal antibodies 
directed against several cytokines (anti-TNFα, IL6, IL-2R, Interferon γ) and selective 
adhesion molecules (Natalizumab, MLN-02, Alicaforsen). In addition to the cytokine 
treatment as near- to middle-term additions to therapeutic options, therapies directed to 
receptors involved in T-cell activation such as Abatacept (CTLA4-Ig) targeting the 
recruitment of inflammatory cells will soon be important for the care of IBD patients 
unresponsive to other modalities.  However, there are new potential therapies directed to 
enhance the innate immune system (Sargramostin, filgastrim) and miscellaneous such as 
nucleic acid based therapies (ISS-DNA), allogenic bone-marrow trasplants, helminths, 
apheresis and gene therapy.  
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1. Introduction 
Alpha-1-antitrypsin (AAT) deficiency was first described in 1963 by Laurell and Eriksson 
(Laurell & Eriksson, 1963). They reported an absence of the alpha-1-band in electrophoresis. 
Alpha -1 -antitrypsin deficiency is one of the most common lethal hereditary disorder of 
Caucasians of European descent. Alpha -1- antitrypsin also known as -1-proteinase 
inhibitor is an archetypal member of the serine proteinase inhibitors, ”serpins”. The function 
of alpha -1- antitrypsin is to protect the lower respiratory tract of lungs from proteolytic 
attack by neutrophil elastase (NE) (Carrell et al., 1982; Brantly et al., 1988). The low 
circulating levels of AAT expose the lungs to uncontrolled proteolytic attack  and 
predispose the Z homozygous to early-onset panlobular emphysema (Brantly  et al., 1988) 
and liver diseases (Sharp et al., 1969; Sveger, 1976; Eriksson et al., 1986). AAT is synthesized 
primarily by hepatocytes (Koj et al., 1978; Eriksson et al., 1978) and also by other cells such 
as monocytes, macrophages, breast carcinoma cells and cornea (Boskovic & Twing, 1998; 
Geboes et al., 1982; Perlmutter et al., 1985; Ray et al., 1977). In addition, there is a local 
production of AAT within the lungs by alveolar macrophages and epithelial cells. AAT is 
present in the plasma at concentrations of 190-280 mg/dl. AAT is a single chain 
glycoprotein of molecular weight 52kDa containing 394 amino acid residues with the active 
site residue methionine located at amino acid position 358. AAT also contains three 
oligosaccharide chains linked to Asn 46, Asn83 and Asn247 respectively. AAT is encoded at 
the PI locus on chromosome 14 (14q24.3-q32.1) (Cox, 1982, 1985; Schroeder et al., 1985). The 
PI locus is 12.2 kb in length with 4 coding exons (II, III, IV, and V), 3 noncoding exons (IA, 
IB, IC) and 6 introns; the region coding for the reactive site loop is located in exon V. AAT 
shows co-dominant pattern of inheritance (Eriksson, 1965). Accumulating evidence shows 
that AAT may also exhibit anti-inflammatory activities independent of its protease inhibitor 
function (Dabbagh et al., 2001; Jeannin et al., 1998; Ikari et al., 2001; Weiss et al., 1993; 
Bucurenci et al., 1992). For example AAT has been shown to stimulate fibroblast 
proliferation and procollagen synthesis (Dabbagh et al., 2001) and up-regulate human B cell 
differentiation into IgE-and IgG4-secreting cells (Jeannin et al., 1998). AAT also inhibits 
neutrophil superoxide production (Bucurenci et al., 1992), induces the release of 
macrophage derived interleukin-1 receptor antagonist (Churg et al., 2001) and reduces 
bacterial endotoxin and TNFlethal effect in vivo (Jie et al., 2003; Libert et al., 1996). AAT 
also increases the expression of cytokine IL-10 (Janciauskiene et al., 2007). A novel finding 
indicates that AAT protects the insulin secreting -cells of pancreas from apoptosis (Zhang 
et al.,2007). 
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oligosaccharide chains linked to Asn 46, Asn83 and Asn247 respectively. AAT is encoded at 
the PI locus on chromosome 14 (14q24.3-q32.1) (Cox, 1982, 1985; Schroeder et al., 1985). The 
PI locus is 12.2 kb in length with 4 coding exons (II, III, IV, and V), 3 noncoding exons (IA, 
IB, IC) and 6 introns; the region coding for the reactive site loop is located in exon V. AAT 
shows co-dominant pattern of inheritance (Eriksson, 1965). Accumulating evidence shows 
that AAT may also exhibit anti-inflammatory activities independent of its protease inhibitor 
function (Dabbagh et al., 2001; Jeannin et al., 1998; Ikari et al., 2001; Weiss et al., 1993; 
Bucurenci et al., 1992). For example AAT has been shown to stimulate fibroblast 
proliferation and procollagen synthesis (Dabbagh et al., 2001) and up-regulate human B cell 
differentiation into IgE-and IgG4-secreting cells (Jeannin et al., 1998). AAT also inhibits 
neutrophil superoxide production (Bucurenci et al., 1992), induces the release of 
macrophage derived interleukin-1 receptor antagonist (Churg et al., 2001) and reduces 
bacterial endotoxin and TNFlethal effect in vivo (Jie et al., 2003; Libert et al., 1996). AAT 
also increases the expression of cytokine IL-10 (Janciauskiene et al., 2007). A novel finding 
indicates that AAT protects the insulin secreting -cells of pancreas from apoptosis (Zhang 
et al.,2007). 
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AAT consists of three  sheets (A-C) , nine helices (A-I) and a mobile reactive site loop that 
presents the peptide sequence as a pseudosubstrate for target proteinase (Elliott et al., 1996a, 
1998, 2000; Ryu  et al., 1996; Kim  et al., 2001). The active site, Met 358-Ser359, acts as a bait 
for neutrophil elastase (Johnson & Travis, 1978). After docking, the serine proteinase cleaves 
the P1-P1’(Met 358-Ser359) of AAT (Wilczynska et al., 1995) and the proteinase is then 
inactivated by mousetrap action that swings it from upper to lower pole of the inhibitor in 
association with the insertion of reactive site loop as an extra strand (s4A) in -sheet A 
(Wilczynska et al., 1997; Stratikos & Gettins, 1997, 1998,1999; Huntington et al., 2000). This 
process is accompanied by loss of secondary structure in the serine proteinase and also 
dramatic rearrangements of the active site. Distortion around the active site of proteinase 
moves the loop containing the catalytic serine 6A° away from the catalytic histidine residue 
and thereby disrupts the oxyanion hole (Huntington et al., 2000). These effects results in the 
inhibition of deacylation reaction. However, after a very long period of time the inhibitory 
complex breaks down and the active proteinase is released from the complex (Plotnick et al., 
2002). 
AAT is a highly pleomorphic gene with approximately 125 single nucleotide 
polymorphisms (SNPs) (Wood & Stockley, 2007) in which a proportion of variants show 
altered AAT levels or function. These polymorphic variants occur due to amino acid 
substitutions/deletions which results in charge differences. Based on charge differences, 
these variants have been identified by isoelectric focusing in the pH range of 4.0-5.0. The 
most anodal variant is termed as “B” and the most cathodal variant as “Z” (Brantly, 1992; 
Cox, 2001). The normal variants migrate in the middle region in an isoelectric focusing; 
hence they are termed as “M”. Although, approximately 50 normal AT variants have been 
described (Boskovic & Twing, 1998) of these only four normal variants namely M1(Val213), 
M1(Ala213), M2 and M3 are relatively common with an allelic frequencies among 
Europeans of Northern European descent of greater than 95% (Kueppers & Christopherson , 
1992; Dykes et al.,1984 ). The M1 (Val213) allele is the most common (allelic frequency 44%-
49%) followed by M1 (Ala213) (20%-23%), M2 (14-19%) and M3 (10%-11%) (Kueppers & 
Christopherson, 1992; Dykes et al., 1984; Nukiwa et al., 1987a). The phylogenetic tree of four 
of these variants shows that M3 variant is an ancestral protein (Salahuddin, 2010). Variants 
may also be classified based upon their effect on AAT levels and function. These are normal, 
deficient, null (nil detectable) or dysfunctional. Deficient variants are susceptible to lungs or 
liver diseases, whilst null alleles show only lungs diseases. Dysfunctional alleles which 
while present at a detectable level do not function normally such as the F variant. The 
majority of clinical diseases of AAT occur due to deficiency and null alleles. 
Since AAT molecule has a Met358 residue at its active site, therefore it is readily oxidized by 
cigarette smoke and thereby resulting in recruitment of inflammatory cells to the lungs. 
Oxidation of Met358 causes in decrease in association rate constant of AAT for NE by more 
than 1,000-fold (Travis, 1988).Therefore, cigarette smoking in Z homozygous patients 
renders an already poorly defended lungs completely defenseless. One unanswered 
question relating to the pathogenesis of the emphysema is variation in the extent of the 
disease in individuals matched by age, AAT serum levels, AAT phenotype, and smoking 
history. This possibly occurred due to variations in the genetic expression of the NE gene. 
The Z variant is a more common deficiency variant in Northern Europe whereas S variant is 
more common in South-West Europe.  In Z AAT deficiency variant there is a single base 
substitution (GAG →AAG) in the codon for residue 342. This causes in amino acid 
substitution of Glu342 by Lys342 (Jeppsson, 1976). In native state the Glu 342 forms salt 
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bridge with Lys 290. This salt bridge maintains stable closure of -sheet A. Mutation of Glu 
342 to Lys342 disrupts the structure of -sheet A. Thus, the -sheet A undergoes expansion 
and easily accepts reactive site loop of neighbouring AAT molecule as -strand and 
consequently polymers of Z AAT are formed. These polymers tangle in the endoplasmic 
reticulum of the liver to form inclusion bodies (Lomas et al., 1992; Skinner et al., 1998). The 
accumulated polymerized protein is retained in the periportal cells of the liver as diastase-
resistant periodicacid/ schiff positive inclusions. The polymerized insoluble protein present 
in the endoplasmic reticulum of hepatocytes eventually causes neonatal hepatitis, juvenile 
cirrhosis and hepatocellular carcinoma (Geboes et al., 1982; Perlmutter et al., 1985; Ray et al., 
1977). Owing to the polymerization in the ER of hepatocytes, the AAT is not secreted into 
the blood stream therefore the levels of circulating AAT in plasma decrease   to <11 μM or 
<570 μg/ml and are unable to protect the lungs from proteolytic degradation. Thus, Z AAT 
homozygous is predisposed to develop early onset panlobular emphysema (Boskovic & 
Twing, 1998). Only a subset of patients with AAT deficiency experience liver disease.  In 
these patients a cascade of aberrant signals are also triggered within the hepatocyte, most 
likely due to the result of an unfolded protein response.  However, the downstream details 
remain unclear. The mode of polymerization seen in ZAAT also underlies the Mmalton 
(52Phe deleted) (Matsunaga et al., 1990) and Siiyama (Ser53Phe) variants of AAT (Seyama et 
al., 1991, 1995; Lomas et al., 1993).The S variant (Glu264Val) shows a slower rate of polymer 
formation because the structural changes in -sheet A are not substantial (Elliott et al., 
1996b; Mahadeva et al., 1999) resulting in a milder form of serum deficiency with no clinical 
consequences. If an individual has the genotype PiSZ, then their clinical phenotype for liver 
disease (Mahadeva et al., 1999) and lung disease in smokers (Turino et al., 1996) is 
intermediate between that of PiZ and PiS subjects. There are many null-allelic variants of 
AAT that are absent in plasma, and are termed as QO rather than Pi. In QOgranite falls 
genotype there is deletion of a single base pair that leads to the premature stop codon and 
unstable mRNA (Nukiwa et al., 1987b). Likewise there is deletion of 2 bp in exon IV in 
QOhong kong causing in a premature stop codon, and unstable mRNA hence a truncated 
protein (Sifers  et al., 1988). Thus, both QO granite falls and QO hong kong show 
accumulation in the endoplasmic reticulum of the liver resulting in plasma deficiency. 
Similarly, an amino acid substitution at the active site (Met358Arg), in dysfunctional 
Pittsburgh AAT results in reduced neutrophil elastase inhibitory activity as well as 
inhibition of factor IXa, kallikrein and factor XIIf (Scott et al., 1986) 
Gene therapy is a therapeutic strategy in which genetic material, in the form of cDNA 
/RNA is transferred to an individual to correct a hereditary disorder or to treat and/or 
prevent an acquired disease (Anderson, 1992; Miller,1992; Crystal,1992; Mulligan, 1993). 
Gene therapy depends upon vectors for carrying normal gene. These vectors integrate with 
host genome and all cells resulting from cell division of the host cell will contain the copy of 
the correct gene in place of the defective one. Gene therapy can be classified into three 
distinct classes: 1) gene addition also known as gene replacement, ii) gene reprogramming 
and iii) gene repair. Gene addition is currently the most popular technique which is 
clinically tested. Gene addition is used for curing diseases that occur due to loss-of-function 
mutations. This technique involves delivery of a corrected copy of the defective gene 
without removal of the endogenous mutated gene. Advantages of gene addition lie in its 
simplicity, whereas a disadvantage is lack of regulated gene expression in some cases. For a 
less complex diseases, gene replacement strategies are most suitable. However, for more 
complex diseases in which the gene product requires regulated gene expression, gene 
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reprograming is more appropriate. The gene reprogramming approach involves inhibition 
of the expression of mutated gene by modification of messenger RNA (mRNA). Although, 
this approach also expresses an additional genetic material within cells, the net result is 
correction (or reprogramming) of endogenous mutant gene. This is in contrast to the 
expression of additional intact functional gene in gene addition technique. A disadvantage 
of this technique is inefficient nature of the reprogramming. The third approach namely, 
gene repair is a more developed technique than gene addition or reprogramming 
approaches. This technique in contrast to gene addition involves correction of mutant 
sequences at the genomic DNA level but is limited owing to its low efficiency. There are 
various types of viral and non-viral vectors. The examples of some viral vectors are 
retroviruses, adenoviruses and adeno-associated viruses (AAVs) and examples of non-viral 
vectors is liposomal vector and other means by which it is transported into the cell are 
naked DNA injection and gold-particle bombardment. 
For the treatment of patients with AAT deficiency with impaired lungs function is weekly 
infusion of AAT protein derived from human plasma (Heresi & Stoller, 2008). However, this 
method has several disadvantages like high cost, inconvenient route of administration, risks 
of blood borne diseases and time-consuming nature of the therapy thus provide an impetus 
to develop alternative treatment modalities such as gene therapy. Indeed a phase I AAT 
gene therapy clinical trial has been approved at the University Of Florida College Of 
Medicine, Gainesville, Florida, USA. The trial involves intramuscular injection of AAT gene 
using a recombinant adeno-associated virus (rAAV) vector and thus provides stable plasma 
levels (Song et al., 2002). In view of above, in this chapter I have discussed about viral and 
non-viral vectors in gene therapy, their advantages and disadvantages and their 
applications in alpha-1-antitrypsin deficiency diseases. 

2. Viral vectors for gene therapy 
2.1 Retroviruses 
Retroviruses (Retroviridae) are enveloped single stranded RNA viruses that have been 
widely used in gene transfer technique. The retrovirus is reverse transcribed from single-
stranded RNA genome into a double stranded DNA, which can integrate into host 
chromosomes (Fields & Knipe, 1986). The retrovirus genome contains three open reading 
frames that encode for group specific antigens (gag) that codes for core and structural 
proteins of virus, similarly, polymerase (pol) codes for reverse transcriptase, protease and 
integrase, and envelope (env) codes for retroviral coat proteins. All of the retroviral 
genomes have packaging signal Ψ and cis acting sequences known as long terminal repeat 
(LTR) present at each ends. These LTR and neighboring sequences act in cis during viral 
gene expression, and packaging, retro-transcription and integration of the genome (Figure 
1). The common example of retroviral vector is Moloney Murine Leukaemia Virus (Mo-
MLV). This virus has varying cellular tropisms depending upon the receptor binding 
domain of envelope glycoprotein. Retroviral vectors upon binding to the host cell receptor 
undergo conformational changes within envelope glycoprotein leading to their fusion with 
the host cell membrane and thereby release capsid core into the cytoplasm. Once inside the 
cytoplasm the single stranded RNA genome is reverse transcribed into double stranded 
DNA proviral genome by an enzyme reverse transcriptase. The proviral genome 
subsequently forms a preintegration complex with the viral integrase and thereby it is 
transported to the nuclear membrane. The pre-integration complex enters the nucleus 
during mitosis as nuclear membrane is disrupted (Roe et al., 1993). 
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Fig. 1. Structure of retroviral and retroviral gene transfer and production. The gag, pol and 
env genes required for viral production are integrated into the packaging cells genome. The 
vector provides the viral packaging signal, commonly denoted Ψ, and a  target gene 
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After entering the nucleus, the viral integrase randomly integrates the proviral genome into 
the host chromosomal genome and consequently the viral genes are expressed by host 
replication machinery. Retroviral vectors are created by removal of the operon like retroviral 
gag, pol and env genes. These genes are replaced by therapeutic gene of interest (Figure.1). 
Up to eight kb of exogenous DNA can be inserted and expressed in place of the viral gene. 
The LTRs and Ψ sequence are the only viral sequences that are present in vector, and thus 
this vector is insufficient to express the viral proteins.  To express the viral proteins, it is 
necessary to supply the viral genes gag, pol and env in trans (Figure. 1). This can be achieved 
by creating packaging cell lines that express these genes. Removal of gag, pol and env genes 
in vivo reduce immune responses against the virus. The tropism of retroviruses can be 
modified by removing the native envelope protein and providing an alternative envelope 
glycoprotein in trans during virus production. This process is known as pseudotyping of 
virus. The pseudotyping of retrovirus thus provides broader tropism and enhanced stability 
upon concentration (Kang et al., 2002; Stein, et al., 2005; Wong et al., 2004). One problem 
encountered in gene therapy using retroviruses is that the integrase enzyme can insert 
genetic material of the virus at random position in the genome of the host. If genetic 
material is inserted in the middle of gene of the host cell, this gene will be disrupted causing 
insertional mutagenesis. If the gene is inserted during regulation of cell division, an 
uncontrolled division may occur like cancer or inactivation of tumour supressor gene. This 
problem has recently been solved by using zinc finger nucleases  (Durai et al., 2005) or by 
including certain sequences such as the beta-globin locus control region to direct integration 
to specific chromosomal sites. Other disadvantages include limited insert capacity (8kb), low 
titer, their inactivation by human complement factor and their inability to transduce non-
dividing cell. Their advantages are : ability to transduce dividing cell, inability to express 
viral proteins that could be immunogenic and their ability to achieve long term transgene 
expression.  

2.2 Adenoviruses 
Adenoviruses are medium-sized (90-100nm) non-enveloped icosahederal viruses composed 
of nucleocapsid and double-stranded linear DNA (Fields & Knipe, 1986).  There are over 51 
different serotypes in humans, which are responsible for 5-10% of upper respiratory 
infection in children and several types of infections in adult as well. They efficiently infect 
and express their genes in wide variety of cell types including dividing and non-dividing 
cell. The adenovirus has inverted terminal repeat (ITR) (Figure. 2) sequence at its both ends, 
and the gene transcript can be divided into two distinct phases: early genes (E) expressed 
before the onset of viral DNA replication and late genes (L) expressed after the onset of viral 
replication. One of the essential proteins in the viral replication process is the E1A gene 
product. The E1A is the first gene to be expressed after infection and has a keyrole as 
transactivator of all other adenoviral genes. Viral infection is mediated through binding of 
fiber knob protein of the virus to the primary Coxsackie-Adenovirus Receptors (CAR) 
(Bergelson et al., 1997) present on the cell surfaces.  This is followed by interaction between 
the cell surface integrins alpha v beta 3 and alpha v beta 5 and virion penton base (Wickham 
et al., 1993). Consequently, the adenovirion is endocytosed through clathrin-coated pit into 
an endosome. After this the pH of endosome decreases leading to conformational changes in 
varion capsid proteins which culminate in the release of viral capsid into the cytoplasm.  
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The viral capsid translocates from cytoplasm to nucleus of cell where viral genome is 
released and undergoes replication and transcription as an extrachromosomal element 
(Figure 2). Adenoviruses infects a variety of quiescent and proliferating cells in different 
species and can mediate normal gene expression. The transgene expression is mostly 
transient due to host immune responses (Yang et al., 1996; Stein et al., 1998). The adenoviral 
vectors have been shown to give therapeutic levels of human alpha-1-antitrypsin (Kay et al., 
1995). 
First generation recombinant adenovirus vectors (rADs) are generally derived from the 
human adenovirus serotypes 2 and 5 and these vectors are rendered replication-defective 
through deletion of the E1-region. Large foreign DNA is inserted in place of E1 deleted 
region of adenoviral genome (Figure.2 ). These rADs are propagated in cell line expressing 
E1 segment (Figure 2). For insertion of larger transgenes, first generation rADs may also 
carry deletions in the E3 region (Bett et al. , 1994).  Several such cell lines like HEK 
293(Graham et al.,1977) and 911(Falloux et al., 1996) have been developed that are cable to 
propagating replication defective rADs vector. 
Recently, new varieties of rADs vectors have been developed that are less immunogenic 
than first generation rADs vectors. These vectors lack or are defective in the E2, E3 or E4 
regions and can be propagated in trans-complementing cell lines (Englehardt et al., 1994a, b; 
Yang et al .,1994; Brough et al., 1996).Additionally, there are vectors called gutless vectors 
that are devoid of all viral genes and contain only ITR and packaging signal of wild type 
virus. These gutless vectors can carry up to 35kb of foreign DNA (Kochanek et al., 1996; 
Parks et al., 1996; Schneider et al., 1998). In order to propagate, these gutless vectors need 
helper virus containing all genes for virus assembly in trans (Parks et al., 1996). Gutless 
adenoviruses have been shown to give rise to sustain transgene expression compared to first 
generation adenoviruses (Morsy et al., 1998).  

2.3 Adeno-associated viruses 
Adeno-associated Viruses (AAVs) belong to the family Parvoviridae. AAVs are small 
single-stranded DNA genome containing inverted terminal repeats (ITRs) at both ends of 
the DNA strands and contains two open reading frames (ORFs): rep and cap. The rep is 
composed of four overlapping genes encoding rep proteins required for the AAV life 
cycle and the cap contains overlapping nucleotide sequences of capsid proteins namely 
VP1, VP2 and VP3. These capsid proteins interact together to form a capsid of 
icosahederal symmetry. The ITRs are the only cis acting elements required for efficient 
encapsidation and integration of the viral genome into the genome of the host cells 
(Samulski et al., 1989). The wild-type AAV is non-pathogenic. AAVs infects broad host 
range. The AAVs genome integrates into specific locus on human chromosome 19 (Kotin 
& Berns, 1989). The AAV vectors can transduce both mitototic and post mitototic cells 
(Summerford & Samulski, 1998; Summerford et al., 1999). The AAV does not integrate 
into the genome rather it transduces cells and expresses the transgene as an episome. 
Disadvantages of AAV vector is that it is unable to replicate unless sequences are 
provided in trans by a helper virus such as adenovirus and HSV. Other disadvantage of 
this vector is limited packaging capacity for transgene (4.7 kb). These adenovirus 
(Schiedner  et al., 1998; Morral, et al., 1998)  and rAAV vectors have been shown to 
achieve stable levels of alpha-1-antitrypsin greater than  800 μg/ml. 
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Fig. 2. Structure of adenoviral vector and principle of adenovirus production. Adenovirus 
vectors are based on serotypes 2 and 5. Therapeutic genes are placed into the deleted E1 
region of the viral genome, driven by internal promoters. The function of E1 for production 
of viral particles is provided by the complementing cell line expressing E1.  
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3. Non-viral vectors for gene therapy  
Non-viral vectors for gene delivery has several advantages over viral vectors. Viruses cause 
an immune response that can make repeated administrations ineffective. Non-viral vectors 
on the other hand do not elicit a specific immune response. Non-viral vectors do not 
randomly integrate DNA into the genomic DNA of the host. Nonviral vectors can also carry 
more DNA than viral vectors, allowing the delivery of larger genes. In addition, nonviral 
vectors are easier and less expensive to manufacture. Moreover, vector like plasmids are 
non-pathogenic and therefore they carry less risk to harm than most viral vectors. 
Disadvantage of using nonviral vectors for gene therapy are its low efficiency of transgene 
expression and short duration of expression. Non-viral vectors can be divided into two 
distinct categories: physical and chemical. Physical methods involve forcing the plasmid 
into cells through electroporation, sonoporation, or particle bombardment. Chemical 
methods employ lipids, polymers, or proteins that will complex with DNA, condensing it 
into particles and directing it to the cells. Many types of DNA deliveries have been 
proposed. They are i) naked DNA ii) cationic lipids iii) cationic polymers. 

3.1 Naked DNA 
Naked DNA (in the form of a plasmid) can be transferred by directly injecting into muscle cells 
(Wolff et al., 1990).Though, it is not very efficient, but can result in prolonged low level 
expression in vivo. The simplicity of this method and sustained expression has led to the 
development of DNA vaccines. Several approaches have been developed to enhance the 
efficiency of gene transfer via naked DNA including gene gun (Yang et al., 1990) and 
electroporation (Rols et al., 1998). These physical approaches allow DNA to directly penetrate 
cell membrane and bypass endosome/lysosome, thus avoiding enzymatic degradation. 
Further, it has been reported that intramuscular injection of plasmid DNA followed by 
electroporation results in an impressive level of gene expression (Rizzuto et al., 1999). 

3.2 Cationic lipids 
Gene transfer can be achieved either by direct intratissue injection of naked plasmid DNA or 
by intratracheal and intravenous injection which generally requires the use of a delivery 
vector or vehicle. Various types of synthetic vectors have been developed for gene transfer. 
Among these, cationic lipid- and polymer-based systems have been the most extensively 
studied. Cationic lipids are amphiphilic molecules consisting of hydrophilic and 
hydrophobic regions, i.e., a (charged) cationic (amine) headgroup, attached via a linker (for 
example glycerol) to a hydrophobic double hydrocarbon chain or a cholesterol derivative. 
Positively charge head group of cationic lipids and cationic polymers form complexes with 
negatively charged phosphate backbone of DNA through electrostatic interactions thereby it 
spontaneously form compact structures called lipoplexes. The cationic lipid-DNA 
complexes are protected from extracellular or intracellular nucleases. Furthermore, positive 
charges of lipolexes, tend to electrostatically interact with the negatively charged molecules 
of the cell membrane. This may facilitate their cellular uptake. Transfection efficiency of 
cationic lipids depend on the structure of cationic lipids (the geometric shape, the number of 
charged groups per molecules, the nature of lipid anchor, and linker bondages), the charge 
ratio used to form DNA–lipid complexes, the size of DNA, conformation of DNA and the 
properties of the colipid (Wasungu & Hoekstra, 2006). These colipids are mostly cholesterol 
and dioleoylphosphatidylethanolamine (DOPE). The role of these colipids in cationic 
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liposome-mediated gene transfer depends upon the structure of cationic lipid. Some cationic 
lipids require DOPE for a normal level of transfection, while other cationic lipids like double 
fatty chains are capable of forming bilayer or micellar structures that do not depend upon 
helper lipid for transfection. Most cationic lipids are more or less toxic to cells, and inclusion 
of colipid DOPE reduce the charge ratio thereby reducing toxicity. 

3.3 Cationic polymers 
Cationic polymers have also been extensively used for gene transfer. When cationic 
polymers are mixed with DNA, they form nanosized complexes that are known as 
polyplexes. These polyplexes are more stable than lipoplexes. Among cationic polymers, PEI 
is most effective polymer used for transfection. PEI was first used in gene transfer in 1995 
(Boussif et al., 1995). These PEI exist as either linear or branched polymer. PEI contains high 
content of amine groups most of which are nonprotonated at the physiological pH. These 
nonprotonated amines exert buffering effect, which effectively stop the acidification of the 
endosomal pH by neutralizing the protons that are pumped by membrane transporter, 
ATPase (Akinc et al., 2005; Yamashiro et al., 1983). This eventually leads to influx of chloride 
counter ions within the compartment and thereby osmotic pressure develops that causes the 
swelling and breakdown of the endosomal membrane. Transfection capacity and toxic 
nature of PEI depends on its molecular weight (MW), configuration, and the charge ratio of 
polymer to DNA used. Several studies have demonstrated that high molecular weight PEI 
(greater than 25,000 Da) is toxic and less efficient in transfection while polymers prepared 
from medium to low MW (5,000–25,000 Da) are less toxic and more efficient in transfection 
(Fischer et al., 1999). Besides this, branched  PEI shows high toxicity and low transfection 
efficiency compared to polyplexes prepared from linear chain of PEI (Wightman et al., 2001).  

4. Gene therapy applications in alpha-1 -antitrypsin deficiency diseases 
The deficiency of AAT in plasma causes reduced protection against neutrophil elastase in 
lungs, this eventually leads to emphysema. A logical approach to treat this disease is to raise 
the levels of AAT in plasma to above 11µM (570–800 μg/mL; 57–80 mg/dL). One specific 
treatment for AAT deficiency available at present is augmentation therapy which involves 
administration of plasma purified AAT intravenously. According to Hubbard and Crystal 
(1990), approximately only 2–3% of the infused AAT actually reach the lungs. Therefore, 
alternative routes of administration, such as inhalation of nebulized AAT powder or 
aerosolized AAT solution (Hubbard et al., 1989; Hubbard & Crystal, 1990; Sandhaus, 2004; 
Taylor & Gumbleton, 2004), provided the protection against lungs diseases. However, for 
treating lungs and liver diseases alternative therapy namely gene therapy provides long term 
solution (Flotte, 2002; Stecenko & Brigham, 2003; Sandhaus, 2004). Several vectors containing 
cDNA of AAT have been constructed for treating AAT deficiency diseases. These vectors are 
retroviral (Kay et al., 1992), adenoviral (Jaffe et al., 1992; Rosenfeld et al., 1991; Morral et al., 
1998; Schiedner et al., 1998; Kay et al., 1995) and adeno-associated viral (Lu et al., 2006; Song et 
al.,1998;2001) Besides this, AAT gene can also be transferred by liposomal vectors (Alino et al., 
1994; Canonico et al., 1994), naked DNA injection and gold-particle bombardment (Qiu et al., 
1996). 
First clinical trial has demonstrated that AAT gene could be transferred in humans (Brigham 
et al., 2000). Patients with AAT deficiency received a single dose of non-viral cationic 
liposome and AAT complex into one nostril, while other nostril acts as a control. Protein 
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was detected in nasal lavage fluid, with maximum levels on fifth day, which is 
approximately one third of the normal levels. This rise in AAT was not seen in fluid from 
the control nostril. Besides this, levels of the pro-inflammatory cytokine, IL-8, was decreased 
in the treated nostril. Surprisingly, when purified AAT protein was intravenously 
administered, the decrease in pro-inflammatory cytokine, IL-8, levels was not observed in 
normal nasal implying that different routes of administrationmay lead to variations in the 
production level of IL-8.  
The retroviral vector containing cDNA of human AAT with constitutive promoter have also 
been used as a delivery system. After packaging into an infectious virus, the provirus was 
integrated into murine fibroblasts and it expressed and secreted human AAT. This AAT was 
found to be glycosylated, reacted normally with human NE, and had a normal half-life in 
plasma.   When these cells were transplanted into the peritoneal cavity of nude mice, one 
month latter human AAT was present in plasma and most notably it was present in lung 
epithelial lining fluid (Garver et al., 1987).Thus, this vector has a potential to cure lungs 
disease associated with AAT deficiency. The disadvantage of retroviral vector system is that 
transgene expression is low. Therefore researchers have to resort to better vector systems 
like adenovirus and adeno-associated virus. 
The adenoviral vectors containing human AAT cDNA have been delivered to different 
organs and cells. For example replication-deficient adenoviral vector containing an 
adenovirus major late promoter and a recombinant human AAT gene (Ad-AAT) was 
infected to  epithelial cells of the cotton rat respiratory tract both in vitro and in vivo 
(Rosenfeld et al., 1991).  Results in vitro demonstrated that human alpha-1-antitrypsin was 
synthesized as well as secreted. Whereas in vivo intratracheal administration of Ad-AAT to 
these rats, resulted in the synthesis and secretion of human AAT by lung tissue, and AAT 
was detected in the epithelial lining fluid for at least 1 week. This mode of administration of 
Ad-AAT has a potential to cure emphysema. Similarly, when replication defective 
adenovirus vector containing human AAT cDNA was transferred to human endothelial 
cells in vitro and in the lumen of intact human umbilical veins ex vivo (Lemarchand et al., 
1992), the infection resulted in the expression of AAT transcripts and synthesis and secretion 
of AAT both in cell culture (0.3-0.6 μg) and in the vein perfusates (13 μg/ml). The 
therapeutic level of AAT was achieved in vein perfusate. In another study recombinant 
adenoviral vectors containing human alpha-1-antitrypsin cDNA under the transcriptional 
control of the phosphoglycerate kinase (PGK) or RSV-LTR promoters was constructed and  
transduced in mouse hepatocytes in vivo (Kay et al., 1995). The therapeutic serum level of 
human alpha-1-antitrypsin of up to 700 micrograms/ml was achieved in vivo. Thus, this 
vector has a capacity to cure liver and lungs diseases, but it cannot knock down the 
expression of misfolded Z AAT in liver. The adenoviruses are pathogenic in nature as well 
as immunogenic, therefore they have limited applications in treating AAT deficiency 
diseases. 
Recombinant adeno-associated viral vectors have been most successful delivery system so 
far, as they are capable of achieving therapeutic levels of AAT (Lu et al., 2006; Song et al., 
1998) and are less likely to induce an inflammatory response than adenoviral vectors. 
Studies have been conducted to examine delivery of rAAV-AAT vectors to muscle, lung, or 
liver (Song et al., 1998, 2001; Virella-Lowell et al., 2005; Liqun Wang et al., 2009). Although,  
maximum expression could be achieved by each delivery route, however the use of muscle 
injection has several advantages over other  approaches , such as a more favorable profile of 
anti-capsid effector T-cell responses (Manno et al., 2006; Brantly et al., 2009) and a lower 
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treating lungs and liver diseases alternative therapy namely gene therapy provides long term 
solution (Flotte, 2002; Stecenko & Brigham, 2003; Sandhaus, 2004). Several vectors containing 
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First clinical trial has demonstrated that AAT gene could be transferred in humans (Brigham 
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in the treated nostril. Surprisingly, when purified AAT protein was intravenously 
administered, the decrease in pro-inflammatory cytokine, IL-8, levels was not observed in 
normal nasal implying that different routes of administrationmay lead to variations in the 
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The retroviral vector containing cDNA of human AAT with constitutive promoter have also 
been used as a delivery system. After packaging into an infectious virus, the provirus was 
integrated into murine fibroblasts and it expressed and secreted human AAT. This AAT was 
found to be glycosylated, reacted normally with human NE, and had a normal half-life in 
plasma.   When these cells were transplanted into the peritoneal cavity of nude mice, one 
month latter human AAT was present in plasma and most notably it was present in lung 
epithelial lining fluid (Garver et al., 1987).Thus, this vector has a potential to cure lungs 
disease associated with AAT deficiency. The disadvantage of retroviral vector system is that 
transgene expression is low. Therefore researchers have to resort to better vector systems 
like adenovirus and adeno-associated virus. 
The adenoviral vectors containing human AAT cDNA have been delivered to different 
organs and cells. For example replication-deficient adenoviral vector containing an 
adenovirus major late promoter and a recombinant human AAT gene (Ad-AAT) was 
infected to  epithelial cells of the cotton rat respiratory tract both in vitro and in vivo 
(Rosenfeld et al., 1991).  Results in vitro demonstrated that human alpha-1-antitrypsin was 
synthesized as well as secreted. Whereas in vivo intratracheal administration of Ad-AAT to 
these rats, resulted in the synthesis and secretion of human AAT by lung tissue, and AAT 
was detected in the epithelial lining fluid for at least 1 week. This mode of administration of 
Ad-AAT has a potential to cure emphysema. Similarly, when replication defective 
adenovirus vector containing human AAT cDNA was transferred to human endothelial 
cells in vitro and in the lumen of intact human umbilical veins ex vivo (Lemarchand et al., 
1992), the infection resulted in the expression of AAT transcripts and synthesis and secretion 
of AAT both in cell culture (0.3-0.6 μg) and in the vein perfusates (13 μg/ml). The 
therapeutic level of AAT was achieved in vein perfusate. In another study recombinant 
adenoviral vectors containing human alpha-1-antitrypsin cDNA under the transcriptional 
control of the phosphoglycerate kinase (PGK) or RSV-LTR promoters was constructed and  
transduced in mouse hepatocytes in vivo (Kay et al., 1995). The therapeutic serum level of 
human alpha-1-antitrypsin of up to 700 micrograms/ml was achieved in vivo. Thus, this 
vector has a capacity to cure liver and lungs diseases, but it cannot knock down the 
expression of misfolded Z AAT in liver. The adenoviruses are pathogenic in nature as well 
as immunogenic, therefore they have limited applications in treating AAT deficiency 
diseases. 
Recombinant adeno-associated viral vectors have been most successful delivery system so 
far, as they are capable of achieving therapeutic levels of AAT (Lu et al., 2006; Song et al., 
1998) and are less likely to induce an inflammatory response than adenoviral vectors. 
Studies have been conducted to examine delivery of rAAV-AAT vectors to muscle, lung, or 
liver (Song et al., 1998, 2001; Virella-Lowell et al., 2005; Liqun Wang et al., 2009). Although,  
maximum expression could be achieved by each delivery route, however the use of muscle 
injection has several advantages over other  approaches , such as a more favorable profile of 
anti-capsid effector T-cell responses (Manno et al., 2006; Brantly et al., 2009) and a lower 
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level of dissemination to distant sites (Manno et al., 2003; 2006). A phase I trial of 
intramuscular injection of a rAAV2-AAT vector has recently been completed but levels of 
gene expression were found to be very low and generally undetectable. Studies have  shown 
that  AAV1 capsid transduction and expression in muscle was substantially more efficient 
than AAV2 (Xiao et al., 1999; Chao et al., 2001; Gao et al., 2002; Rabinowitz et al., 2002; 
Hauck & Xiao, 2003). The phase I trial of a rAAV1-AAT vector has been initiated (Brantly et 
al., 2009.). There are several problem associated with rAAV: firstly scarcity of available 
AAV2 receptors on the apical surface of airway epithelium, secondly degradation of AAV in 
the cytoplasm, and thirdly lack of integration of rAAV has limited its efficacy in clinical 
trials. Several alternative AAV serotypes such as rAAV5, rAAV8, rAAV9, or AAV2 capsid 
mutants with specifically targeted ligands have been developed. These alternative capsids 
may bypass the binding and internalization barriers and achieve improved gene expression 
from a single administration. Among these tested rAAV serotypes, the rAAV8 was found to 
be more powerful gene therapy vector as it efficiently transduced many different tissues in 
vivo and transduced  a high percentage of cells in the lung when delivered intratrachealy 
(Liqun Wang et al., 2009). It should be noted these approaches whilst potentially protecting 
the lungs and other tissues, will not influence the liver disease. 
The Z AAT variant undergoes polymerization; therefore it accumulates in the ER of 
hepatocytes. Hence it is associated with liver disease; therefore gene therapy aiming at 
inhibiting the expression of the Z AAT gene in liver represents a promising therapeutic 
approach.  A number of methods aimed at turning off production of the abnormal Z AAT 
protein are being considered. These include the use of and siRNA, ribozyme technology, 
gene repair, PNA and SDF. In a recent report, small-interfering RNAs (siRNAs) was 
designed to downregulate endogenous Z AAT within hepatocytes. Three different siRNA 
sequences were cloned into a recombinant adeno-associated virus (rAAV), either singly or 
as a trifunctional (3X) construct. Each of these vectors demonstrated activity independent of 
other. These studies showed a decrease in total human Z AAT when rAAV-3X-siRNA 
packaged into AAV8 capsids was used, thus removing ZAAT accumulation from liver. The 
rAAV8-3X-siRNA vector may hold promise as a potential therapy for patients with AAT 
liver disease (Cruz et al., 2007a).  Similarly, ribozyme-mediated specific gene replacement 
also represents a novel mode of gene therapy that aims to treat the AAT deficiency by 
inhibiting the expression of the mutated gene and at the same time also replacing the 
defective gene with a normal AAT gene in the liver (Ozaki et al., 1999). Unfortunately, this 
approach has not been successful todate. A technology called gene repair has been 
developed which uses chimeric RNA/DNA oligonucleotides to ‘‘patch’’ a single gene 
mutation. RNA complementary to the area surrounding the point mutation is synthesised 
with a contiguous DNA oligonucleotide made of the corrected sequence. In model systems, 
chimeraplast constructs were capable of correcting targeted single site gene mutation (Cole-
Strauss et al., 1999). Another mode of gene therapy utilizes second- as well as third-
generation oligonucleotides based on a peptide nucleic acid (PNA). These PNA are analogs 
in which the phosphodiester backbone is replaced by repetitive units of the pseudo-peptide 
polymer N-(2-aminoethyl) glycine to which the purine and pyrimidine bases are attached by 
a methyl carbonyl linker (Pellestor & Paulasova, 2004). PNAs hybridize to complementary 
DNA or RNA in a sequence specific manner. These PNAs are more stable and form hybrid 
with DNA by displacing one strand of DNA thereby inhibiting gene transcription. Similarly, 
when these PNAs bind to RNA they act as an antisense (McLean et al., 2009). The potential 
of PNA in treating AAT deficiency diseases remains to be seen. Furthermore, small DNA 
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fragments (SDFs) have been used for correcting the sequence of variant AAT. This strategy 
involves small fragment homologous replacement (SFHR) in which the sequences can be 
directly altered, inserted or deleted. These SDFs can directly convert the mutant sequence to 
a wild-type genotype, thereby restoring the normal phenotype.  Indeed SDFs of normal M 
and Z AAT sequences were synthesized and transfected into peripheral blood monocytes of 
PiM subjects and PiZ subjects. The defective gene was corrected in Z AAT monocytes in 
vitro and consequently this treatment was associated with an increase in AAT secretion. This 
technology has potential to protect both lungs and liver (McLean et al., 2009; McNab et al., 
2007). The rAAV2 vectors, such as those used in current clinical trials, appear to be 
incapable of stably transducing more than 5% of the hepatocyte population. Recently, AAV2 
and pseudotyped vectors for serotypes 1, 5, and 8 carrying the human AAT transgene were 
injected into C57Bl/6 mice. Circulating hAAT  level was found to be highest  for AAV8 
injected animals. Most notably, up to 40% of total liver cells stained positive for the 
transgene in AAV2/8 subjects. This suggests that different types of AAV use different 
cellular pathways for infection and AAV8 serotype is a powerful gene therapy vector 
(Conlon et al., 1982).  
The transfection efficacy of several non-viral plasmid vectors containing the full genomic 
hAAT gene with its natural promoter (pTG7101) and others containing the cDNA of hAAT 
gene driven by cytomegalovirus immediate-early promoter or the 0.5 kb upstream of hAAT 
gene sequence has been studied by hydrodynamic tail-vein injection (20 mg/mouse) (Alino 
et al., 2003).These studies demonstrated that only pTG7101 plasmid results in expression of 
hAAT in plasma. Further, it was found that hAAT remains long-term stable in plasma, with 
therapeutic concentrations of hAAT (40.9 mg/ml). In addition, 4 months after transfection, 
the efficacy of transgenic expression (amount of RNA/DNA) in mouse liver was 50–80% 
that normally expressed by the mouse gene. Researchers have constructed non-viral 
plasmid vector which contained AAT gene and eukaryotic replication initiation sequences 
from Epstein–Barr virus, EBNA1 and from its family of binding sites. Using hydrodynamic 
injection approach, they found greater than 300 mg/ml of AAT in serum, and increased in 
serum AAT concentrations occurred for greater than nine  months after  a single dose of 
administration of the vector (Stoll et al., 2001). These studies demonstrated that naked 
plasmid DNA injection is a good technique for curing AAT diseases. Similarly, intravenous 
injection of linear DNA encoding the AAT gene driven by an RSV promoter into mice is 
reported to achieve 10–100 fold higher serum AAT concentrations than similar 
administration of circular DNA with expression persisting for at least 9 months (Chen et al., 
2001). Thus, the linear form of the DNA may contribute to more excessive and prolonged in 
vivo expression than the circular DNA.  
Studies have shown that lipoplex technology can deliver normal AAT gene to human 
respiratory epithelium in vivo (Brigham et al., 2000). This mode of therapy is safe, but their 
limitations are similar to those of other nonviral gene therapy. Despite of some progress, the 
lipid vectors are still inefficient in targeting the genes to distant tissues. Efforts are in way to 
improve these vectors which include modification of their surface to improve their 
biocompatibility with biological fluids and tissue specificity, and inclusion of active 
components that help to overcome the cellular barriers in transfection.  
Adult stem cell-based gene therapy holds several unique advantages including avoidance of 
germline or other undesirable cell transductions. Moreover, stem cells have a capacity for 
both self-renewal indefinitely and differentiation, making them an ideal vehicle for 
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the cytoplasm, and thirdly lack of integration of rAAV has limited its efficacy in clinical 
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mutants with specifically targeted ligands have been developed. These alternative capsids 
may bypass the binding and internalization barriers and achieve improved gene expression 
from a single administration. Among these tested rAAV serotypes, the rAAV8 was found to 
be more powerful gene therapy vector as it efficiently transduced many different tissues in 
vivo and transduced  a high percentage of cells in the lung when delivered intratrachealy 
(Liqun Wang et al., 2009). It should be noted these approaches whilst potentially protecting 
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hepatocytes. Hence it is associated with liver disease; therefore gene therapy aiming at 
inhibiting the expression of the Z AAT gene in liver represents a promising therapeutic 
approach.  A number of methods aimed at turning off production of the abnormal Z AAT 
protein are being considered. These include the use of and siRNA, ribozyme technology, 
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designed to downregulate endogenous Z AAT within hepatocytes. Three different siRNA 
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other. These studies showed a decrease in total human Z AAT when rAAV-3X-siRNA 
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inhibiting the expression of the mutated gene and at the same time also replacing the 
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developed which uses chimeric RNA/DNA oligonucleotides to ‘‘patch’’ a single gene 
mutation. RNA complementary to the area surrounding the point mutation is synthesised 
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in which the phosphodiester backbone is replaced by repetitive units of the pseudo-peptide 
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DNA or RNA in a sequence specific manner. These PNAs are more stable and form hybrid 
with DNA by displacing one strand of DNA thereby inhibiting gene transcription. Similarly, 
when these PNAs bind to RNA they act as an antisense (McLean et al., 2009). The potential 
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fragments (SDFs) have been used for correcting the sequence of variant AAT. This strategy 
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directly altered, inserted or deleted. These SDFs can directly convert the mutant sequence to 
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transgene in AAV2/8 subjects. This suggests that different types of AAV use different 
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limitations are similar to those of other nonviral gene therapy. Despite of some progress, the 
lipid vectors are still inefficient in targeting the genes to distant tissues. Efforts are in way to 
improve these vectors which include modification of their surface to improve their 
biocompatibility with biological fluids and tissue specificity, and inclusion of active 
components that help to overcome the cellular barriers in transfection.  
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germline or other undesirable cell transductions. Moreover, stem cells have a capacity for 
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permanent delivery of normal genes to those affected by loss-of-function genetic mutations. 
Research using stem cells have also shown some potential for treatment of AAT disease, 
though these approaches will require further development before clinical use. Since stem 
cells can differentiate into liver cells that are capable of expressing AAT (Zhou et al., 2007; 
Moriya et al., 2007; Saito et al., 2006), thus transplanting these cells into deficient patients 
might facilitate normal production of AAT. This approach however would not prevent 
accumulation of misfolded AAT in the liver, therefore it would not necessarily affect liver 
disease. Alternatively, an approach targeting the lung might be used, in this technique 
human embryonic stem cells are differentiated into alveolar epithelial type II cells (Wang et 
al., 2007). This alveolar type II cells capable of producing AAT could be transplanted to AAT 
deficient patients for producing AAT.  

5. Future prospects 
To further enhance this transduction of viral vectors researchers have developed a novel 
AAV vector that packages a double-stranded (ds) genome (Richard, 2011). These vectors by-
pass the rate limiting step of second-strand synthesis resulting in both increased and faster 
transgene expression. In liver, researchers have been able to demonstrate dsAAV 2 
transduction is 90% whereas dsAAV 8 transduction is over 95% using a lower dose. Thus, it 
is evident that suppression of PiZZ gene expression along with the successful gene addition 
strategy should eliminate both liver and lungs diseases respectively. It should be noted that 
although AAV2 and AAV8 transduce the liver with high efficiency the overall tropism is 
broad and is not restricted to liver cells. Several steps including viral binding, endocytosis, 
trafficking and uncoating are required for cell specific transduction and research are on way 
to relate structure to function using a shuffled serotype capsid library (Richard, 2011). Thus, 
transduction by these alternative serotypes vectors could be restricted to liver cells.  
Additionally, to down-regulate Z-AAT researchers have also begun to examining innovative 
approach for long-term expression of therapeutic RNAs using the recombinant adeno-
associated virus (rAAV) vector, including spliceosome-mediated RNA trans-splicing 
(SMaRT) (Cruz et al., 2007b). This technology has a potential to correct Z AAT mutation at 
the molecular level. Recent reports indicate that chemical chaperones, such as 4-
phenylbutyric acid (4-PBA), can assist the proper folding of Z AAT (Burrows et al., 2000). 
This implies that transduction of rAAV-Hsp70 vectors construct  into liver cells of animals 
and humans could  increase the folding of mutant AAT in a native configuration and 
facilitate degradation of the misfolded protein (Flotte, 2011). Lastly, by analyzing all of the 
data of preclinical and clinical studies, more efficient vector systems could be designed in 
future to cure AAT deficiency diseases.  

6. Conclusions 
These viral and non-viral vectors showed advantages as well as disadvantages in curing 
AAT deficiency diseases. Among tested rAAV serotypes, the rAAV8 was found to be more 
powerful gene therapy vector for treating lungs and liver diseases. For liver diseases several 
approaches have been implemented like siRNA, ribozyme technology, gene repair, PNA 
and SDF. Their usefulness in clinical trials remain to be seen. The newly developed AAV 
vector that packages ds DNA looks promising for treating AAT deficiency diseases. 
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1. Introduction 
The cerebellum plays an important role in coordinated movement, motor learning and 
vestibular function. Cerebellar damage results in impaired body balance and disturbance in 
gait and posture. The cerebellum is impaired by various genetic diseases, such as 
spinocerebellar ataxia and mucopolysaccharidosis, and these diseases could be good  
candidates for gene therapy. There are at least two challenges that should be overcome 
before the clinical application of gene therapy is used to treat cerebellar disorders. The first 
challenge results from its large size, as the cerebellum is the second largest component of the 
central nervous system. The cerebellum can be subdivided into three main parts: the 
cerebrocerebellum, the vestibulocerebellum and the spinocerebellum (see Section 2 for 
details). Each subdivision in the cerebellum plays a distinct role and, to attain a satisfactory 
rescue of the cerebellar function by gene therapy, a therapeutic gene should be delivered 
efficiently and extensively into the large cerebellum.  
The second challenge is to deliver a gene into specific target cell populations in the 
cerebellum. In Parkinson's disease, which is caused by degeneration of nigra-striatal 
dopaminergic neurons, cell type-specific delivery of a therapeutic gene is a secondary 
matter, as the supply of sufficient amounts of dopamine, irrespective of neurons or glia, in 
the striatum is most critical for the functional recovery of the basal ganglia. By contrast, 
specific cell populations within the cerebellum, such as cerebellar Purkinje cells, Bergman 
glia or neurons in the deep cerebellar nuclei, are selectively impaired in most cerebellar 
diseases, such as spinocerebellar ataxia. Thus, affected cell types differ depending on the 
disease type, and the selective delivery of a therapeutic gene to a subset of affected cell types 
could be a key advance for rescuing cells that are degenerating from progressive damage, 
restoring cerebellar function and, ultimately, helping patients to recover from cerebellar 
ataxia.  
To this end, we have developed methods that allow for Purkinje cell-specific and Bergmann 
glia-specific gene expression in mice by modifying the culture conditions of lentiviral 
vector-producing human embryonic kidney (HEK) 293FT cells in combination with cell-
type-specific promoters in lentiviral vectors. Moreover, a new injection technique for 
efficient and widespread gene delivery into the cerebellar cortex has been devised, which 
takes advantage of the anatomical location of the cerebellum. Using the newly developed 
gene transfer method for the cerebellum, we aimed to restore the abnormal phenotypes of 
two types of ataxic mice, both of which are affected in Purkinje cells by different 
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1. Introduction 
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vestibular function. Cerebellar damage results in impaired body balance and disturbance in 
gait and posture. The cerebellum is impaired by various genetic diseases, such as 
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challenge results from its large size, as the cerebellum is the second largest component of the 
central nervous system. The cerebellum can be subdivided into three main parts: the 
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details). Each subdivision in the cerebellum plays a distinct role and, to attain a satisfactory 
rescue of the cerebellar function by gene therapy, a therapeutic gene should be delivered 
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The second challenge is to deliver a gene into specific target cell populations in the 
cerebellum. In Parkinson's disease, which is caused by degeneration of nigra-striatal 
dopaminergic neurons, cell type-specific delivery of a therapeutic gene is a secondary 
matter, as the supply of sufficient amounts of dopamine, irrespective of neurons or glia, in 
the striatum is most critical for the functional recovery of the basal ganglia. By contrast, 
specific cell populations within the cerebellum, such as cerebellar Purkinje cells, Bergman 
glia or neurons in the deep cerebellar nuclei, are selectively impaired in most cerebellar 
diseases, such as spinocerebellar ataxia. Thus, affected cell types differ depending on the 
disease type, and the selective delivery of a therapeutic gene to a subset of affected cell types 
could be a key advance for rescuing cells that are degenerating from progressive damage, 
restoring cerebellar function and, ultimately, helping patients to recover from cerebellar 
ataxia.  
To this end, we have developed methods that allow for Purkinje cell-specific and Bergmann 
glia-specific gene expression in mice by modifying the culture conditions of lentiviral 
vector-producing human embryonic kidney (HEK) 293FT cells in combination with cell-
type-specific promoters in lentiviral vectors. Moreover, a new injection technique for 
efficient and widespread gene delivery into the cerebellar cortex has been devised, which 
takes advantage of the anatomical location of the cerebellum. Using the newly developed 
gene transfer method for the cerebellum, we aimed to restore the abnormal phenotypes of 
two types of ataxic mice, both of which are affected in Purkinje cells by different 
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pathologies. The results showed that the efficient and widespread delivery of therapeutic 
genes into Purkinje cells significantly restored ataxia and morphological and functional 
abnormalities of these cells in mutant mice. In this chapter, we describe our method that 
efficiently permits the selective gene delivery to cerebellar Purkinje cells or Bergmann glia 
and the rescue of two examples of ataxic mice. We also describe existing problems that 
should be resolved for the future clinical application of lentiviral vectors to cerebellar 
disorders.  

2. Cerebellar organization and neural circuits in the cerebellum 
The cerebellum can be subdivided into three main parts based on differences in their 
sources of input. The largest subdivision in humans is the cerebrocerebellum, which 
occupies most of the lateral hemisphere and is involved in the regulation of highly skilled 
movements, including speech. The vestibulocerebellum is the phylogenetically oldest part of 
the cerebellum; it comprises the caudal lobes of the cerebellum, including the flocculus and 
the nodulus, and is primarily engaged in the regulation of movements underlying posture 
and equilibrium. The last of the major subdivisions is the spinocerebellum, which occupies 
the median and paramedian zone of the cerebellar hemispheres. The spinocerebellum is the 
only part that receives input directly from the spinal cord. The lateral part and central part 
(vermis) of the spinocerebellum are involved in the movements of distal and proximal 
muscles, respectively. The vermis also regulates eye movements in response to vestibular 
inputs.  
The cerebellar cortex contains 5 neurons, the granule cell, the Purkinje cell and three 
inhibitory interneurons (stellate cell, basket cell and Golgi cell) and is divided into three 
morphologically distinct parts: the granule cell layer, the Purkinje cell layer, and the 
molecular layer (Fig. 1a and b). The granule cell layer contains numerous granule cells, in 
which Golgi cells are scattered. The Purkinje cell layer is a monolayer that consists of the 
soma of Purkinje cells and Bergmann glia; the Purkinje cells extend their well-differentiated 
dendrites into the molecular layer (Fig. 1c), where stellate cells and basket cells are located. 
The Bergmann glia also extend their processes into the molecular layer (Fig. 1b).   
A major input to the cerebellar cortex are the mossy fibers, axon bundles projecting from 
neurons in the thalamus, the brain stem and the spinal cord (Fig. 1b). The excitation of 
granule cells triggered by mossy fibers is transferred through the axons called parallel fiber 
to Purkinje cells. One Purkinje cell has more than one hundred thousand dendritic spines 
(Fig. 1d, arrows), on which parallel fiber terminals make excitatory synapses. Parallel fiber - 
Purkinje cell synapses are tightly wrapped by processes of Bergmann glia, so as to quickly 
take up the glutamate released from parallel fiber terminals. In this context, the Bergmann 
glia prevent the prolonged excitation of Purkinje cells and the spillover of glutamate that 
would activate the adjacent synapses.  
Another excitatory input to the cerebellar cortex is the climbing fiber that originates from 
neurons in the inferior olivary nucleus of the medulla oblongata. The climbing fiber makes 
excitatory synapses directly on proximal dendrites of Purkinje cells and neurons in the deep 
cerebellar nuclei. Excitatory activity of granule cells and Purkinje cells is modulated by 3 
types of inhibitory interneurons: Golgi cells, stellate cells, and basket cells. The Purkinje cells 
eventually integrate the information entered into the cerebellar cortex and send an 
inhibitory signal as the sole source of output from the cerebellar cortex to neurons in the 
deep cerebellar nuclei. 
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Fig. 1. Projections to and neural circuits in the cerebellar cortex. (a) A sagittal section of the 
vermis of a mouse cerebellum. (b) A schematic diagram of the cerebellar cortex that enlarges 
the square region in (a). ML, molecular layer; PCL, Purkinje cell layer; GCL, granule cell 
layer. A Purkinje cell (PC) receives excitatory inputs via parallel fibers (PF) and climbing 
fibers (CF) and sends inhibitory signals to neurons of the deep cerebellar nuclei (DCN). GC, 
granule cell, MF, Mossy fiber. (c) Well-differentiated dendrites of Purkinje cells are 
visualized by GFP expression. (d) Dendritic spines of Purkinje cells (arrows).  

3. Disorders of the cerebellum 
As cerebellar defects can be easily detected from overt ataxia, such as widespread gait and 
motor coordination deficits, numerous types of mutant mice with cerebellar degeneration 
have been isolated over the past 50 years. These mutant mice have contributed significantly 
to the elucidation of cerebellar physiology. At present, in parallel with advances in the 
development of viral vectors, we may be able to restore cerebellar defects of ataxic mice by a 
potential therapeutic gene delivery. Such rescue experiments have significant implications 
in terms of the future clinical application of gene therapy for patients suffering from 
cerebellar diseases. The following subsections summarize the cerebellar abnormalities and 
genetic defects identified in ataxic mice and humans.   

3.1 Spontaneously occurring ataxic mice 
Table 1 summarizes well-known murine mutants that cause cerebellar impairment. 
Recently, the genes responsible for those mutants have been identified and include missense 
mutations, nonsense mutations or frameshift mutations in the causative genes. The hotfoot 
mice are spontaneously occurring recessive mutants (Guastavino et al., 1990) that carry 
mutations in Grid2, which encodes the 2 glutamate receptor (GluR2) (Wang et al., 2003). 
To date, more than 10 mutant alleles have been identified; among these, hotfoot5J mice have 
been shown to carry a point mutation in exon 12 of Grid2, which creates a stop codon in the 
region encoding transmembrane 3 of GluR2 protein (Wang et al., 2003). The aberrant 
GluR2 protein is easily degraded and is not detected in Purkinje cells of hotfoot5J mice; 
therefore, hotfoot5J mice are mutants lacking GluR2 function.  
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Fig. 1. Projections to and neural circuits in the cerebellar cortex. (a) A sagittal section of the 
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granule cell, MF, Mossy fiber. (c) Well-differentiated dendrites of Purkinje cells are 
visualized by GFP expression. (d) Dendritic spines of Purkinje cells (arrows).  

3. Disorders of the cerebellum 
As cerebellar defects can be easily detected from overt ataxia, such as widespread gait and 
motor coordination deficits, numerous types of mutant mice with cerebellar degeneration 
have been isolated over the past 50 years. These mutant mice have contributed significantly 
to the elucidation of cerebellar physiology. At present, in parallel with advances in the 
development of viral vectors, we may be able to restore cerebellar defects of ataxic mice by a 
potential therapeutic gene delivery. Such rescue experiments have significant implications 
in terms of the future clinical application of gene therapy for patients suffering from 
cerebellar diseases. The following subsections summarize the cerebellar abnormalities and 
genetic defects identified in ataxic mice and humans.   
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Recently, the genes responsible for those mutants have been identified and include missense 
mutations, nonsense mutations or frameshift mutations in the causative genes. The hotfoot 
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Table 1. Genetic abnormalities and affected cell types in spontaneously occurring ataxic 
mice.  

Other loss-of-function mutants are Staggerer and Purkinje cell degeneration (pcd) mice. The 
staggerer mutation causes a functional impairment in a transcription factor, retinoid-related 
orphan receptor  (ROR), which belongs to the nuclear receptor superfamily (Boukhtouche 
et al., 2006; Gold et al., 2007). Staggerer mice have a 122-base pair deletion within the ligand 
binding domain (LBD) of the ROR gene (Hamilton et al., 1996). For PCD mice, 8 
independent alleles have been identified, which carry genetic mutations in the Nna1 gene, 
encoding a putative nuclear protein (Fernandez-Gonzalez et al., 2002; Wang & Morgan, 
2007). Most of the pcd alleles represent complete loss-of-function mutations. Because it is 
reasonable to postulate that aberrant phenotypes in loss-of-function mutants may be 
restored by introducing the intact gene, and, as Purkinje cells are the main cell type 
impaired in the loss-of-function mutants discussed here (hotfoot, staggerer and pcd), the 
efficient delivery of the intact gene into the specific subset of cells (Purkinje) may be a 
promising therapy for the recovery of those mutant mice from cerebellar degeneration and, 
ultimately, ataxia.  
There are two important points that should be addressed. First, gene delivery should be 
performed before Purkinje cells are substantially lost or irreversibly damaged. Purkinje cells 
of pcd mice die gradually from approximately 18 days of age and are virtually lost by 4 
months of age. Similarly, the Purkinje cell number in staggerer mice begins to decrease in the 
first week after birth, and at least 75-90% of Purkinje cells are lost in adult mutants (Vogel et 
al., 2000). The degeneration of Purkinje cells causes secondary defects of granule cells and 
neurons in the inferior olivary nucleus. Therefore, later gene delivery results in less or no 
functional recovery in staggerer and pcd mutants.  
Another important point is that gene delivery should be carried out before the Purkinje cell 
loses its plasticity. The compensation of a missing gene during an inappropriate time may 
result in the insufficient restoration of Purkinje cell abnormalities. By the second to third 
postnatal week, Purkinje cells extend dendrites and make a hundred thousand synapses 
with different counterparts. A series of developmental processes requires the strictly 
regulated expression of numerous genes, suggesting that the exogenous delivery of an intact 
gene after termination of this period may have little therapeutic impact. This period, in 
which the brain displays a heightened sensitivity to exogenous stimuli (and still maintains 
capacity to respond to gene therapy), is referred to as the “critical period”. The critical 
period differs depending on the defects of the mutant animals; thus, a careful examination 
using animal models can provide clues to deduce the critical period for the human 
cerebellum. 
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The Lurcher (Lc) mouse is an autosomal semidominant mutant that displays the 
degeneration of virtually all of the cerebellar Purkinje cells (Vogel et al., 2007). In 
heterozygous mice (Lc/+), cerebellar Purkinje cells specifically start to degenerate in a cell-
autonomous manner by postnatal day 8 (P8), and most die during the second postnatal 
week.; other cell types are eventually affected by secondary mechanisms (Wetts & Herrup, 
1982). Lc/+ mice exhibit severe ataxia during the third postnatal week, when approximately 
90% of the Purkinje cells have disappeared. Lc is caused by an alanine to threonine mutation 
in the highly conserved third hydrophobic segment of GluR2 (Zuo et al., 1997). As this 
region works as the gate of a cation channel (Kohda et al., 2000), the mutation converts the 
receptor into a constitutively leaky cation channel. Thus, lurcher is a gain-of-function 
mutation, suggesting that a simple delivery of the wild-type GluR2 would not have a 
significant therapeutic impact on Lc Purkinje cells. A suppression of the mutant protein 
expression via, for example, RNA interference would be a promising gene therapy against 
disorders caused by a toxic-gain-of-function mutation.  

3.2 Human cerebellar diseases potentially treatable with gene therapy 
3.2.1 Spinocerebellar ataxia 
The cerebellum is impaired by various diseases, including neurodegenerative and enzyme-
deficient disorders. Spinocerebellar ataxia (SCA) is one of the representative diseases that 
affect the cerebellum. Approximately one third of the SCA in patients is hereditary. So far, at 
least 29 types of SCA result from chromosomal loci of the causal genes (Carlson et al., 2009), 
in which the major lesion of SCA type 1 (SCA1), SCA2, SCA6, SCA14, SCA17 and SCA31 
affects Purkinje cells. Neurons in the deep cerebellar nuclei are impaired in SCA3, and 
cortical Bergmann glia are primarily degenerated in SCA7. The well-known cause of 
hereditary SCAs is the abnormal expansion of trinucleotide (CAG) repeats in the coding 
region of genes responsible for the diseases. This expansion produces mutant proteins 
having an abnormally expanded polyglutamine stretch, leading to the formation of nuclear 
aggregates with other proteins that are critical for cellular functions. This type of hereditary 
SCAs is called polyglutamine disease and includes SCA1, SCA2, SCA3, SCA6, SCA7 and 
SCA17. As these diseases are caused by the production of toxic polyglutamine proteins 
(polyQ), a potential therapeutic approach would be to reduce the mutant polyQ by, for 
example, RNA interference (Xia et al., 2004) or the facilitation of their degradation. The latter 
may include the enhancement of the ubiquitin-proteasome pathway (Al-Ramahi et al., 2006; 
Matsumoto et al., 2004; Torashima et al., 2008; Wang & Monteiro, 2007) and autophagy 
(Menzies et al., 2010; Menzies & Rubinsztein, 2010; Williams et al., 2006).  
Autosomal dominant SCA14, characterized by severe cerebellar atrophy and ataxia, is 
caused by a missense mutation of the PRKCG gene, which encodes the protein kinase C 
(PKC) γ gene. γPKC-deficient mice show only mild ataxia and no gross morphological 
abnormalities in the cerebellum (Chen et al., 1995; Kano et al., 1995), suggesting that the 
gain-of-toxic function, rather than loss-of-function, of γPKC underlies the pathology of 
SCA14. Therefore, a decrease in the amount of mutant γPKC protein is thought to be an 
effective therapy for SCA14. Indeed, recent studies have shown the allele-specific inhibition 
of mutant gene expression (Alves et al., 2008; Hu et al., 2009), and such mutant allele-
targeted RNA interference may result in better therapeutic efficacy.  

3.2.2 Mucopolysaccharidosis 
Lysosomal storage diseases (LSDs) are inherited metabolic disorders characterized by the 
accumulation of undigested macromolecules in the lysosomes due to a significant decrease 
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or a complete absence in the activity of soluble lysosomal enzymes (Neufeld, 1991). As most 
lysosomal enzymes are ubiquitously expressed, a deficiency in a single enzyme affects 
peripheral organs, as well as various regions of the brain, including the cerebellum. There 
are approximately 50 forms of inherited LSDs in humans with incidences of 1 in 7,000 live 
births (Haskins, 2009). LSDs are usually grouped biochemically by the accumulated 
metabolite into 3 subgroups: mucopolysaccharidoses (MPS), sphingolipidoses, and 
mucolipidoses.  
The potential treatments for LSDs include bone marrow or cord blood transplantation, 
enzyme replacement and gene therapy. Among the LSDs, those due to soluble lysosomal 
enzyme deficiencies are generally considered good candidates for gene therapy. These 
include MPS I, MPS IIIB and Niemann-Pick AB diseases (Sands & Davidson, 2006). To 
overcome the blood-brain barrier (BBB), viral vectors should be applied intrathecally 
(Watson et al., 2006) or directly into the brain parenchyma (Dodge et al., 2005), except in 
neonates having an incomplete BBB (Hartung et al., 2004; Kobayashi et al., 2005). Recent 
studies using knockout mouse models of MPS I and Niemann-Pick type A disease have 
shown a significant rescue of the phenotypic manifestations of the diseases upon 
intravenous and intrathecal application of adeno-associated virus (AAV) or lentiviral 
vectors expressing a deficient enzyme (Dodge et al., 2005; Hartung et al., 2004; Kobayashi et 
al., 2005; Watson et al., 2006). In addition, the injection of AAV vectors expressing the 
deficient gene, acid sphingomyelinase, into the deep cerebellar nuclei alleviated storage 
accumulation and corrected behavior deficits in the mouse model of Niemann-Pick type A 
disease (Dodge et al., 2005). These results suggest that viral vector-based gene transfer is 
promising for clinical gene therapy of patients with LSDs.  

4. Viral vector-mediated gene delivery to the cerebellum 
Vectors derived from retrovirus, Sindbis virus, adenovirus, lentivirus and AAV are widely 
used for gene transfer to mammalian cells; the properties of these vectors are summarized in 
Table 2. Retroviral vectors can express a foreign gene only in proliferating cells because they 
cannot pass through the nuclear membrane of host cells: the viral genome that enters into 
the cytoplasm of an infected cell can access the host chromosome only when the nuclear 
membrane disappears during mitosis. Exploiting this unique feature of retroviral vectors, 
they have been used to label neural stem cells (Kageyama et al., 2003; Levison et al., 2003; 
Namba et al., 2007).  
 

 
Table 2. Properties of different viral vectors. 
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Vectors based on Sindbis virus, a member of the Togaviridae family in the alphavirus 
subfamily, can infect non-dividing cells, including neurons, and replication occurs entirely 
in the cytoplasm of the infected cell as an RNA molecule (Griffin, 1998). Therefore, a high 
level of gene expression starts quickly after infection. One drawback of the Sindbis virus 
vector is high toxicity, as infected cells deteriorate within a couple of days.  
Adenoviral vectors are widely used as gene transfer vectors. They can accommodate a large 
gene of ~30 kb and infect both neurons and glia, with a higher tropism for glia. Therefore, 
adenoviral vectors have been used to modify the function of Bergmann glia (Iino et al., 
2001). Adenoviral vectors can exert toxicity to infected cells by triggering immune 
responses, and gene expression generally lasts only for ~2 months (Terashima et al., 1997). 
The features of adenoviral vectors, including their high infectivity in glial cells and 
immunogenicity, in combination with the introduction of an apoptosis-triggering gene are 
often applied to the gene therapy of malignant glioma (Horowitz, 1999; Jiang et al., 2009; 
Parker et al., 2009; Shinoura & Hamada, 2003).  
Vectors derived from lentiviruses, a genus of slow viruses of the Retroviridae family, can 
replicate in non-dividing neurons with little toxicity to the infected cells (Escors & Breckpot). 
Moreover, stable gene expression lasts for more than several years. In the cerebellum, 
lentiviral vectors pseudotyped with vesicular stomatitis virus glycoprotein (VSVG) can 
infect various types of cortical cells that include Purkinje cells, stellate cells, basket cells, 
Golgi cells, Bergmann glia and astrocytes (Croci et al., 2006; Torashima et al., 2006a). The 
properties of lentiviral vectors are described in more detail in the next section  
(Subsection 4.1). 
AAV is a non-pathogenic, small (20 nm), icosahedral and non-enveloped virus that belongs 
to the genus Dependovirus of the Parvoviridae family. Similar to lentiviral vectors, it infects 
both dividing and non-dividing cells with very little toxicity and a minimal immune 
response in the infected cells. To date, a number of AAV serotypes and over one hundred 
AAV variants have been isolated from adenovirus stocks or from human and non-human 
primate tissues (Gao et al., 2005; Wu et al., 2006). For gene transfer to cerebellar cells, AAV 
serotype 1, serotype 2 and serotype 5 (AAV1, AAV2 and AAV5) vectors have been used for 
the successful transduction of Purkinje cells (Alisky et al., 2000; Hirai, 2008; Kaemmerer et 
al., 2000; Xia et al., 2004). Thus, lentiviral vectors and AAV vectors, which have the potential 
to transduce Purkinje cells with almost no substantial toxicity, are promising as gene 
therapy vectors for cerebellar disorders that affect Purkinje cells. Because of the lack of 
pathogenicity, AAV vectors are increasingly becoming the vectors of choice for a wide range 
of gene therapy approaches. One major limitation of AAV vectors is the insert capacity, 
which is less than 4.7 kb, whereas lentiviral vectors have a higher capacity, up to 8 kb, for 
transgene accommodation (Table 2) (Hirai, 2008).  

4.1 Factors that control the tropism of lentiviral vectors for cerebellar neurons and 
glia 
As the VSVG binds to the phospholipids that constitute cellular membranes, VSVG-
pseudotyped lentiviral vectors are thought to infect mammalian cells without cell-type 
preference. In the cerebellar cortex, lentiviral vectors have successfully transduced Purkinje 
cells, three types of interneurons, Bergmann glia and astrocytes, but not granule cells. The 
efficient transduction of Golgi cells and astrocytes present in the granule cell layer suggest 
that the injected viral solution is accessible to granule cells: however, no or few transduced 
granule cells, if any, were detected upon injection of lentiviral vectors to the adult 
cerebellum in vivo (Croci et al., 2006; Torashima et al., 2006a).  
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cells, three types of interneurons, Bergmann glia and astrocytes, but not granule cells. The 
efficient transduction of Golgi cells and astrocytes present in the granule cell layer suggest 
that the injected viral solution is accessible to granule cells: however, no or few transduced 
granule cells, if any, were detected upon injection of lentiviral vectors to the adult 
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The observed lentiviral tropism for Purkinje cells is affected by the serum-lot quality and 
cultivation period of the HEK293FT cells used for lentiviral production (Torashima et al., 
2006b). A three-day culture that causes the degeneration and death of HEK293FT cells 
results in the production of glia-tropic lentiviral vectors. Although the mechanism 
underlying this phenomenon has not been clarified, increases in the protease activity in the 
culture medium seems to be involved because the addition of a protease inhibitor in 
medium reversed the shift of lentiviral tropism from Purkinje cells to Bergmann glia (our 
unpublished observation). These results suggest that VSVG is modulated by a protease 
released from dead HEK293FT cells, leading to the alteration of lentiviral tropism.  
The L7/PCP2 promoter is a Purkinje cell-specific promoter, and the Gfa2 promoter works as 
an astrocyte-specific promoter. Therefore, the combination of the cultivation period of 
HEK293 FT cells for lentiviral production and the accommodation of the L7 or Gfa2 
promoter into lentiviral vectors permits us to specifically transduce Purkinje cells or 
Bergmann glia, respectively. However, these cell-type specific promoters generally have 
weak promoter strength. Therefore, the modification of these promoters, by the addition of 
an enhancer sequence and/or a significant increase in the viral titer by ultracentrifugation, is 
needed to attain sufficient levels of transgene expression. 

4.2 A method that enables efficient and widespread gene delivery to the cerebellum 
The cerebellum is a second largest organ in the mammalian CNS. Neurodegenerative 
diseases and congenital enzyme deficiency usually affect the entire cerebellar cortex, 
ranging from the vermis to the hemisphere, lobule 1 to lobule 10.  
For effective gene therapy, a wide range of therapeutic gene delivery methods is 
indispensable. Figure 2a is a photo of our viral injection system for the rodent brain.  
The injection of viral solutions to the brain parenchyma mechanically damages the tissue 
around an injection site, and ~1 l is usually the limit for mouse brain regions, such as the 
striatum and hippocampus. However, we found that when injected at a speed of 0.2 – 0.3 
l/minute, it was possible to apply 10 l of viral solution to the subarachnoidal space over 
lobule 6 of the cerebellar cortex (Fig. 2b) without substantial damage to the cortical tissue. 
Injected viral particles spread through subarachnoidal spaces and infect Purkinje cells via 
their well-differentiated dendrites, leading to markedly efficient transduction of the Purkinje 
cells (Fig. 3). We have also verified that this injection method is applicable to neonatal pups 
and mature mice (Fig. 2c) (Sawada et al., 2010; Torashima et al., 2006a; Torashima et al., 
2006b). 

5. Lentiviral vector-based rescue of mice with cerebellar ataxia 
5.1 Hotfoot5J mice 
Hotfoot mice are spontaneously occurring recessive mutants (Guastavino et al., 1990), and 
mice homozygous for the mutation showed severe ataxia with jerky tapping of the 
hindlimbs, which can be noted by two weeks after birth. The Hotfoot5J allele possesses a 
point mutation in exon 12 of the GluRδ2 gene, which creates a stop codon in the region 
encoding transmembrane 3 (Wang et al., 2003). Aberrant GluRδ2 protein is easily degraded 
and not detected in the Purkinje cells of hotfoot5J mice. Therefore, hotfoot5J mice are thought 
to exhibit a similar phenotype to that of GluRδ2 knock-out mice (Kashiwabuchi et al., 1995). 
Accordingly, we determined whether the ataxia of hotfoot5J mice could be reliably rescued 
by lentiviral-vector-based expression of the recombinant wild-type GluRδ2 gene (Iizuka et 
al., 2009).  
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Fig. 2. Injection of viral vectors into the mouse cerebellum. (a) A viral vector injection setup. 
Viral vectors are injected very slowly with a speed of 0.2-0.3 l/minute using an 
ultramicropump. (b) A schematic of the sagittal view of a mouse cerebellum depicting a 
viral injection site. (c) A schematic showing the availability of this injection method from a 
neonatal pup to a mature mouse. 
 

 
Fig. 3. Highly efficient transduction of Purkinje cells. Lentiviral vectors expressing GFP was 
injected as shown in Fig. 2. (a and b) Stereoscopic images of GFP fluorescence (a) and the 
superimposition with the whole brain (b) 7 days after the viral injection. (c) A GFP 
fluorescent image of Purkinje cells in the sagittal section.   
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Lentiviral vectors expressing GluRδ2 plus GFP or GFP alone were injected into lobule 6 of 
the hotfoot5J cerebella at P6, and the motor control ability was assessed at P30 by footprints 
and a rotarod test. The footprint pattern of mutant mice was markedly ameliorated by the 
expression of GluRδ2 plus GFP (Fig. 4).  
 

 
Fig. 4. Footprints of wild-type and hotfoot5J mice at P30. Ink was placed on the hindpaws of 
a non-injected wild-type mouse, a non-injected hotfoot5J mouse and hotfoot5J mice treated 
with GluRδ2 plus GFP (+ GluRδ2 & GFP); their footprints are shown. N.I., non-injected. 

 

 
Fig. 5. Rescue of rotarod performance of hotfoot5J mice treated with GluRδ2 plus GFP. (a and 
b) Mice were assessed by two different tasks, an accelerating rod that reached 40 rpm from 0 
rpm in 3 min (a) and a stably rotating rod with a speed of 10 rpm (b). The results of non-
injected wild-type mice, non-injected hotfoot5J mice and hotfoot5J mice injected with lentiviral 
vectors expressing GluRδ2 plus GFP or GFP alone are presented. Asterisks indicate 
statistically significant differences compared with non-injected hotfoot5J mice: *p < 0.05, ***p 
< 0.001 (One-way ANOVA). 
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In the rotarod analysis, mice treated with GluRδ2 plus GFP showed significantly better 
performance at both acceleration and fixed-rod-speed tasks than non-injected mutant mice 
(Fig. 5), whereas neither the footprint pattern (not presented) nor the rotarod performance 
(Fig. 5) of hotfoot5J mice was altered by the injection of lentiviral vectors expressing only 
GFP. However, the rescue of ataxia by GluRδ2 expression was obviously incomplete; 
GluRδ2-treated hotfoot5J mice showed far poorer rotarod performance, particularly in the 
accelerating rod task (Fig. 5a), than wild-type mice. This was due partly to the expression of 
recombinant GluRδ2 in restricted lobules of hotfoot5J cerebellum.  
Following the immunohistochemical examination, the GluRδ2 immunoreactivity was absent 
in the Purkinje cells from the non-injected hotfoot5J mice, whereas efficient GluRδ2 
expression was detected in the dendritic spines of Purkinje cells from hotfoot5J mice treated 
with lentiviral vectors expressing GluRδ2 plus GFP.  
 

 
Fig. 6. Rescue from the persistent multiple CF innervation of hotfoot5J Purkinje cells by 
GluRδ2 expression. (a) Representative CF-EPSCs recorded from Purkinje cells clamped at 
−10 mV in non-injected wild-type, non-injected hotfoot5J, GluRδ2/GFP-treated hotfoot5J, and 
GFP-expressing hotfoot5J mice are shown. Scale bar, 500 pA, 10 ms. (B) Frequency 
histograms of Purkinje cells in terms of the number of discrete CF-EPSC steps in Purkinje 
cells from non-injected wild-type (42 cells, 3 animals), non-injected hotfoot5J (48 cells, 4 
animals), GluRδ2/GFP-treated hotfoot5J (35 cells, 3 animals), and GFP-expressing hotfoot5J 
(40 cells, 3 animals) mice. N.I., non-injected. 

Previous electrophysiological studies indicated that the multiple climbing fiber innervation 
of Purkinje cells continued even after maturation in the GluRδ2 knockout mice. GluRδ2-/- 
Purkinje cells were innervated persistently by multiple climbing fibers (Hashimoto et al., 
2001; Ichikawa et al., 2002; Kashiwabuchi et al., 1995), and we examined whether the 
multiple innervations of hotfoot5J Purkinje cells were restored by the expression of 
recombinant GluRδ2 using a patch-clamp technique. Only 18% of the Purkinje cells in P31-
P35 wild-type mice, and more than 60% of the Purkinje cells from age-matched GluRδ2-null 
mice, were innervated by multiple climbing fibers (Fig. 6). The failure of the developmental 
removal of surplus climbing fibers was completely rescued by the lentiviral vector-mediated 
expression of GluRδ2 plus GFP. However, no significant rescue was observed in hotfoot5J 
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cerebella expressing GFP alone. These results suggest a therapeutic potential of lentiviral 
vector-based gene therapy for cerebellar disorders that result from a loss-of-function gene 
mutation. 

5.2 The SCA model mice 
Polyglutamine diseases, including several autosomal dominant types of SCA, are inherited 
neurodegenerative diseases caused by expanded polyQ accumulation in neurons (Koshy & 
Zoghbi, 1997). Recent studies have identified proteins that facilitate the degradation of 
polyQ aggregates through a ubiquitin-proteasome pathway in cultured cells. Previously, 
Yanagi and colleagues have identified a novel guanosine triphosphatase (GTPase), CRAG, 
as one of those proteins. Furthermore, these authors have shown that CRAG triggers the 
nuclear translocation of a CRAG-polyQ complex, leading to the degradation of polyQ in 
HeLa cells (Qin et al., 2006). Because the expression of CRAG decreases in the adult brain, it 
is plausible that a reduced level of CRAG could underlie the onset of polyglutamine 
diseases. Therefore, we examined the potential of CRAG expression for treating 
polyglutamine disease and tested our hypothesis by lentivirally introducing CRAG into the 
cerebellar neurons of mice overexpressing polyQ in the cerebellum. 
 

 
Fig. 7. Severe cerebellar atrophy in the PolyQ mouse at P21 and P80. (a) A schematic 
depicting the transgene that drives the mutant ataxin-3(Q69) under the control of the L7 
promoter; an HA-tag was fused at the N-terminus of the truncated ataxin-3. Wild-type (b d, 
and f) and SCA3 model (c, e, and g) mice were fixed at P21 (b and c) or P80 (d-g). (b-e) A 
dorsal view of the whole brain; cerebella are indicated by arrows. Cb; cerebrum, IC; inferior 
colliculus, SC; superior colliculus, Sp; spinal cord. (f and g) Klüver–Barrera staining of 
sagittal sections of the cerebellum from a P80 SCA3 model mouse (g) and a wild-type 
littermate (f). Scale bars, 500 µm. 
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For this project, we generated transgenic mice (SCA model mice) expressing an expanded 
polyQ in cerebellar Purkinje cells using a truncated form of human ataxin-3, the gene 
responsible for Machado-Joseph disease (SCA3) with 69 CAG triplet repeats (ataxin-3[Q69]) 
(Kawaguchi et al., 1994; Yoshizawa et al., 2000) (Fig. 7a). The transgene expression was 
driven by a Purkinje cell-specific L7 promoter (Hirai et al., 2005). The SCA model mice 
started to show ataxic gait at approximately P10, which became more obvious as they 
developed further.  
The cerebella of SCA model mice at P21 and P80 were substantially smaller than that of 
wild-type littermates (Fig. 7b-g). A low magnification of the sagittal sections of the SCA 
model mouse cerebellum showed that the overall structure of the cortex was not grossly 
affected (Fig. 7g). However, examination at a higher magnification revealed that the 
Purkinje cells were markedly disarranged, concomitant with a substantial impairment of 
dendritic differentiation (Fig. 8).  
 

 
Fig. 8. Drastic morphological alteration in Purkinje cells of the SCA3 model mouse. 
Cerebellar sections from a P21 SCA3 model mouse (a) and a wild-type littermate (b) 
immunolabeled for calbindin. Note the markedly decreased thickness of the molecular layer 
and disarrangement of the Purkinje cell soma in the SCA3 model mouse cerebellum. Scale 
bar, 50 m. 

Immunostaining of the cerebellar sections for the hemagglutinin (HA)-tag at the N-terminus 
of polyQ revealed a weak and diffuse accumulation of polyQ mainly in the nucleus of 
Purkinje cells at P21. The polyQ was markedly increased and formed numerous inclusion 
bodies in or around the Purkinje cell bodies by P80. In addition to the immunoreactivity in 
the Purkinje cell layer, small inclusion bodies with strong immunoreactivity for 
polyglutamine and ubiquitin were detected in the axon terminals of the Purkinje cells in the 
deep cerebellar nuclei.  
Lentiviral vectors expressing CRAG GTPase were injected into the midline cerebellar 
lobules of P21-P25 mice. The effect of CRAG or GFP expression was assessed by a rotarod 
test, in which mice were challenged with an accelerating rod paradigm just before or 4 or 8 
weeks after the viral injection (Fig. 9a). The rotarod performance of the non-injected SCA3 
model mice and the model mice expressing GFP alone deteriorated slightly at 8 weeks. In 
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contrast, the performance of mice treated with CRAG was significantly improved at both 4 
and 8 weeks after the injection, as compared with the results of non-injected mice. To 
examine the effect of CRAG expression on motor learning, mice were evaluated again by a 
rotarod test with a different paradigm, in which the rod speed was fixed at 5 rpm, and the 
trial was repeated 6 times. Non-injected SCA3 model mice and those treated with GFP 
showed almost no improvement in the performance even at the 6th trial (Fig. 9b). In 
contrast, mice treated with CRAG learned quickly how to stay on the rod, indicating the 
rescue of motor learning ability.  
 

 
Fig. 9. Rescue of the ataxic phenotype in polyQ mice upon the lentivector-mediated 
expression of CRAG. (a and b) Results of the rotarod test. The rod was accelerated from 0 
rpm and reached the maximum speed (40 rpm) in 3 min, as depicted above the graph (a). 
Mice treated with wild-type CRAG, but not those treated with GFP, exhibited significant 
improvement (a) (n = number of individual mice in each cohort). In the stable rod speed 
paradigm (5 rpm) administered 8 weeks after the injection, mice treated with CRAG learned 
quickly how to walk on the rod and showed a drastically better performance, compared 
with the non-injected and GFP-expressing mice (b). *p<0.05, **p<0.01, ***p<0.001, compared 
with results of non-injected mice. 

We next examined the cerebellar sections from untreated mice or mice treated with the 
lentiviral vectors by immunohistochemistry. Whereas strong labeling with numerous polyQ 
inclusions was observed in the cerebellar slices from non-injected polyQ mice and those 
injected with virus expressing GFP, the overall labeling with an anti-HA antibody for polyQ 
was faint and diffusely distributed in the cytoplasm and nuclei of the Purkinje cells in 
CRAG-expressing slices (Fig. 10a-d). Notably, the arrangement and dendritic differentiation 
of the Purkinje cells was altered upon the expression of CRAG. Double immunolabeling for 
calbindin and Flag-tag fused with CRAG showed that only the CRAG-expressing Purkinje 
cells extended dendrites. Consistently, the molecular layer was significantly wider in the 
cerebella of polyQ mice treated with CRAG than in those of non-injected animals (p<0.01, 
Fig. 10e). These in vivo data substantiated previous cell-culture-based results and further 
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extended the usefulness of the targeted delivery of genes facilitating the ubiquitin-
proteasome pathway as a gene therapy against polyglutamine diseases and other 
neurodegenerative disorders. 
 

 
Fig. 10. Degradation of polyQ aggregates in Purkinje cells by lentiviral-vector-mediated 
expression of CRAG. (a-d) Cerebellar sections from mice receiving no injection (a and b) or 
treated with CRAG (c and d). Upper panels are fluorescent images of polyQ immunolabeled 
for HA (green), which were merged with those of Purkinje cells immunolabeled for 
calbindin (magenta, lower panels). ML; molecular layer, PL; Purkinje cell layer. (e) A graph 
of the thickness of the molecular layer. The thickness of the molecular layer in the 
cerebellum from SCA3 model mice (Tg) treated without (Non-injected) or with CRAG and 
their wild-type littermates (WT) was measured, and the data were plotted on the graph. The 
average ± SD is presented beside the each plot. Three animals in each experimental group 
and virus vectors obtained from at least two independent cultures were used for 
quantitative analysis. Asterisks indicate significant differences compared with results of 
non-injected mice, **p<0.01. 

6. Underlying problems for the clinical application of lentiviral vectors to 
cerebellar diseases 
6.1 The significantly larger size of human cerebellum compared with the mouse 
cerebellum 
Figure 11 is a comparison of the mouse cerebellum with that of the cynomolgus monkey. 
Although our injection method allowed us to deliver a transgene very efficiently to mouse 
cerebellar cells, the human cerebellum is much larger than that of the cynomolgus monkey. 
Therefore, it is a tremendous challenge to attain the efficient transduction of Purkinje cells in 
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contrast, the performance of mice treated with CRAG was significantly improved at both 4 
and 8 weeks after the injection, as compared with the results of non-injected mice. To 
examine the effect of CRAG expression on motor learning, mice were evaluated again by a 
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contrast, mice treated with CRAG learned quickly how to stay on the rod, indicating the 
rescue of motor learning ability.  
 

 
Fig. 9. Rescue of the ataxic phenotype in polyQ mice upon the lentivector-mediated 
expression of CRAG. (a and b) Results of the rotarod test. The rod was accelerated from 0 
rpm and reached the maximum speed (40 rpm) in 3 min, as depicted above the graph (a). 
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with the non-injected and GFP-expressing mice (b). *p<0.05, **p<0.01, ***p<0.001, compared 
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cerebella of polyQ mice treated with CRAG than in those of non-injected animals (p<0.01, 
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the human cerebellum. To overcome this volume problem, we are exploring ways to 
increase the amount of the viral solution from 10 l to 1,000 l and the number of injection 
sites from one to, for example, three points. 
 

 
Fig. 11. Comparison of the mouse cerebellum (right) with that of the cynomolgus monkey 
(left).  

6.2 Side effects that might be caused by the use of lentiviral vectors 
6.2.1 Toxicity of lentiviral vector infection on Purkinje cells 
Infection with Borna disease virus, an RNA virus tropic for cerebellar neurons, has been 
shown to cause developmental, neuroanatomical and behavioral abnormalities (Rubin et al., 
1999). HIV infection has also been shown to cause a decreased expression of mRNA and 
protein of AMPA-type glutamate receptors in cerebellar Purkinje cells (Everall et al., 1995). 
Compared with adenoviral vectors that have immunogenicity, lentiviral vectors cause 
almost no immune responses to infected cells and are thought to exert little toxicity on host 
cells. However, it has not been fully clarified whether the infection of high-titer lentiviral 
vectors lacks an adverse influence on neurons in vivo. To clarify the influence of high-titer 
lentiviral vector infection and the subsequent expression of the transgene, we injected 
lentiviral vectors having a titer of 1.0 x 1010 transduction units (TUs) into the neonatal rat 
cerebellum. Neonates were used for examining lentiviral toxicity because the brain is 
extremely vulnerable to developmental damage following perinatal insult.  
Lentiviral vectors expressing GFP under the control of the murine stem cell virus (MSCV) 
promoter were injected into the cerebellar cortex of neonatal rat pups. Three weeks after 
treatment, the GFP-expressing Purkinje cells were compared with control Purkinje cells 
from phosphate-buffered, saline-injected mice. An analysis of the dendritic tree showed that 
the total dendrite length in the GFP-expressing Purkinje cells was almost 80% of that in the 
control Purkinje cells. Furthermore, an electrophysiological examination showed that the 
short-term synaptic plasticity at the parallel fiber–Purkinje cell synapses and climbing fiber–
Purkinje cell synapses was significantly altered in the GFP-expressing Purkinje cells. In 
contrast, the morphological and functional maldevelopment of infected Purkinje cells was 
attenuated substantially when lentiviral vectors with much weaker promoter activity were 
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used. These results suggest that the maldevelopment of the Purkinje cells was caused 
mainly by the subsequent expression of a high amount of GFP driven by the strong MSCV 
promoter and that the toxic influence of lentiviral vector infection itself was minimal.  

6.2.2 Insertional mutagenesis 
Upon infection of a retrovirus into a cell, the viral RNA is inserted into the cytoplasm, where 
the RNA is reverse-transcribed into DNA by reverse transcriptase, which is then inserted 
into the host genome by an integrase. The viral genome sequence integrated into the host 
chromosome is called a “provirus”. The provirus insertion may disrupt regions of the host 
genome that are critical for cellular functions, such as the control of the cell cycle or 
apoptosis; this process is called “insertional mutagenesis”. In fact, ex vivo gene therapy using 
a murine leukemia virus (MLV) vector caused leukemia in 3 of the 11 children that were 
being treated for X-linked SCID (Hacein-Bey-Abina et al., 2003). However, lentiviral vectors 
are considered to be less likely to disturb the regulation and expression of host genes 
because of a difference of integration sites between the MLV vectors and lentiviral vectors: 
MLV vectors integrate primarily in promoter regions and CpG islands, whereas lentiviral 
vectors integrate into transcriptionally active genes (Mitchell et al., 2004; Schroder et al., 
2002). Although it is not clear whether insertional mutagenesis can lead to the 
transformation of postmitotic neurons, lentiviral vectors do infect and cause insertional 
mutagenesis in glial cells with proliferative properties. Therefore, the risk of insertional 
mutagenesis should be considered when lentiviral vectors are used clinically to treat 
neurological diseases (Jakobsson & Lundberg, 2006). 

7. Conclusion 
The cerebellum develops significantly after birth (Goldowitz & Hamre, 1998), and, therefore, 
the expression of various genes is strictly regulated. Cerebellar granule cell precursors that 
proliferate vigorously in the external granule cell layer migrate along the processes of 
Bergmann glia to form the internal granule cell layer during the first postnatal two weeks in 
rodents. The migrating granule cells supply trophic factors, such as brain-derived 
neurotrophic factor (BDNF), which stimulates the Purkinje cells to form differentiated 
dendrites (Schwartz et al., 1997). During the migration process, parallel fibers, granule cell 
axons, (Granule cell axons are called “parallel fibers”) make synapses with extending 
dendrites of Purkinje cells. Synaptic clefts between the parallel fibers and dendritic spines of 
a Purkinje cell are wrapped by processes of Bergmann glia that reuptake released glutamate, 
thereby modulate the synaptic transmission. Thus, 5 neurons and Bergmann glia in the 
cerebellar cortex concertedly elaborate the functional cerebellar neuronal circuit. One 
attractive therapy against diseases that impair Purkinje cells is the transplantation of 
Purkinje cells or their precursors engineered from stem cells into the damaged cerebellum. 
However, unless other cells surrounding Purkinje cells, such as the granule cells and 
interneurons, have sufficient plasticity, the transplanted Purkinje cells are not properly 
integrated to form a functional network, resulting in little therapeutic impact.  
In contrast, gene therapy aims to salvage degenerating Purkinje cells by delivering a 
therapeutic gene. Accordingly, when Purkinje cells are not lost, this approach is theoretically 
more effective than stem cell-based cell replacement therapy for diseases that impair 
Purkinje cells; this is despite the fact that the surrounding cells have only limited plasticity. 
To attain sufficient therapeutic efficacy in gene therapy, the broad and efficient gene 



 
Gene Therapy Applications 

 

416 

the human cerebellum. To overcome this volume problem, we are exploring ways to 
increase the amount of the viral solution from 10 l to 1,000 l and the number of injection 
sites from one to, for example, three points. 
 

 
Fig. 11. Comparison of the mouse cerebellum (right) with that of the cynomolgus monkey 
(left).  

6.2 Side effects that might be caused by the use of lentiviral vectors 
6.2.1 Toxicity of lentiviral vector infection on Purkinje cells 
Infection with Borna disease virus, an RNA virus tropic for cerebellar neurons, has been 
shown to cause developmental, neuroanatomical and behavioral abnormalities (Rubin et al., 
1999). HIV infection has also been shown to cause a decreased expression of mRNA and 
protein of AMPA-type glutamate receptors in cerebellar Purkinje cells (Everall et al., 1995). 
Compared with adenoviral vectors that have immunogenicity, lentiviral vectors cause 
almost no immune responses to infected cells and are thought to exert little toxicity on host 
cells. However, it has not been fully clarified whether the infection of high-titer lentiviral 
vectors lacks an adverse influence on neurons in vivo. To clarify the influence of high-titer 
lentiviral vector infection and the subsequent expression of the transgene, we injected 
lentiviral vectors having a titer of 1.0 x 1010 transduction units (TUs) into the neonatal rat 
cerebellum. Neonates were used for examining lentiviral toxicity because the brain is 
extremely vulnerable to developmental damage following perinatal insult.  
Lentiviral vectors expressing GFP under the control of the murine stem cell virus (MSCV) 
promoter were injected into the cerebellar cortex of neonatal rat pups. Three weeks after 
treatment, the GFP-expressing Purkinje cells were compared with control Purkinje cells 
from phosphate-buffered, saline-injected mice. An analysis of the dendritic tree showed that 
the total dendrite length in the GFP-expressing Purkinje cells was almost 80% of that in the 
control Purkinje cells. Furthermore, an electrophysiological examination showed that the 
short-term synaptic plasticity at the parallel fiber–Purkinje cell synapses and climbing fiber–
Purkinje cell synapses was significantly altered in the GFP-expressing Purkinje cells. In 
contrast, the morphological and functional maldevelopment of infected Purkinje cells was 
attenuated substantially when lentiviral vectors with much weaker promoter activity were 

 
Recent Developments in Gene Therapy Research Targeted to Cerebellar Disorders 

 

417 

used. These results suggest that the maldevelopment of the Purkinje cells was caused 
mainly by the subsequent expression of a high amount of GFP driven by the strong MSCV 
promoter and that the toxic influence of lentiviral vector infection itself was minimal.  

6.2.2 Insertional mutagenesis 
Upon infection of a retrovirus into a cell, the viral RNA is inserted into the cytoplasm, where 
the RNA is reverse-transcribed into DNA by reverse transcriptase, which is then inserted 
into the host genome by an integrase. The viral genome sequence integrated into the host 
chromosome is called a “provirus”. The provirus insertion may disrupt regions of the host 
genome that are critical for cellular functions, such as the control of the cell cycle or 
apoptosis; this process is called “insertional mutagenesis”. In fact, ex vivo gene therapy using 
a murine leukemia virus (MLV) vector caused leukemia in 3 of the 11 children that were 
being treated for X-linked SCID (Hacein-Bey-Abina et al., 2003). However, lentiviral vectors 
are considered to be less likely to disturb the regulation and expression of host genes 
because of a difference of integration sites between the MLV vectors and lentiviral vectors: 
MLV vectors integrate primarily in promoter regions and CpG islands, whereas lentiviral 
vectors integrate into transcriptionally active genes (Mitchell et al., 2004; Schroder et al., 
2002). Although it is not clear whether insertional mutagenesis can lead to the 
transformation of postmitotic neurons, lentiviral vectors do infect and cause insertional 
mutagenesis in glial cells with proliferative properties. Therefore, the risk of insertional 
mutagenesis should be considered when lentiviral vectors are used clinically to treat 
neurological diseases (Jakobsson & Lundberg, 2006). 

7. Conclusion 
The cerebellum develops significantly after birth (Goldowitz & Hamre, 1998), and, therefore, 
the expression of various genes is strictly regulated. Cerebellar granule cell precursors that 
proliferate vigorously in the external granule cell layer migrate along the processes of 
Bergmann glia to form the internal granule cell layer during the first postnatal two weeks in 
rodents. The migrating granule cells supply trophic factors, such as brain-derived 
neurotrophic factor (BDNF), which stimulates the Purkinje cells to form differentiated 
dendrites (Schwartz et al., 1997). During the migration process, parallel fibers, granule cell 
axons, (Granule cell axons are called “parallel fibers”) make synapses with extending 
dendrites of Purkinje cells. Synaptic clefts between the parallel fibers and dendritic spines of 
a Purkinje cell are wrapped by processes of Bergmann glia that reuptake released glutamate, 
thereby modulate the synaptic transmission. Thus, 5 neurons and Bergmann glia in the 
cerebellar cortex concertedly elaborate the functional cerebellar neuronal circuit. One 
attractive therapy against diseases that impair Purkinje cells is the transplantation of 
Purkinje cells or their precursors engineered from stem cells into the damaged cerebellum. 
However, unless other cells surrounding Purkinje cells, such as the granule cells and 
interneurons, have sufficient plasticity, the transplanted Purkinje cells are not properly 
integrated to form a functional network, resulting in little therapeutic impact.  
In contrast, gene therapy aims to salvage degenerating Purkinje cells by delivering a 
therapeutic gene. Accordingly, when Purkinje cells are not lost, this approach is theoretically 
more effective than stem cell-based cell replacement therapy for diseases that impair 
Purkinje cells; this is despite the fact that the surrounding cells have only limited plasticity. 
To attain sufficient therapeutic efficacy in gene therapy, the broad and efficient gene 



 
Gene Therapy Applications 

 

418 

delivery to cerebellar neuronal or glial cells is indispensable, and this has been a significant 
challenge for decades. However, the problem is being solved by recent marked progress in 
both lentiviral and AAV vectors. The further accumulation of knowledge, including 
therapeutic genes and the critical period corresponding to distinct cerebellar defects, along 
with the development of animal models, would facilitate the clinical application of viral 
vector-based gene therapy for patients with various cerebellar disorders. 
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1. Introduction 

Vocal cord paralysis can occur as a result of injury to the recurrent laryngeal nerve (RLN). 
Possible causes include iatrogenic surgical injury (cardiac, thoracic, neck), neoplasm (e.g. 
thyroid, esophagus, lung) or neurological disease. Injury to the RLN results in vocal cord 
paresis or paralysis. Poor or absent movement of one or both vocal folds causes difficulties 
with voice, swallowing or breathing. This can have a substantial negative effect on quality of 
life due to poor vocal function, aspiration, and upper airway obstruction in the rare event of 
bilateral RLN injury.  

2. Anatomy of the recurrent laryngeal nerve 

Injury to the RLN can occur at any point along the course of the nerve, which spans the neck 
and thorax. The RLN is a branch of the vagus nerve, and has an extensive and complex 
anatomical course, beginning at the brainstem, coursing through the skull base, within the 
carotid sheath in the neck, into the thorax, looping around the aortic arch (left RLN), around 
the subclavian artery (right RLN), within the tracheoesophageal groove, posteromedial to 
the thyroid gland, and enters the larynx at the posteroinferior border of the cricoid cartilage. 
The RLN provides motor supply to the thyroarytenoid muscle, posterior cricoarytenoid 
muscle, lateral cricoarytenoid muscle, and interarytenoid muscles. It also provides sensory 
supply to the glottis and infraglottic larynx. 

3. Current management options for unilateral vocal cord paralysis 
Standard options for management of unilateral vocal cord paralysis include observation, 
voice and swallowing therapy, and surgery.  
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1. Introduction 

Vocal cord paralysis can occur as a result of injury to the recurrent laryngeal nerve (RLN). 
Possible causes include iatrogenic surgical injury (cardiac, thoracic, neck), neoplasm (e.g. 
thyroid, esophagus, lung) or neurological disease. Injury to the RLN results in vocal cord 
paresis or paralysis. Poor or absent movement of one or both vocal folds causes difficulties 
with voice, swallowing or breathing. This can have a substantial negative effect on quality of 
life due to poor vocal function, aspiration, and upper airway obstruction in the rare event of 
bilateral RLN injury.  

2. Anatomy of the recurrent laryngeal nerve 

Injury to the RLN can occur at any point along the course of the nerve, which spans the neck 
and thorax. The RLN is a branch of the vagus nerve, and has an extensive and complex 
anatomical course, beginning at the brainstem, coursing through the skull base, within the 
carotid sheath in the neck, into the thorax, looping around the aortic arch (left RLN), around 
the subclavian artery (right RLN), within the tracheoesophageal groove, posteromedial to 
the thyroid gland, and enters the larynx at the posteroinferior border of the cricoid cartilage. 
The RLN provides motor supply to the thyroarytenoid muscle, posterior cricoarytenoid 
muscle, lateral cricoarytenoid muscle, and interarytenoid muscles. It also provides sensory 
supply to the glottis and infraglottic larynx. 

3. Current management options for unilateral vocal cord paralysis 
Standard options for management of unilateral vocal cord paralysis include observation, 
voice and swallowing therapy, and surgery.  
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4. Observation 
Patients sometimes exhibit variable clinical improvement with expectant management. This 
can be due to (i) spontaneous nerve regeneration, or (ii) natural compensation for glottic 
insufficiency by strengthening of the contralateral vocal cord. 

5. Voice and swallowing therapy 
A referral to an experienced speech language pathologist is commonly employed in cases of 
severe functional deficit where patients are reluctant or unfit to pursue surgery. Voice and 
swallowing rehabilitation has been shown to be effective, especially in motivated patients. 

6. Surgery 
Medialization of the paralyzed vocal cord aims to close the glottic gap, resulting in 
improvement in voice and aspiration. Specific procedures can be classified into 
endolaryngeal and extralaryngeal. Endolaryngeal procedures include injection 
laryngoplasty, whereby a ‘filler’ substance is injected into the paraglottic space, either 
percutaneously or endoscopically. Percutaneous approaches are performed in the clinic as 
an office-based procedure, and can be done safely under endoscopic guidance with local 
anaesthesia transorally, through the thyrohyoid membrane, through the thyroid cartilage, or 
most commonly, through the cricothyroid membrane. “Filler” substances commonly 
employed include calcium hydroxyapatite, collagen, and autologous fat. Extralaryngeal 
procedures include medialization laryngoplasty (thyroplasty), arytenoid adduction, and 
cricothyroid subluxation with adduction arytenopexy. The most commonly performed 
extralaryngeal procedure is the medialization thyroplasty. This is done in the operating 
room with IV sedation. The laryngeal framework is approached transcervically, and an 
alloplastic implant (such as Gortex™ or silastic) is inserted into the paraglottic space after 
drilling a window through the thyroid cartilage. This operation can be safely performed as 
an outpatient in selected patients (Zhao et al., 2010). Although implants can be hand-carved, 
contemporary thyroplasty systems include fully or partially pre-fabricated implants with 
gender-specific sizers and templates, for improved technical precision. 

7. Pitfalls and shortcomings of current therapies 
Although current therapies have been shown to be clinically effective, they represent static 
solutions to a dynamic problem. Physiologic vocal cord function is not actually restored. 
The ability to restore physiologic vocal cord movement depends upon developing strategies 
to maintain survival of injured or vulnerable neurons and to stimulate axonal regeneration 
to appropriate laryngeal muscles (Hogikyan et al. 2001, Rubin et al. 2003). 

8. Nerve regeneration 

Spontaneous natural nerve recovery can occur, but axon regrowth may fail to reach the 
laryngeal muscles, or fail to reinnervate the correct muscles (Crumley et al. 2000). Non-
selective reinnervation of adductor and abductor laryngeal muscles results in synkinesis, 
which explains the variable clinical outcomes observed with expectant management. 
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It is known that neurotrophic and neuroprotective growth factors can prevent nerve 
degeneration following injury. Administration of these growth factors through the central 
nervous system (CNS) is an appealing strategy. However, technical access to these 
neurons is challenging, and direct injection is ineffective, since trophic factors diffuse 
poorly, and can cause injury to adjacent neuronal structures. A novel and innovative 
approach that is minimally invasive and avoids systemic side effects is remote delivery 
utilizing a viral vector, and forms the fundamental basis of the emerging evidence from 
investigations into the potential role of gene therapy for treatment of recurrent laryngeal 
nerve injury. 

9. Gene therapy – a promising novel strategy for treatment of RLN injury 
The remote delivery of genes encoding therapeutic growth factors to the CNS is an attractive 
management strategy, because it avoids the potential pitfalls of direct CNS injection (into 
the brainstem or spinal cord) and systemic administration. In this approach, viral vectors 
can be injected into the peripheral nervous system and be transported in a retrograde 
fashion to the CNS (Boulis et al. 1999, Rubin et al. 2001). Several viral vectors have been 
described for in vivo gene transfer in the nervous system, including herpes simplex virus, 
retroviruses, adenovirus, and adeno-associated virus (AAV). Contemporary bench 
techniques can impact virus attenuation, thereby preventing the negative consequences of 
local proliferation, and allow the addition of potentially therapeutic genes.  
Previous research by our group has shown that an AAV vector, remotely injected into the 
RLN, travels in a retrograde fashion to the rat brainstem (Rubin et al. 2001) and that 
injection of an adenoviral vector into a crushed RLN added no additional injury compared 
with crush alone (Shiotani et al. 1999). 
An experimental model of RLN injury for the study of viral gene therapy has been 
previously described (Fung et al., 2008, Figure 1). In this model, a standardized crush injury 
was induced to the RLN. Immediately following crush, there was a dramatic, measurable 
decrease in nerve–endplate contact percentage, and spontaneous recovery was observed by 
three weeks post-injury. Recovery was confirmed both endoscopically as well as 
histologically by determining a high nerve-endplate contact percentage. Nerve-endplate 
contact was quantified by a rigorous method of evaluation of immunohistochemically 
stained rat larynges for neurofilament and motor endplates. We showed that this method 
reliably quantified the anatomical integrity of neuromuscular connections in laryngeal 
muscle.  
There are promising results from a study (Sabowski et al., 2009) investigating the effects of 
remote administration of an engineered zinc-finger protein transcription factor, Ad-32Ep65-
Flag (Ad-p65). This factor has been found to induce expression of vascular endothelial 
growth factor (VEGF; also called VEGF-A). VEGF has well known neuroprotective effects. 
Subsequent work demonstrated that remote injection of Ad-p65 after RLN crush accelerated 
the return of vocal fold mobility and the percentage of nerve-endplate contacts in the 
thyroarytenoid muscle. Similar results have been described with adenoviral GDNF gene 
transfer (Araki et al., 2006). This study observed faster motor nerve conduction velocity of 
the RLN and quicker recovery rate of vocal fold movement following gene transfer. 
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Fig. 1. 
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Fig. 2. (A) Dennervation, as evidenced by low neuron-motor endplate contact percentage, 
following crush injury. 
(B) Reinnervation, as evidence by high neuron-motor endplate contact percentage, following 
3 weeks of recovery. 
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3 weeks of recovery. 



 
Gene Therapy Applications 

 

428 

10. Conclusion 
Gene therapy is a promising methodology that may enhance our ability to minimize nerve 
injury while maximizing functional outcome. Research using this model to investigate the 
potential therapeutic role of viral gene therapy for the treatment of recurrent laryngeal 
nerve injury is ongoing. 
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1. Introduction 
Many kind of DNA transfection techniques have been developed and widely used in the 
field of biochemical assay (Boussif et al., 1995, Chu et al., 1987, Felgner et al., 1987). Since 
recent development of fluorescent proteins such as green fluorescent protein (GFP), its 
variants and bio sensors, DNA transfection techniques play a greater role in the field of cell 
biology especially in bioimaging studies. DNA transfection is also used as a key technology 
to gene therapy (Selkirk, 2004, Schaffert et al., 2008). Thus the development of gene delivery 
vector with high efficiency is expected. Gene delivery systems with artificial nonviral 
vectors are widely used in the research field of cell biology and also in the clinical field as 
gene therapy to promote exogenous gene expression or inhibit production of a target 
protein. Nonviral vectors have advantages such as a low immune response and no risk of a 
disorder, which might be caused by native viral vector genome integration (Thomas et al., 
2003). However, nonviral vectors need to overcome the disadvantage of low gene 
expression efficiency compared with native viral vectors (Luo et al., 2000). To increase the 
expression efficiency, it is needed to know gene delivery mechanisms. In general, complexes 
of exogenous DNAs and a cationic polymer or cationic lipid, commonly used as nonviral 
vectors, are internalized to target cells by endocytosis. Then a sequential process progresses 
spontaneously with escape from endosomes, dissociation of complexes, and diffusion of 
naked DNAs in the cytoplasm to the nucleus (Fig. 1) (Elouahabi et al., 2005).  
However, such dynamic properties of transfected DNAs are not yet clearly distinguished 
because of the lack of suitable technique to observe intracellular DNA behavior. 
Fluorescence correlation spectroscopy (FCS) is a method based on observation of 
fluorescence intensity fluctuations that is the result of single fluorescent molecules diffuse in 
and out of small detection area (Fig. 2A, B) (Eigen et al., 1994). FCS technique can be applied 
for quantification of the absolute number of fluorescently labeled particles and measuring 
the molecular weight or size with extremely high sensitivity in a small sample volume, and 
a physical separation procedure is not needed. Therefore, FCS has currently employed to 
investigate molecular size or interactions in vitro and in vivo (Kinjo et al., 1995, Kitamura et 
al., 2006, Remaut et al., 2007, Kinjo et al., 2010). Dual color fluorescence cross-correlation 
spectroscopy (FCCS), an extended technique of FCS, can monitor molecular interactions 
directly in addition to parameters given from FCS measurements (Saito et al., 2004, Kogure 
et al., 2006, Bacia et al., 2007, Kim et al., 2007). 
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Fig. 1. Schematic diagram of intracellular gene delivery pathway. 

 

 
Fig. 2. Schematic diagram of FCS. (A) Schematic of observation area of FCS (confocal 
volume). (B) Obtained fluctuation of fluorescence intensity. (C) Autocorrelation functions 
(ACFs). 
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When the two target molecules are interacting, they will move together through the 
observation area and have synchronized fluorescence fluctuations in both two channels (Fig. 
3A). On the other hand, the fluctuations are not correlated when these molecules move 
independently of one another (Fig. 3B). In this chapter, We describe the advantages of FCCS 
technique for the research field of gene therapy. In our research, FCCS technique was 
applied to study i) the behavior of exogenous DNA in living cells (Sasaki et al., 2010) and ii) 
the formation of DNA/carrier complex. In these cases, FCCS revealed the DNA degradation 
by nucleases and DNA-cationic polymer interactions to form DNA/carrier complex in real-
time. 
 

 
Fig. 3. Schematic diagram of FCCS. Auto and Cross-correlation functions (CCFs) of two 
fluorescent probes are connected (A) or separated (B). 

2. Analysis of fluorescence cross-correlation spectroscopy 
The FCCS setup consists of excitation, detection, and data processing systems similar to that 
of a typical laser-scanning confocal fluorescence microscope with high numerical-aperture 
(NA) objective. 
Laser beams are focused on the coverslip via a confocal optic system to subfemto-liter size of 
observation area is generated. Emitted fluorescence signal is detected two avalanche 
photodiode (APD) through dichroic mirror (DM) and filter sets (barrier filter; BF) for each 
color channels (Fig. 4).  
The FCS data are interpreted in terms of autocorrelation functions (G()) (Fig. 2C), that give 
information on the diffusion time (DT) and the number of molecules (N) in observation area. 
Diffusion constant can be estimated from DT and size of observation area  
(Eigen et al., 1994). 
The fluorescence autocorrelation functions of the red and green channels, Gr() and Gg(), 
and the fluorescence cross-correlation function, Gc(), are calculated by 

 
( ) ( )

( )
( ) ( )

i j

x

i j

I t I t
G

I t I t

  
   (1) 

where  denotes the time delay. Ii is the fluorescence intensity of the red channel (i = r) or 
green channel (i = g), Gr() and Gg() denote the autocorrelation functions of red (i = j = x = 
r), and green (i = j = x = g) respectively, or Gc() denotes cross-correlation function (i = r, j = 
g, and x = c). Acquired G() were generally fitted by a one- (i = 1) or two-component model 
(i = 2) as 
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where Fi and i are the fraction and diffusion time of component i, respectively. N is the 
average number of fluorescent particles in the observation area defined by radius  and 
length 2z, and s is the structural parameter representing the ratio s = z/. The diffusion time 
(i) corresponds to the average time for diffusion of fluorescent particles across the detection 
area, which reflects the size of particles. f is the average fraction of triplet state molecules 
and t is triplet relaxation time (Widengren et al., 1995, Rigler et al., 1993). The distribution 
histogram of diffusion times was constructed using the CONTIN algorithm (Provencher, 
1982, Björling et al., 1998).  

 
Fig. 4. Experimental setup for FCS and FCCS. 

Instead of evaluating discrete diffusion processes with distinct species and their 
characteristic diffusion times, the dynamic motion of DNAs in the cell can be distributed 
with regard to their diffusion times using the distribution function P(Di). The average 
numbers of red fluorescent particles (Nr), green fluorescent particles (Ng), and particles that 
have both red and green fluorescence (Nc) can be calculated by 
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respectively. When Nr and Ng are constant, (Gc(0)–1) is directly proportional to Nc. For 
quantitative evaluation of cross-correlations among various samples, the cross-correlation 
amplitude is normalized by autocorrelation amplitude (relative cross-correlation amplitude; 
RCA). RCA can be calculated by 
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respectively. The ratio of interacted molecule in red or green molecules can be obtained 
from equations 3 and 4 as 
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respectively. RCAg shows the ratio of interacted molecules in the red molecules (Nc/Nr) 
(Eqs. 5 and 7) and RCAr shows the ratio of interacted molecules in the green molecules 
(Nc/Ng) (Eqs. 6 and 8). FCCS measurement also gives the parameter of photon counts per 
molecule (CPM) of each fluorescent species. CPM is represented by count rate divided by 
number of particles. 

3. Monitoring exogenous DNA degradation in living cells 
Physical approaches such as microinjection (Zhang et al., 2008) and electroporation (Somiari et 
al., 2000) are performed to incorporate naked DNAs directly into cytoplasm and/or nucleus 
across the plasma membrane. On the other hand, DNAs are released into cytoplasm as naked 
shape and then the DNAs diffuse in the cytoplasm to the nucleus in the case of using gene 
carrier. The diffusion of exogenous DNAs in cytoplasm is relatively slow compared with that 
in solution (Dauty et al., 2005), and it is hard that large DNA goes cross the nuclear membrane 
in short time. Under such conditions in cytoplasm, the existence of nuclease degradation in 
cytoplasm is suggested (Pollard et al., 2001, Lechardeur et al., 1999, Fisher et al., 1993). It is 
presumed that the translocation and nuclear uptake of transfected DNA compete with 
digestion. Therefore, it is important to investigate behavior of naked exogenous DNAs in 
cytoplasm to achieve efficient gene delivery and expression. The cytoplasmic degradation for 
exogenous DNAs can work as a barrier against efficient gene delivery. However, little is 
known about the degradation mechanism because it is difficult to characterize the degradation 
process of exogenous DNA in living cells. The purpose of this section was to investigate the 
mechanism of exogenous DNA degradation in situ, in cytoplasm, by analyses of diffusion 
properties of DNAs and to determine the effects of cytoplasmic degradation on the gene 
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in solution (Dauty et al., 2005), and it is hard that large DNA goes cross the nuclear membrane 
in short time. Under such conditions in cytoplasm, the existence of nuclease degradation in 
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presumed that the translocation and nuclear uptake of transfected DNA compete with 
digestion. Therefore, it is important to investigate behavior of naked exogenous DNAs in 
cytoplasm to achieve efficient gene delivery and expression. The cytoplasmic degradation for 
exogenous DNAs can work as a barrier against efficient gene delivery. However, little is 
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expression rate. Thus we employed FCS to measure the diffusion properties of DNAs, and 
FCCS to monitor the degradation of DNAs by cytoplasmic nucleases at the single molecule 
level. Furthermore, we predicted that exonucleases would work as the main barrier in 
cytoplasm, so a capped or redundant structure was attached to the transfected DNA to 
enhance the expression of the protein EGFP. 

3.1 Diffusion analysis of constructed DNAs in solution 
A series of linear DNAs from 23 bp to 500 bp that were labeled with rhodamine green (RG) 
and Cy5 on both 5’ends (RG-DNA-Cy5) were synthesized by PCR. Autocorrelation curves 
of the green fluorescence channel (Gg()) and red fluorescence channel (Gr()), and a cross-
correlation curve (Gc()) were obtained by FCCS measurements of RG-DNA-Cy5 in solution 
(Fig. 5A-D).  
 

 
Fig. 5. Characterization of double-fluorescent-labeled DNAs in solution. Auto- and cross-
correlation curves of (A) RG-23bp-Cy5 (B) RG-100bp-Cy5   (C) RG-200bp-Cy5 (D) RG-500bp-
Cy5 DNA in 10 mM Tris-HCl (pH 7.4). (Insets) The fluorescence intensities in the red (red 
line) and green (blue line) channels during FCCS measurement. Blue, red and black lines 
represent Gg(), Gr() and Gc(), respectively. (E) Auto- and cross-correlation curves of a 
mixture of RG-primer and Cy5-primer (23 mer each) as a negative control. (F) Distributions 
of diffusion times P(Di) of various sizes of RG-DNA-Cy5 calculated from autocorrelation 
curves of the green channel by CONTIN algorithm. (Inset) Normalized autocorrelation 
curves Gg()/Gg(0) (dot) with fitted curves (line) of DNAs in 10 mM Tris-HCl (pH 7.4) at 
room temperature. 

To assess the degree of cross-correlation amplitude, relative cross-correlation amplitude 
(RCA) was calculated by dividing Gc(0)–1 by Gr(0)–1. The RCA value was 0.9080.020 (mean 
 S.D.) for the 500 bp DNA, which had double-fluorescent labels, and 0.1040.023 for the 
mixture of fluorescent primers that were used in the PCR reactions (Fig. 5E). The RCA value 
represents the fraction of DNAs that have RG and Cy5 fluorophores at both DNA ends, thus 
intact DNAs. To extract information concerning the relative abundance and length of the 
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DNA from the autocorrelation curve, we used the CONTIN algorithm. The algorithm can 
determine the distribution of the correlation time with multiple peaks and its probability 
without any prior assumption about the number of peaks. Figure 5F shows the distributions 
of diffusion times that were calculated from the autocorrelation curve of the green channel 
(inset) by using the CONTIN algorithm. The spectra of diffusion times of RG-DNA-Cy5 
were separated from each other. This result suggested that the length of the DNA could be 
estimated with sufficient resolution in this range and length. 

3.2 Enzymatic degradation analysis in solution 
To confirm whether FCS and FCCS could identify the degradation mechanisms of different 
kind of nucleases, we monitored the DNA degradation with DNase I (an endonuclease that 
acts randomly), exonuclease III (an exonuclease that acts in the 3’ to 5’ direction) and BAL31 
nuclease (an exonuclease that acts in both 5’ to 3’ and 3’to 5’ directions) in solution. The 
nucleases were added to RG-500bp-Cy5 solution in a droplet (50 l) on a coverslip and 
FCCS measurements were performed as a function of time (Fig. 6). 
 

 
Fig. 6. Relative cross-correlation amplitudes, (Gc(0)–1)/(Gr(0)–1) after addition of (A)  
0.0001 U l–1 DNase I, (B) 0.02 U l–1 exonuclease III, and (C) 0.001 U l–1 BAL31 nuclease. 
Distributions of diffusion times P(Di) calculated by CONTIN algorithm from Gg() at 
several time points after the addition of DNase I (D), exonuclease III (E) and BAL31  
nuclease (F). 
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Figure 6A, B and C show the RCA changes of cross-correlation curves of RG-500bp-Cy5 
with the three different type of nucleases. With DNase I and BAL31 nuclease, RCA values 
rapidly decreased after the nuclease addition. In contrast, with exonuclease III, the RCA 
value did not decrease until 11 min. This indicated that the fluorophores did not separate in 
the initial phase of degradation (Fig. 6E insets). The RCA value was not changed without 
addition of a nuclease in the measurement time (data not shown). We regarded 11 min as 
the initial phase, 31 min as the transient phase and 84–97 min as the stable phase of 
enzymatic reaction in Figure 6A, B and C. We performed CONTIN analysis and compared 
distributions of diffusion times in each phase (Fig. 6D–F). Changing of distribution of 
diffusion time and RCA show some kind of fingerprint of enzyme activity. The distribution 
peak became wider and shifted to the left with addition of DNase I (Fig. 6D). The peak 
width reflects the various lengths of DNA fragments generated by DNase I random 
degradation. In the case of exonuclease III, the enzyme generates two kinds of single-
stranded DNA with the same sizes as the final products. The diffusion time shifted to the 
left at 31 min after nuclease addition without widening of the peak (Fig. 6E). Interestingly, 
two distribution peaks were detected with the BAL31 nuclease (Fig. 6F). A faster peak of 
diffusion times represents small fragments of DNA, with a level of diffusion time 
comparable to that of the RG fluorophore and a slower peak represents intact DNA. This 
result is reasonable since the BAL31 nuclease degrades the DNA from both the 5’ and 3’ends 
where the fluorophore is attached. Thus, we could identify the different enzymatic 
behaviors by using FCCS and distribution analysis of FCS without any separation method 
such as gel electrophoresis or gel filtration. 

3.3 Detection of diffusion properties of exogenous DNAs in cytoplasm 
To classify nuclease activity in the cytoplasm of living cells, fluorescent-labeled DNAs were 
directly introduced into the cytoplasm of living cells by the bead-loading method (Manders 
et al., 1999, Nagaya et al., 2002). RG-23bp-Cy5 localized largely in the nucleus (Figs. 7A, B, 
C) though, RG-100bp-Cy5 did not distribute into the nucleus (Figs. 7E, F, G, 8A and C). 
 

 
Fig. 7. LSM images of DNA loaded HeLa cells. LSM images of cells 30 min after loading of 
RG-23bp-Cy5 (A–D) or RG-100bp-Cy5 (E–H). Green (A, E), red (B, F), merged fluorescence 
images (C, G) and transmitted images (D, H), respectively. Scale bar represents 10 m. 
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Auto- and cross-correlation curves of RG-100bp-Cy5 were obtained at the crosshair point in 
the image of laser scanning microscopy (LSM) of a living cell in which DNAs were 
incorporated into the cytoplasm (Fig. 8A, C). High cross-correlation amplitude was detected 
within 10 min after loading (Fig. 8B). However, cross-correlation amplitude was reduced 
after 45-min incubation at 37C in the same cell (Fig. 8D). This reduction indicated that 
exogenous DNA was degraded in cytoplasm. DNA diffusion properties were also analyzed 
by distributions of diffusion times from autocorrelation curves using the CONTIN 
algorithm. At 45 min after loading of DNA, a faster peak (around 0.2 ms) appeared in 
distributions of diffusion times (Fig. 8D inset). 
To determine the origin of each peak in the distributions of diffusion times, autocorrelation 
curves Gg()s of different DNA sizes that were obtained for the cytoplasm of HeLa cells, and  
were averaged (N = 4–8) and analyzed using the CONTIN algorithm (Fig. 9). Two peaks of 
diffusion times were detected in each measurement; faster peaks were of the same order of 
diffusion time as the free RG fluorophore. 

 
Fig. 8. Nuclease degradation of double-fluorescent-labeled DNAs in cytoplasm of a living 
COS7 cell. LSM images of (A) 10 min and (C) 45 min after loading of DNAs in the same cell. 
Auto- and cross-correlation curves of RG-100bp-Cy5 DNA at the crosshairs in the LSM 
image of (B) panel A (D) panel C. Scale bar represents 10 m. RG, Cy5 and Cross represent 
Gg(), Gr() and Gc(), respectively. Distributions of diffusion times P(Di) of DNAs 
calculated by CONTIN algorithm (B, D insets). 

On the other hand, the diffusion times of the slower peaks shifted to the right according to 
the increase in size of incorporated DNA (Fig. 9B). The diffusion times of DNAs in 
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cytoplasm were 5–10 times slower than those in solution. This ratio was in good agreement 
with the previously reported value (Dauty et al., 2005) and this result agreed well with the 5’ 
to 3’ exonuclease degradation models in solution (Fig. 6F). Finally, the appearance of 5’ to 3’ 
exonuclease activity was expected as barrier activity in cytoplasm by comparison of 
incorporated exogenous DNAs using the distribution pattern of diffusion times. 
Distribution analysis of diffusion times using CONTIN algorithm clearly showed different 
peak patterns for different enzymatic activities. The distributions of diffusion times had two 
peaks in cytoplasm. The diffusion time of the faster peak was almost the same as that of 
fluorescent dye alone, whereas the other, slower peak depended on the size of the DNA that 
was incorporated. Moreover, moderately sized DNA fragments were not detected in the 
cytoplasm. Taken together, these findings helped us to determine that (i) how, (ii) when, 
and (iii) where incorporated DNAs were degraded in the living cell. (i) The main 
mechanism of exogenous DNA degradation in cytoplasm was 5’ to 3’ exonuclease activity 
rather than endonucleases. (ii) The time scale of degradation (<45 min) was determined by 
real-time measurement of optical method without invasive treatment. (iii) The location of 
DNA degradation was not in small compartments but in cytoplasm because the monitored 
DNAs were distributed homogenously and had free diffusion values. 
 

 
Fig. 9. Relationship between DNA size and diffusion time in living HeLa cells. (A) The 
average of Gg() curves in HeLa cytoplasm at 30 min after RG-23bp-Cy5, RG-100bp-Cy5 and 
RG-200bp-Cy5 loading. (B) Distributions of diffusion times P(Di) of DNAs calculated from 
the average of Gg() curves using CONTIN algorithm. RG dye was also tested as a reference.  

3.4 Effect of DNA end-capping on the EGFP expression efficiency 
To confirm the enzymatic activity of the 5’ to 3’ exonuclease in cytoplasm, we carried out an 
inhibition experiment for the enzyme using end-capped or redundant DNAs and 
monitoring the expression rate of EGFP. If exonuclease degradation works as a barrier 
against DNA transfection, the use of longer DNA and/or end-capped-DNA that protects the 
coding regions from each terminal (Fig. 10) should increase the expression efficiency. We 
synthesized linear DNAs of various redundancy lengths and capped on both DNA ends by 
a hairpin-shape oligonucleotide (Zanta et al., 1999, van der Aa et al., 2005). The end-capped 
DNA remained intact after incubation with exonuclease III (data not shown). Fig. 11 shows  
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Fig. 10. Schematic diagram of various sizes of DNA expressing EGFP and end-capped DNA. 

 

 
Fig. 11. Effect of DNA protection against exonucleases on expression efficiency with a 
cationic lipid. (A) HeLa, (B) COS7, (C) MEF and (D) 293 cells were transfected with 1 g of 
uncapped or capped linear DNA per well. Complexes were formed with LipofectAmine 
2000 reagent. Expression efficiency (E/Ep) is expressed as the mean  S.D. of 4–5 different 
experiments. To normalize the values from each individual experiment, the expression rate 
of DNA was divided by the rate using the pEGFP-C1 plasmid. *, P<0.05; **, P<0.01; ***, 
P<0.001 (Student’s t test). Striped bars, uncapped linear DNA; brack bars, end-capped DNA. 
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Fig. 9. Relationship between DNA size and diffusion time in living HeLa cells. (A) The 
average of Gg() curves in HeLa cytoplasm at 30 min after RG-23bp-Cy5, RG-100bp-Cy5 and 
RG-200bp-Cy5 loading. (B) Distributions of diffusion times P(Di) of DNAs calculated from 
the average of Gg() curves using CONTIN algorithm. RG dye was also tested as a reference.  
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DNA remained intact after incubation with exonuclease III (data not shown). Fig. 11 shows  
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Fig. 10. Schematic diagram of various sizes of DNA expressing EGFP and end-capped DNA. 

 

 
Fig. 11. Effect of DNA protection against exonucleases on expression efficiency with a 
cationic lipid. (A) HeLa, (B) COS7, (C) MEF and (D) 293 cells were transfected with 1 g of 
uncapped or capped linear DNA per well. Complexes were formed with LipofectAmine 
2000 reagent. Expression efficiency (E/Ep) is expressed as the mean  S.D. of 4–5 different 
experiments. To normalize the values from each individual experiment, the expression rate 
of DNA was divided by the rate using the pEGFP-C1 plasmid. *, P<0.05; **, P<0.01; ***, 
P<0.001 (Student’s t test). Striped bars, uncapped linear DNA; brack bars, end-capped DNA. 
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the expression efficiencies of DNAs in HeLa, COS7, MEF and 293 cells, respectively. The 
expression efficiency was based on the EGFP expression per copy of transfected DNA 
(N·M/W), the value was divided by the expression of pEGFP-C1 plasmid for normalization 
(Np·Mp/Wp). The final expression efficiency was calculated by following equation, 

 
p p p

N M WExpression efficiency
N M W





  (9) 

where N, W, and M represent the number of EGFPs obtained from FCS measurement, the 
transfected DNA weight and molecular weight of transfected DNA, respectively. Np, Wp 
and Mp represent the values with the pEGFP-C1 plasmid as a reference. 
Expression efficiencies of short DNAs such as that with a 1.6 kbp length were lower than 
those of other lengths in each cell line. When the expression efficiencies of non-capped PCR 
products and capped DNAs were compared, it was clear that DNA capping significantly 
increased the expression efficiency of 4 kbp DNA in HeLa, COS7 and MEF cells. However, 
the end capping did not enhance the expression rate for short DNA lengths. In MEF cells, 
uncapped DNAs of all lengths were little expressed and capped DNAs exhibited ~10-fold 
greater gene expression than the uncapped DNAs. The effect of DNA capping was not 
observed in 293 cells. Although there were differences in the cell lines, the results obtained 
for HeLa, COS7 and MEF cells confirmed the effect of exonuclease degradation on DNA 
transfection. The nuclease activity was inhibited by capped structures on the 3’ and 5’ ends 
of the DNA. Interestingly, the end-capping effect on the expression rate was different in the 
cell lines. In MEF cells, which are generally said to be hard to transfect (Ewert et al., 2006), 
the end-capping effect was significant (Fig. 11C). On the other hand, in 293 cells, which are 
generally used in transfection assays because of their high expression efficiency, no end-
capping effect was observed (Fig. 11D). These results agreed with previous reports that the 
transfected plasmids were more stable in 293 cells than in COS, NIH-3T3, HeLa cells 
(Alwine, 1985). In summary, our results show that exonuclease activity is related to 
transfection efficiency, though the level of exonuclease activitity in cytoplasm might be 
different depending on the cell line. 
Here we propose new concept of nuclease characterization by monitoring the degradation 
patterns of oligonucleotides based on the fragment size and direction of degradation in 
living cells. The concept is similar to conventional ones such as an analysis by using 
radioisotope-labeled oligonucleotides and a size determination by gel electrophoresis. The 
relationship between the exogenous DNA expression level and DNA stability by extension 
of DNA fragments was studied using the luciferase assay in vitro and in vivo (Hirata et al., 
2007); however, this assay in a cell homogenate only provides information on bulk DNA 
stability, not on the individual DNA degradation mechanism. Our approach is, therefore, 
replacement of the conventional concept by diffusion measurement using a fluorescent tag 
and coincident analysis using FCS and FCCS so that sensitivity is enhanced to the single 
molecule level and a physical separation procedure is not needed. Therefore, our method 
can be employed for measurements in single living cells. 

4. Monitoring complex formation between gene carriers and nucleic acids 
The association and dissociation between DNA and gene carriers are important in vitro and 
in vivo. The efficiency of DNA internalization depends on the properties of DNA/carrier 
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complexes such as their sizes. The size is determined by affinity between DNAs and carriers 
and the ratio of DNAs to carrier molecules. The FCCS method has the advantage that it does 
not need physical separation procedures, so the association and dissociation of DNA and 
carriers can be directly monitored not only in solution but also in living cells. 

4.1 Quantum dot based gene carrier 
Quantum dots (QDs) are nanometer-sized semiconductor crystals that emit visible to 
infrared fluorescence depending on their composition and diameter. QDs have several 
advantages such as high resistance to photobleaching, high brightness and narrow emission 
wavelengths with broad excitation spectra. QDs are comprised of an inorganic core, 
inorganic shell and an organic coating to solubilize them to the water phase. Since the 
surface to volume ratio of a QD is relatively high, QDs can be used as scaffold particles for 
carrying ligands, therapeutic agents and gene delivery carriers. 
Cationic polymers can condense with DNA by electrostatic interaction to form complexes 
that promote internalization of exogenous DNA into cells. Polyethyleneimine (PEI) is an 
efficient gene carrier, that has a proton-sponge effect (Boussif et al., 1995). PEI solubilizes 
QDs to water so it is also useful for surface coating of QDs (Duan et al., 2007, Zhu et al., 
2005).  
 

 
Fig. 12. Diagram of PEI-QD. PEI-coated QD forms a complex with DNA. 

CdSe/CdZnS QD cores that emit 605 nm fluorescence were synthesized (Jin et al., 2010) and 
PEI (average molecular weight about 10000) was added and heated to 60C in 
tetrahydrofuran. The resulting precipitates of PEI-coated QDs were dissolved in water (PEI-
QDs). The PEI-QD solution was then mixed with a plasmid that coded red fluorescent 
protein, mKate2 (pmKate2-N). To visualize the localization of the plasmid, a sample 
plasmid was stained with YOYO-1 iodide. Then the plasmid/PEI-QD complex was added to 
cultured HeLa cells. After 24-hour incubation, fluorescence emission of expressed mKate2 
was detected (Fig. 13). The result showed that PEI-QD had the potential to introduce 
plasmid vectors into cells. Fluorescence of QDs and YOYO-1 colocalized at large complexes, 
though free molecules or small complexes were not visible by the conventional microscopy, 
so methods that can detect their diffusion at the single molecule level, such as FCS and 
FCCS, are needed. 
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Fig. 13. LSM images of DNA transfected HeLa cells. LSM images of cells 24 hours after 
addition of PEI-QD/pmKate2-N. QDs (A), YOYO-1 (B), mKate2 (C) and merged 
fluorescence images (D) respectively. Scale bar represents 10 m. 

4.2 Monitoring of DNA/PEI complex formation in vitro 
The efficiency of gene delivery by DNA/carrier complexes depends on the size of  the 
complex and the dissociation kinetics in cells.  
 

1E-3 0.01 0.1 1 10 100 1000
0.0

0.5

1.0

 Plasmid (YOYO-1 stain)
 PEI-QDs
 Plasmid + PEI-QDs mix

N
or

m
al

iz
ed

 G
(

)

Time (ms)  
Fig. 14. Normalized autocorrelation curves of plasmid DNA (blue line), PEI-QDs (red line) 
and a mixture of the plasmid and PEI-QD (black line) in solution. 
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To develop an efficient gene carrier, it is necessary to characterize the properties of the 
DNA/carrier complexes. Previously the characterization of complexes was carried out by 
gel electrophoresis (Eastman et al., 1997).  
Currently, there are several FCS studies of DNA/carrier association and dissociation (Van 
Rompaey et al., 2001, Braeckmans et al., 2010). By using FCS, the size and the ratio of the 
DNA to the gene carrier are evaluated in solution from the values of the diffusion time and 
CPM, which are obtained by FCS measurements (see section 2). A 4 kbp circular-shaped 
plasmid was mixed the PEI-QDs and FCS measurements were carried out. The diffusion 
time of the plasmid decreased due to the compaction of DNA by the interaction with the 
cationic gene carrier (Fig. 14).  
On the other hand, FCCS can monitor the interaction of DNA with a gene carrier directly. FCS 
monitors the change of the diffusion time (or molecular size) though the interaction cannot be 
distinguished if the diffusion time is decreased or not changed due to the change of the 
molecular shape. For demonstration, PEI-QDs and rhodamine green-labeled 500 bp linear 
DNA (RG-500bp) were mixed at various ratios, and then FCCS measurements were carried 
out with single-laser excitation at 488 nm (Fujii et al., 2007). Fluorescence emissions were 
collected from two channels for rhodamine green and QD. The increase of autocorrelation 
amplitude of the green channel (RG-500bp) made observation of the DNA complex possible 
(Fig. 15). The cross-correlation amplitude was also increased (Fig. 15). This high cross-
correlation amplitude directly shows the incorporation of RG-500bp and the PEI-QDs. 
 

 
Fig. 15. Cross-correlation analysis of RG-500bp and PEI-QDs. The correlation curves of 
various RG-500bp/PEI-QD ratios (A; 0.5, B; 1, C; 2, D; 4, E; 8). Blue, red and black lines 
represent Gg(), Gr() and Gc(), respectively. 

The RCAr value was increased according to the increase of the PEI-QD concentration (Fig. 
16A). At a low DNA/QD ratio, the number of PEI-QDs in solution was larger than the 
number of RG-500bp so there were many QDs that did not interact with DNA. On the other 
hand, RCAg was decreased at once by the decrease of PEI-QD because of the relative 
decrease of interacting partners (Fig. 16C). The numbers of RG-500bp and PEI-QDs 
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contained in the complexes could be estimated from the value of CPM. The CPMs of the 
green channel were 4 to 8 times larger than the value of a single RG-500bp and the CPMs of 
the red channel were comparable to the value of a single PEI-QD (Fig. 16B). These results 
indicated that 4 to 8 RG-500bp molecules and a single PEI-QD particle were contained in the 
complexes under the tested conditions. At high ratios of DNA/QDs, DNA and QDs may 
aggregate so that RCAr and CPMg are increased. The FCCS technique has strong advantages 
to investigate the properties of DNA carriers such as the strength of binding between DNA 
and the carrier, the size of the complex and the amount of DNA and number of carriers 
contained in the complex. 
 

 
Fig. 16. RCA values (A) and normalized CPM (B) of RG-500bp/PEI-QD complexes. CPM 
values were normalized by the CPM of a single RG-500bp or PEI-QD. Note that RCAg shows 
the ratio of interacting molecules among the red molecules (Nc/Nr). RCAr shows the ratio of 
interacting molecules among the green molecules (Nc/Ng) (see Eq. 7 and 8). (C) Schematic 
diagrams of  DNA/QD interactions at various ratios. 

5. Conclusion 
It is necessary to ascertain the fate of exogenous DNA for the development of nonviral gene 
therapy. FCS and FCCS, which provide spatiotemporal information on diffusion properties 
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and interactions of biomolecules, were employed for analyses in living cells. FCCS 
experiments revealed rapid DNA degradation in cytoplasm. In addition, the DNA 
degradation mechanism in cytoplasm due to 5’ to 3’ exonuclease was estimated by 
measuring DNA diffusion properties at the single molecule level. The methods using 
noninvasive monitoring of the diffusion properties of DNA provide information on the fate 
of intracellular exogenous DNA and the efficiency of DNA integration in living cells. 
Understanding of these intracellular events should help with the development of novel 
efficient gene delivery methods.  
FCS and FCCS are rapidly becoming widely used to detect movements and interactions of 
biomolecules in living cells (Chenette, 2009, Lidke et al., 2009), and various related 
applications such as two-focus FCS (Yu et al., 2009), raster image correlation spectroscopy 
(RICS) (Digman et al., 2009) and multi-point total internal reflection-fluorescence correlation 
spectroscopy (TIR-FCS) (Ohsugi et al., 2006, 2009) have been developed. FCS, FCCS and 
these techniques will shed new light on cell biology and gene therapy.  
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1. Introduction  
Alpha-1 antitrypsin (AAT) deficiency is a hereditary disorder associated with mutations in 
the SERPINA1 gene (Kelly et al., 2008; Greene et al., 2008). Over 100 different alleles have 
been identified however the most common disease-causing mutation, termed Z, encodes a 
glutamic acid to lysine substitution at position 342 of the mature AAT protein. As a member 
of the serine proteinase inhibitor family, the role of AAT is to inhibit serine proteases 
throughout the body but principally in the lung. The ZAAT protein fails to adopt the correct 
protein conformation and polymerises and accumulates intracellularly in AAT-producing 
cells. The liver is the major source of the body’s pool of AAT. The major consequences of 
ZAAT accumulation in hepatocytes are toxic gain of function events leading to endoplasmic 
reticulum (ER) expansion and dilation and activation of multiple ER stress signalling 
pathways (Lomas et al., 1992; Teckman & Perlmutter, 2000; Lawless et al., 2004; Hidvegi et 
al., 2005; Hidvegi et al., 2007; Miller et al., 2007). These predispose to liver failure. The 
second major clinical consequence of ZAAT deficiency is a lower than normal antiprotease 
protective screen throughout the body, but most importantly in the lung (Lomas et al., 
1993). ZAAT deficient individuals can develop emphysematous lung disease as early as in 
their 4th decade.   
Gene therapies to treat both aspects of the disease are currently at various stages of 
development. For the liver disease approaches that can be considered include ribozymes, 
antisense, peptide nucleic acids and small-interfering RNAs; all designed to inhibit 
expression of the mutant gene (recently reviewed in McLean et al., 2009). For the lung 
disease gene therapies using non-viral, lentiviral and adeno-associated viral approaches to 
express the normal gene either locally or intramuscularly have been reported (Chulay et al., 
2011; Brantly et al., 2006; Flotte et al., 2007; Argyros et al., 2008; Brantly et al., 2009; Liqun 
Wang et al., 2009); all aim to increase AAT levels in the circulation above the deficiency 
threshold of 11 M. New approaches are focused on coupling haematopoietic stem cell 
therapy with AAT-lentiviral gene therapy (Ghaedi et al., 2010; Argyros et al., 2008).  This 
chapter will review the history and current state-of-the-art in these areas. 

2. Gene therapies targeting ZAAT-related liver disease  
There are currently no available treatments for AAT deficiency-related liver disease other 
than transplantation. The 5-year survival is 83% for adults and 90% for children post 
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2011; Brantly et al., 2006; Flotte et al., 2007; Argyros et al., 2008; Brantly et al., 2009; Liqun 
Wang et al., 2009); all aim to increase AAT levels in the circulation above the deficiency 
threshold of 11 M. New approaches are focused on coupling haematopoietic stem cell 
therapy with AAT-lentiviral gene therapy (Ghaedi et al., 2010; Argyros et al., 2008).  This 
chapter will review the history and current state-of-the-art in these areas. 

2. Gene therapies targeting ZAAT-related liver disease  
There are currently no available treatments for AAT deficiency-related liver disease other 
than transplantation. The 5-year survival is 83% for adults and 90% for children post 
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transplant (Kemmer et al., 2008). As an alternative to transplantation gene therapy 
approaches aimed at inhibiting ZAAT expression in the liver can potentially be used to stop 
the production of the mutant Z protein, hence prohibiting the accumulation of the protein in 
the liver and providing protection against liver disease. Such approaches include the use of 
ribozymes, small interfering RNA (siRNA) and small DNA fragments (SDF), and a number 
of these genetic approaches designed to downregulate ZAAT expression have been tested in 
animals as therapies for liver disease in AAT deficiency. To date there have been no reports 
on the use of zinc-finger nucleases (ZFN) or peptide nucleic acids (PNA) to treat ZAAT-
related liver disease (Figure 1). ZFNs are artificial restriction enzymes that can be 
engineered to target specific DNA sequences and exploit a cell’s DNA repair machinery to 
precisely alter the genome; PNAs are synthetic DNA analogues that hybridize to 
complementary DNA or RNA to facilitate anti-gene or antisense inhibition, respectively 
(Jensen et al., 1997; Pellestor & Paulasova, 2004).  It has been suggested that if ZAAT levels 
can be decreased to those similar or lower than MZ AAT heterozygotes there may be clinical 
benefit (Cruz et al., 2007) as heterozygous individuals rarely develop severe liver disease, 
particularly in childhood. 

2.1 Ribozymes  
Ribozymes are catalytic RNA molecules capable of cleaving RNA with high specificity.  
Their catalytic properties were discovered almost 30 years ago (Kruger et al., 1982) and they 
are now known to contain both a catalytic RNA domain that cleaves a target mRNA and a 
substrate-binding domain that contains an antisense sequence to the target mRNA sequence 
that enables them to bind to their target mRNA sequence through Watson–Crick base 
pairing (Trang et al., 2004). The best characterised ribozymes have hammerhead or hairpin 
shaped active centres; both are promising gene-targeting reagents.   
Hammerhead ribozymes capable of cleaving AAT mRNA have been constructed and were 
shown to be effective at inhibiting ZAAT expression in a human hepatoma cell line (Zern et 
al., 1999). In this study the hepatoma cells were also stably transduced with a modified AAT 
cDNA capable of producing wildtype AAT protein, but resistant to cleavage by the ZAAT-
targetted ribozyme. Later a bi-functional vector was constructed, which contained both the 
ribozyme and the ribozyme-resistant AAT gene. Once transduced into hepatoma cells, the 
cells showed effective expression of the transduced AAT under conditions where the 
endogenous AAT gene was inhibited (Ozaki et al., 1999). Effective gene therapy for ZAAT 
deficiency requires stable transduction of resting hepatocytes, ideally to deliver both wild-
type AAT and to inhibit production of ZAAT. Duan et al. treated transgenic mice expressing 
the human ZAAT allele with a simian virus 40 (SV40)-derived vector carrying a ribozyme 
designed to target the human transcript. The mice showed a marked decrease of human 
AAT mRNA and protein in the liver, and serum levels of human AAT were decreased by up 
to 50% 3-16 weeks after transduction (Duan et al., 2004).  
Together these data show promise for the use of ribozymes for ZAAT-related liver disease. 
Importantly ribozymes bind to their targets with high specificity however there can be 
problems with their use to knockdown gene expression in vivo as their activity in vivo is not 
usually sufficient to achieve the desired effects. 

2.2 Small interfering RNA  
RNA interference (RNAi) is the process of sequence-specific, post-transcriptional gene 
silencing. It is initiated by short double-stranded RNA (dsRNA) sequences called small 
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Fig. 1. Gene therapies for ZAAT-related liver disease. The Z mutation (shown by the red 
star) can be repaired using small DNA fragments (SDF) or zinc finger nucleases. Peptide 
nucleic acids (PNA) can inhibit the processes of transcription or translation whilst 
ribozymes (Rz) and siRNA target the mRNA and inhibit translation. 

interfering RNA (siRNA) that are generated from longer transcripts by the enzyme Dicer.  
Each siRNA has specificity for a target RNA via its homology to sequences within the target 
gene (Elbashir et al., 2001). siRNAs form part of the RNA-induced silencing complex (RISC), 
a multi-component nuclease containing RNAse III, that enables the destruction of target 
mRNAs (Hammond et al., 2000). The argonaute protein within RISC incorporates one strand 
of an siRNA, known as the guide strand, and uses this as a template for recognizing 
complementary mRNA. Once found the target mRNA is cleaved by activation of the RNAse 
activity within RISC. 
The delivery in vivo of siRNAs by liposomes or cationic lipids has been described.  Other 
strategies for local or systemic administration of siRNA include electropulsation, delivery by 
viral vector, chemical modifications of siRNA molecules or polyamine or other 
encapsulation technologies. Targetting siRNAs directly to the liver can be achieved by local 
administration via injection through the hepatic portal vein and can prevent unwanted 
effects on normal host tissues. In 2007 studies describing the use of siRNAs designed to 
downregulate endogenous AAT within hepatocytes were reported. Using an adeno-
associated virus (AAV) backbone three separate siRNA sequences were transduced singly 
or as a trifunctional construct into cell culture models. Whilst each siRNA had activity 
independently, the levels of AAT expression showed the greatest decrease, up to five-fold 
lower than controls, with the trifunctional construct. Following packaging of this construct 
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transplant (Kemmer et al., 2008). As an alternative to transplantation gene therapy 
approaches aimed at inhibiting ZAAT expression in the liver can potentially be used to stop 
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Fig. 1. Gene therapies for ZAAT-related liver disease. The Z mutation (shown by the red 
star) can be repaired using small DNA fragments (SDF) or zinc finger nucleases. Peptide 
nucleic acids (PNA) can inhibit the processes of transcription or translation whilst 
ribozymes (Rz) and siRNA target the mRNA and inhibit translation. 
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viral vector, chemical modifications of siRNA molecules or polyamine or other 
encapsulation technologies. Targetting siRNAs directly to the liver can be achieved by local 
administration via injection through the hepatic portal vein and can prevent unwanted 
effects on normal host tissues. In 2007 studies describing the use of siRNAs designed to 
downregulate endogenous AAT within hepatocytes were reported. Using an adeno-
associated virus (AAV) backbone three separate siRNA sequences were transduced singly 
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into an AAV serotype 8 capsid, and transduction into the livers of transgenic mice 
overexpressing human ZAAT, a decrease in total and monomer ZAAT levels coupled with 
reversal of ZAAT accumulation was evident within the liver up to 3 weeks after vector 
injection (Cruz et al., 2007).  

2.3 Small DNA fragments  
The use of small DNA fragments (SDF) for homologous replacement of mutant genes allows 
targets to be directly altered by insertion, deletion or replacement.  Theoretically direct 
conversion of the mutant sequence to a wild-type genotype ensues, thereby restoring the 
normal phenotype.  The basis of this technology involves the introduction of small DNA 
fragments into cells that recombine with the genomic DNA at a targeted site, thereby 
producing a specific change in the sequence. The feasibility of using SDF targeting the AAT 
gene has been reported.  SDFs encoding the normal AAT sequence were generated and 
transfected ex vivo into peripheral blood monocytes from control and ZAAT deficient 
individuals.  The SDFs corrected the defective gene in ZAAT monocytes and treatment was 
associated with an increase in AAT secretion.  A similar methodology to repair the ZAAT gene 
defect in hepatocytes should have beneficial effects on secretion, and could ultimately lead to 
protection of both the lung and liver in ZAAT deficient individuals (McNab et al., 2007).  

3. Gene therapies to target ZAAT-related lung disease  
There have been a number of gene therapy trials for the treatment of AAT deficiency-related 
lung disease. The first used cationic liposomes encapsulating a plasmid carrying the human 
AAT cDNA (Brigham et al., 2000). In this open-label study the liposomes were administered 
intranasally to 5 ZAAT deficient individuals. The results showed that AAT levels were 
increased at day 5 following administration and returned to baseline by day 14. Subsequent 
studies have improved on this by using non-pathogenic human parvovirus recombinant 
AAV vectors that are more efficient at transgene delivery and are more capable of extended 
transgene expression.  

3.1 Intramuscular adeno-associated viral gene delivery  
In 2006 Brantly et al. reported their results from a phase I trial of intramuscular injection of a 
recombinant adeno-associated virus serotype 2 vector (rAAV2) carrying the human AAT 
gene into 12 AAT deficient adults (Brantly et al., 2006). Subjects were divided into groups of 
three and allocated to one of four dose cohorts ranging from 2.1 x 1012 to 6.9 x 1013 vector 
genomes. Each was injected into the deltoid muscle of their non-dominant arm sequentially 
in a dose-escalating fashion. No vector-related adverse events occurred in any of the 
participants although anti-rAAV2 capsid antibodies were present and rose after vector 
injection. In this study just one subject exhibited low-level expression of wild-type AAT in 
their serum (82 nM) up to 30 days after receiving an injection of 2.1 x 1013 vector genomes. 
Residual AAT levels from previous AAT protein replacement therapy was blamed for 
interfering with the detection of any possible vector expression in most of the other 
individuals. 
Later in another phase 1, open-label, dose-escalation clinical trial sustained AAT expression 
was achieved using a rAAV serotype 1 vector (Brantly et al., 2009). rAAV1 is substantially 
more efficient than rAAV2 in transducing skeletal muscle (Cruz et al., 2007). Once again 
subjects were dosed via intramuscular (i.m.) injection and those subjects who had been 
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receiving protein therapy discontinued its use for 28 or 56 days prior to vector 
administration. In those who received 2.2 x 1013 and 6.0 x 1013 vector genome particles 
normal AAT was expressed above background in all subjects. AAT expression was 
sustained at levels 0.1% of normal for at least 1 year in the highest dosage level cohort. 
Vector administration was well tolerated and there were no changes in hematology or 
clinical chemistry parameters however neutralizing antibody and IFN-gamma enzyme-
linked immunospot responses to rAAV1 capsid were evident in all subjects at day 14.  
The most recent report on this gene therapy approach describes the results of a preclinical 
evaluation of a rAAV1 vector expressing human AAT made using a recombinant herpes 
simplex virus production method that can achieve much higher yields enabling a substantial 
increase in dosage in clinical studies (Chulay et al., 2011). The toxicology study in mice 
treated i.m. with this vector showed that the HSV-produced vector had favorable 
characteristics in terms of purity, efficiency of transduction, and human AAT expression.  
 

 
Fig. 2. Gene therapy strategies for ZAAT-related lung disease. The normal AAT gene can be 
introduced via intramuscular injection of an AAT-expressing adeno-associated virus (AAV) 
leading to production of normal AAT protein. Alternatively a patient’s own cells can be 
harvested, induced to pluripotency (iPSCs) and the defect corrected ex vivo prior to 
autologous cell therapy. 
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Administration with this vector led to no significant differences in clinical findings or 
hematology and no gross changes in pathology although there were mild changes in skeletal 
muscle at the injection site. These consisted of focal chronic interstitial inflammation and 
muscle degeneration, regeneration and vacuolization in vector-injected animals. Vectors 
were detectable in blood 24 hours after dosing and declined thereafter, with no copies 
detectable 90 days after dosing. Antibodies to human AAT were detected in almost all 
treated animals, with antibodies to HSV detectable in most animals that received the highest 
vector dose. With higher doses of HSV-produced vector, the increase in serum human AAT 
levels was dose-dependent in females and, interestingly, greater than dose-proportional in 
males. Together all of these studies support continued development of rAAV1-AAT vectors 
for i.m. gene delivery for the treatment of AAT deficiency (Figure 2). 

3.2 Viral gene delivery to the lung  
Transduction of cells within the lung is an attractive approach for AAT gene therapy. Since 
somatic tissues are comprised of heterogeneous, differentiated cell lineages that can be 
difficult to specifically transfect (although this may have been largely overcome by the work 
of Flotte using i.m. injection (section 3.1)), methods have been tested to deliver gene 
therapies directly to cells within the lung. These include AAV and other viral methods to 
deliver the AAT gene directly to cells within the lung for local expression of AAT at the site 
where it is most needed to provide an antiprotease protective screen. Both integrating 
lentiviral systems and non-integrating AAV vectors are capable of gene transfer and 
expression in vivo in non-dividing cells and approaches using both viruses have been 
undertaken. Using recombinant AAV vectors Liqun Wang et al. evaluated the transduction 
and expression efficiencies of several rAAV serotypes and rAAV2 capsid mutants with 
specific pulmonary targeting ligands (Liqun Wang et al., 2009). Noninvasive intranasal 
delivery was compared with intratracheal lung delivery into the mouse lung. Of all the 
vectors tested they found that recombinant rAAV8 was the most efficient serotype at 
expressing AAT in the lung. Intratracheal administration was superior to intranasal delivery 
for most vectors. Limberis et al. also characterized a wide range of vectors and nine different 
serotypes of rAAV for their ability to transduce mouse and human ciliated airway 
epithelium (Limberis et al., 2009).  In their studies rAAV5 and rAAV6 were found to be the 
most efficient at transducing mouse epithelium whilst only rAAV6 was as effective in 
human cells. Variants of AAV6 with targeted mutations were also tested. One of these, 
rAAV6.2, was more efficient than all the other rAAV vectors tested and shows promise for 
development and preclinical testing. In a separate AAT-rAAV6 study involving delivery to 
the lungs of mice and dogs, administrations led to increased and extended intrapulmonary 
AAT levels, however the animals developed immune responses including a 
lymphoproliferative response to the AAV capsid (Halbert et al., 2010). Another approach 
using intratracheal instillation of an AAT lentiviral system led to successful selective 
delivery of the AAT transgene to alveolar macrophages in the mouse lung (Wilson et al., 
2010). These cells persisted in the alveoli and expressed AAT for the lifetime of the adult 
mouse and achieved localized secretion of therapeutic levels of AAT protein into the airway 
epithelial lining fluid.  Using a mouse model of emphysema this approach ameliorated the 
progression of emphysema without inducing humoral or cellular immune responses.  

3.3 Stem cell therapy and other approaches to gene delivery  
An ideal gene therapy approach should enable persistent transgene expression without 
limitations of safety and reproducibility. Using an individual’s own cells, cultured in vitro as 
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the delivery platform for gene therapy is a new approach that can potentially circumvent 
these problems. The use of stem cells, either the induced pluripotent form or 
hematopoietic/mesencymal derived, has been considered for AAT gene therapy. For 
example, lentivirally transduced murine hematopoietic stem cells (HSCs) expressing a 
human AAT transgene have been developed (Wilson et al., 2008). Once transplanted into 
irradiated mouse recipients these HSCs maintained their multipotency, self-renewal 
potential, and could reconstitute the hematopoietic systems of both primary and secondary 
recipients. Furthermore these lentivirally-modified cells generated sustained and systemic 
expression of AAT in vivo for over 30 weeks. Other genetically modified mesenchymal stem 
cells (MSCs) have been used that, once differentiated into hepatocyte-like cells, offer a 
potentially unlimited source of cells for autologous transplant procedures (Ghaedi et al., 
2010). These human MSCs were transduced with a lentiviral AAT expression vector and 
were shown to express major hepatocyte marker genes and AAT. This technology has 
potential as an in vitro source of cells for transplantation therapy of liver diseases in AAT-
deficient patients.  Another angle on this approach is being developed by Li et al. (Li et al., 
2010). They assessed the feasibility of bone marrow (BM) cell-based liver gene delivery of 
human AAT. Their in vitro studies showed that both lentiviral and rAAV vectors expressing 
AAT can be transduced into these cells and transplanted into the liver where they 
differentiate into hepatocytes and express AAT, resulting in sustained levels of circulating 
AAT in the recipient mice. In another study they used adipose tissue as an abundant, 
accessible and replenishable source of adult stem cells (Li et al., 2011). Adipose tissue-
derived mesenchymal stem cells (AT-MSCs) resemble bone marrow-derived mesenchymal 
stem cells (BM-MSCs). Having investigated the feasibility of AT-MSC-based liver gene 
delivery for the treatment of AAT deficiency by transducing mouse AT-MSCs with an 
rAAV1 vector carrying the human AAT gene, it was shown that when the cells were then 
transplanted into the mouse liver that they expressed human AAT.  Importantly, no anti-
human AAT antibodies were detected. 
Human induced pluripotent stem cells (iPSC) also hold great promise for cell-based therapy 
and in cell studies of genetic diseases. A strategy using dermal fibroblasts from AAT-
deficient individuals has generated a library of patient-specific human iPSC cell lines 
(Rashid et al., 2010). Once differentiated into hepatocytes the resulting cells exhibit 
properties of mature hepatocytes and recapitulate key pathological features of AAT 
deficiency including accumulation of misfolded AAT in the endoplasmic reticulum. Using 
an approach such as this it may be possible to generate iPSC hepatocytes from an AAT-
deficient individual, repair the defect in vitro with for example SDFs, ribozymes or zinc 
finger nucleases and transplant these ‘corrected’ cells back into the original donor (Figure 2).  
The next step in advancing this technology will be to achieve this without the worry of 
endogenous effects mediated by reprogramming transgenes. A number of methods already 
exist for generating murine or neonatal iPSCs free of reprogramming transgenes however, 
until recently this was not the case for disease-specific iPSC from humans with inherited or 
degenerative diseases. Now a humanized version of a single lentiviral "stem cell cassette" 
vector to accomplish efficient reprogramming of normal or diseased skin fibroblasts 
obtained from humans has been developed (Somers et al., 2010). The human iPSCs 
generated using this vector contain a single viral integration that can excise to generate 
human iPSCs free of integrated transgenes. As a proof of principle, this strategy has been 
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used to generate lung disease-specific iPSC lines from individuals with AAT deficiency-
related emphysema. These cells have the ability to differentiate into developmental 
precursor tissue of lung epithelia and will prove invaluable for AAT-deficiency related 
investigations. However the most exciting aspect of this technology is its potential to 
generate safer autologous ‘corrected’ cell therapies similar to those described above.  
It is sometimes suggested that non-viral episomal plasmid DNA (pDNA) vectors may offer 
some advantages over viral vectors in that they can be produced cheaply and in large 
quantities. Argyros et al. developed such a vector using the human AAT promoter to drive 
expression of a luciferase gene and achieve long-term expression in murine liver (Argyros et 
al., 2008). Over the course of the study the vector was maintained as an episome and did not 
replicate.  Luciferase expression was detectable up to 6 months and this is believed to be by 
means of a unique scaffold/matrix attachment region (S/MAR) element that inhibits 
methylation of the AAT promoter. 

4. Conclusion  
Since the first human gene therapy trials using lymphocytes for the cellular delivery of the 
adenosine deaminase gene to patients with severe combined immune deficiency (SCID) and 
as tumour-infiltrating vehicles there has been a remarkable expansion in the development of 
gene therapy strategies (Culver et al., 1991a; 1991b; 1991c). The most promising data have 
come from therapies targeting monogenic disorders. With respect to ZAAT deficiency, 
rAAV2 vectors, and more recently rAAV1 due to its higher tropism for muscle cells, have 
shown great promise for delivery of the AAT gene. The advantages of AAV vectors include 
not only their lack of acute pathology but also their episomal nature. Occasional problems 
with adaptive immune responses to its capsid proteins have been encountered in some 
contexts (Manno et al., 2006), however newer generation vectors with greater safety and 
efficiency of gene transfer are constantly under development. Non-AAV gene therapy 
strategies for AAT-related lung disease, although less advanced, also show potential. 
Genetic therapies designed to down-regulate expression of ZAAT in hepatocytes to reverse 
the toxic gain of function in the liver are also less well developed, however the next decade 
is likely to see huge progress in this area. Finally the recent advent of various stem cell 
technologies can only enhance efforts in ZAAT deficiency and gene therapy research. 
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1. Introduction 
Quietly, cautiously, and steadily, the field of modern medicine recently progressed across a 
new threshold with the development of Rexin-G, the first and so far, only, targeted 
injectable molecular genetic medicine to be validated in the clinic. Designed to function 
within the context and complexities of the human circulatory system, the “smart,” “stealth,” 
“highly-selective” nanoparticles embodied in Rexin-G travel beyond the reach of the most 
gifted surgeons, beyond the horizons of the finest catheters, to seek out the biochemical 
hallmarks of invasive cancers, and to deliver a lethal genetic payload where it is needed 
most—i.e., targeting the histopathology of the tumor microenvironment. In this invited 
review, we elaborate upon the critical stages of scientific discovery, molecular-genetic target 
validation, preclinical studies, pathotropic (disease-seeking) platform development, clinical 
trial design, molecular pharmacology, regulatory considerations, and GMP production & 
bioprocessing that, taken together, define the advancement of this tumor-targeted genetic 
medicine for cancer. In the course of delineating the developmental trajectory of Rexin-G 
into a series of logical and discrete stages, the authors have endeavored to extract, abstract, 
and represent a host of molecular biotechnological innovations in an accessible manner, 
providing (i) a useful overview of the converging fields of applied genetics, nanotechnology, 
and molecular biotechnology, and (ii) a conceptual basis for advancing new pipeline 
products in the emerging field of pathotropic medicine.        

2. Setting the stage – targeting metastasis, one of the gravest medical needs 
The problem of managing metastatic cancer, with its accompanying progression to 
evermore aggressive forms of the primary tumor cell (Bacac and Stamenkovic, 2008; Wong 
et al., 2009), remains one of the most daunting problems of modern medicine, thereby 
defining an unmet medical need. While many primary tumors can be eradicated by surgery 
if detected early in the course of disease progression, the appearance of metastatic disease is 
associated with a poor prognosis that worsens with the development of resistance to 
conventional chemotherapies (O’Day and Gorlick, 2009; Box et al., 2010; Verma et al., 2011). 
In the past ten years, there has been a frustrating lack of clinical advancements in the 
treatment of metastatic cancers (Di Marco et al., 2010, Stathis and Moore, 2010, Nieto et al., 
2008). Once metastatic disease develops in pediatric sarcomas or in breast cancer, for 
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example, the possibility of a cure is very limited or practically nonexistent (Krishnan et al., 
2005; Gonzalez-Angulo et al., 2007). Moreover, this decade-long frustration has resulted in 
regulators, clinical investigators, and practicing oncologists effectively lowering their 
standards and expectations with regard to clinical trials and patient outcomes (Nieto et al., 
2008; Allen et al., 2010; Verma et al., 2011). It is in this context that the call for innovative 
molecular targeted therapies emerged (Cappetta et al., 2011); it is in this context that the 
theoretical capability of tumor-targeted nanotechnology advanced (Gordon and Hall, 2005; 
Zolnick et al., 2010; Shapira et al., 2011); and it is in this context that the promise and 
potential of genetic medicine became apparent (Gordon et al., 2008; Sreeramoju and Libutti, 
2010; Gordon and Hall, 2010). 
At the turn of the 21st century, the advent of targeted genetic medicine faced three major 
challenges: (i) undeveloped biotechnology—specifically, the problem of inefficient gene 
delivery in vivo; (ii) institutional incredulity—regarding the feasibility of achieving tumor-
targeting under physiological conditions; and (iii) scientific skepticism—concerning the 
seemingly overwhelming bio-mathematics of the applied nanotechnologies required for 
effective tumor control. The first challenge was elucidated by the pharmaceutical industry, 
as it systematically withdrew from the field of genetic medicine, stating: “From the beginning, 
the therapy’s main difficulty has been a logistical one: how to deliver enough healthy genes to the 
appropriate site and get them to stay there long enough to cure or alleviate a disease....” the 
consensus opinion being, “improved gene delivery methods are needed in order to give human 
trials a better chance of success” (Langreth and Moore, 1999). The second challenge was 
exemplified by a National Cancer Institute grant reviewer, circa 2000 (privileged 
communication), who stated that “One couldn’t possibly imagine that the systemic delivery of an 
extracellular matrix (ECM)-targeted gene delivery vector would accumulate appreciably inside a 
tumor nodule; more likely, the gene delivery would be restricted to the superficial ‘stromal’ layers, 
much like the peeling of an onion skin.”  The third challenge, that of insurmountable 
biomathematics, was addressed in a scholarly debate following a keynote presentation by 
the authors at the Cold Spring Harbor Laboratory 2001 meeting on “Vector Targeting 
Strategies for Gene Therapy.” In view of the first preclinical demonstrations of efficient, tumor-
targeted gene delivery achieved under physiological conditions in vivo, there still remained 
considerable doubt concerning the feasibility of overcoming the rigors of physiology—
dilution, filtration, immunological inactivation, fluid dynamics, and shear forces—to the 
extent needed to deliver a sufficient number of vector particles via the systemic circulation 
without utilizing infectious (self-replicating) viral components. Taken together, these formal 
challenges that prevailed at the cusp of the 21st century represented a formidable 
technological barrier to entry into the field of targeted genetic medicine, in general, and to the 
advancement of cancer gene therapy, in particular.   
One by one, these imposing biopharmaceutical challenges were addressed and overcome 
during the course of a decade of scientific discovery, biotechnological innovation, 
translational research, and clinical development: a decade which may, in retrospect, be 
appropriately regarded as the decennium mirabilis of targeted genetic medicine—that 
“remarkable decade” wherein the clinical promise and potential of cancer gene therapy was 
ushered across the threshold of history. In technical scope, these challenges ranged from 
basic and applied molecular-genetics and virology, to medical nanotechnology, to the 
biophysics of tumor targeting and the constructs of therapeutic gene-delivery, to the advent 
of pathotropic (disease-seeking) medicine and the advancement of precision-targeted 
retrovectors, through a series of “proof-of-concept”preclinical studies and rigorous clinical 
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trials, leading ultimately to the GMP bio-production and scale-up of the first fully-validated 
tumor-targeted gene delivery vector (i.e., Rexin-G) in accordance with the most exacting 
(U.S. FDA) demands of a Phase III/commercial oncology product. For the purposes of this 
invited review, these individual technological steps in the origination and development of 
Rexin-G for metastatic cancer are subdivided into discrete steps or critical stages of 
development that constitute the definitive biopharmacological foundations of a new field of 
medicine.  

3. The pioneering stage – basic molecular-genetic research and discovery 
“To heal him, we must touch something other than the coverlet of his bed!” exclaimed Ambroise 
Paré in 1569, extolling those physicians and surgeons in attendance that M. le Marquis de 
Auret was not yet beyond hope, but they would have to dig somewhat deeper into the 
fabric of nature to uncover a cure. This paternal challenge from one of the great pioneers of 
experimental medicine still echoes through the ages, compelling would-be healers to look 
beyond the superficiality and the plasticity of cellular signal transduction unto the final 
common pathways that function as prime executive regulatory mechanisms governing cell 
growth and viability. Indeed, after years of disappointing studies of experimental 
treatments for vascular proliferative disorders based on the disruption of cell receptor-
mediated events, there emerged the appeal to look deeper—through an epoch of molecular-
genetic research and discovery—for the executive enzymatic components of cellular growth 
control and those final common, highly-conserved biochemical pathways that physically 
execute the orderly progression of the mammalian cell division cycle (Siriam and Patterson, 
2001; Ferguson and Patterson, 2003). It is in this deeper mechanistic understanding of the 
executive ‘enzymatic engines’ of the mammalian cell division cycle (Schwartz and Shah, 
2005; Marretta and Ales, 2010), that the drug targets of a more effectual apothecary for both 
vascular proliferative disorders (Charron et al., 2006) and otherwise intractable cancers can 
be found (Johnson and Shapiro, 2010; Krystof and Uldrijan, 2010).  
Located at the headwaters of oncogenesis, where growth-promoting proto-oncogenes meet 
and physically inactivate the predominant endogenous tumor suppressor proteins (Sherr 
and McCormick, 2002), a class of inducible regulatory proteins called “Cyclins” reside—
along with their Cyclin-dependent, proline-directed protein kinase (CDK) partners (Hall 
and Vulliet, 1991; Pines, 1995) and their respective polypeptide CDK inhibitors, which 
themselves represent a potent form of physiological growth inhibition/tumor suppression 
(Viallard, et al., 2001; Wesierska-Gadek et al., 2011). In the course of the mammalian cell 
division cycle, the Cyclins appear in a sequential manner, in accordance with the 
progressive stages of the cell cycle [note, the alphabetical designation Cyclins A through G 
denotes the order of scientific discovery/cloning, rather than the temporal induction of the gene 
product per se], participating directly in the enzymatic activation of one or more cognate 
CDKs (Gerard and Goldbetter, 2009) while physically guiding the activated protein kinase 
complexes to specific substrates (first demonstrated by Peeper et al., 1993) and subcellular 
locations (Morgan, 1997). The operational result of progressive Cyclin expression and 
resulting CDK activation can be viewed conceptually as “feed-forward” regulatory control, 
overriding endogenous growth/tumor suppressor proteins and advancing the cell cycle 
beyond the limiting biochemical checkpoint(s). The reported incidence of specific Cyclin 
over-expression, gene amplification, and/or viral subversion of these Cyclin-dependent 
pathways, in association with the molecular mechanisms of carcinogenesis, are sufficient to 
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warrant the formal designation of proto-oncogene to describe the growth-promoting role of 
these executive regulatory elements. 

4. The mechanistic stage – molecular-genetic target validation 
Among the so-called Cyclins, the CYCG1 gene encoding human Cyclin G1 (Wu et al., 1994) 
is of particular bio-pharmaceutical importance; for it represents the molecular target of 
Rexin-G, the first targeted, injectable genetic medicine developed for diverse cancer 
indications. Indeed, recent clinical demonstrations of the broad-spectrum, single-agent, anti-
tumor activity of Rexin-G have generated intense medical and scientific interest in the 
regulatory biology of Cyclin G1, as well as the molecular mechanisms-of-action of Rexin-G. 
In the course of its pharmaceutical development, it should be noted that the advanced 
molecular-genetic “knockout” construct embodied in Rexin-G is not dependent on the 
mechanisms of antisense-mediated gene suppression—which could possibly be overcome 
by the plasticity and the redundancy inherent in the Cyclin/CDK control elements as 
structurally- and functionally-related families of genes (Malumbres, 2005; Santamaria and 
Ortega, 2006; Satyanarayana and Kaldis, 2009)—but rather Rexin-G enforces the expression 
of a dominant-negative construct, i.e., a mutant form of the Cyclin-G1 protein, which 
effectively “blocks” the executive biochemical pathways governed by Cyclin G1, in the presence 
of a veritable “sea” of wild-type protein expression (see Xu et al., 2001). It is the blockade of 
these executive biochemical pathways (shown diagrammatically in Figure 1) that is invariably 
cytocidal to cancer cells and their associated proliferative neovasculature (Gordon et al., 
2000, 2001; Gordon and Hall, 2010).  
Mechanistically, the Cyclin G1 proto-oncogene is appreciably over-expressed in numerous 
cancers; its enforced expression promotes cell growth and effectively shortens the cell cycle 
(Smith et al., 1997), while its blockade by either antisense oligonucleotides or dominant-
negative mutant constructs is decidedly lethal—via the active mechanisms of apoptosis—to 
both proliferative vascular cells (Zhu et al., 1997; Xu et al., 2001) and to a broad spectrum of 
cancer cells derived from all three germ layers (Skotzko et al., 1995; Chen et al., 1997; Hung 
et al., 1997; Gordon et al., 2001; Gordon et al., 2007; Gordon and Hall, 2010). Notably, in 
Cyclin G1-deficient mice, there is a significant reduction in the observed incidence of 
chemically-induced tumorigenesis (Jensen et al., 2003), which is consistent with a loss of 
antagonistic Cyclin G1-mediated effects on the levels and activities of the p53 tumor 
suppressor protein. As shown in Figure 1 (below), there is an intimate “negative-feedback” 
relationship between Cyclin G1 and at least two of the most prominent tumor suppressor 
proteins characterized to date: that is, the Retinoblastoma (Rb) tumor suppressor protein, 
which is genetically dysfunctional in many types of cancer, and the p53 tumor suppressor, 
which governs both apoptosis and senescence, in addition to regulating pivotal biochemical 
checkpoints involving DNA damage and enzymatic repair. In the first case, it appears that 
Cyclin G1, which is capable of forming complexes with multiple CDK partners (Piscopo and 
Hinds, 2008), participates in the inactivation of the Rb protein by directing site-specific 
protein phosphorylation events that ultimately enable cell cycle progression. In the second 
case, it appears that Cyclin G1 inactivates p53 (Ohtsuka et al., 2003, 2004), at least in part, by 
activating the MDM2 oncoprotein, which initiates the ubiquitin-mediated protein 
degradation of the p53 protein (Kimura and Nojima, 2002; Feng et al., 2011). In this case, it is 
important to note that both the Cyclin G1 effector and the MDM2 oncoprotein are 
transcriptionally activated (induced) by p53-dependent mechanisms (Okamoto and Beach, 
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1994; Moll and Petrenko, 2003), yet both of these regulatory proteins clearly function 
through additional biochemical pathways that are entirely independent of p53 (Zhang et al., 
2005; Rayburn et al., 2009), which is genetically altered and/or inactivated in a large number 
of cancers.   
Perhaps the most important aspect of target validation that can be discerned for Cyclin G1 
as a drug target—and thus Rexin-G as an anti-cancer agent—is the recent finding that nature 
itself has seen fit to target this executive regulatory locus through endogenous microRNAs 
(Feng et al., 2011; Huang and He, 2011) that exert stringent control of Cyclin G1 expression. 
A series of high-throughput screens investigating the role of microRNAs in the pathogenesis 
of human hepatocellular carcinoma (HCC) identified miR-122 as the preeminent species of 
microRNA that is either missing or severely down-regulated in approximately 70% of HCC 
cancers and in all of the HCC-derived cancer cell lines (Gramantieri et al., 2007). 
Importantly, these studies identified Cyclin G1 as a gene target of miR-122, further 
validating the inverse correlation between miR-122 and Cyclin G1 expression that exists in 
primary liver carcinomas. Assuredly, the biochemical mechanism by which miR-122 
expression decreased the viability of liver cancer cells was determined to be via apoptosis 
(Wu et al,. 2009); and enforced expression of miR-122 by adenoviral vectors has been shown 
to induce both cell cycle arrest and apoptosis in a number of different cancer cell lines (Ma et 
al., 2010) .  
It was further determined that the pathological loss of miR-122 expression in liver cancer 
was not only correlated with an increased proliferative potential of the cancer cells, but with 
the extent of disease progression and metastasis (Coulouarn et al, 2009); while the re-
expression of miR-122 was demonstrated to inhibit both the tumorigenic properties (Bai et 
al., 2009) and the metastatic potential (Tsai et al., 2009). In terms of molecular-genetic 
mechanisms of action, it was confirmed that, by modulating Cyclin G1 expression, miR-122 
influences the stability and the transcriptional activity of p53, as it reduces the metastatic 
invasiveness of HCC-derived cell lines (Fornari et al., 2009). Moreover, the inhibitory effect of 
experimentally-restored miR-122 expression on Cyclin G1 levels serves to increase the 
sensitivity of HCC cells to doxorubicin-induced apoptosis, thereby establishing a 
mechanistic basis for the future development of combined chemotherapy and RNA-based 
cancer therapies. Taken together with the emerging molecular biology of Cyclin G1 (see 
Figure 1), it now appears that the biopharmaceutical agent, Rexin-G (a RNA-based genetic 
medicine), essentially restores a natural tumor suppressor function that is inherent in a 
normally-abundant species of microRNA—a species of microRNA that is lost with the 
pathogenesis of cancer, particularly that of invasive metastatic cancer.  
Fig. 1 legend: As a mitotically-activated (or transformed) cell becomes ‘competent’ to 
proliferate and  passes through the sequential phases of cell growth and DNA synthesis on 
to cell division, Cyclin G1 plays a pivotal role in governing the executive enzymatic 
activities of  key regulatory components, including the checkpoints sensing DNA damage 
and repair. Normally held tightly in check (by microRNA-122), the growth-associated 
Cyclin G1 stands at the headwaters of cell cycle progression: advancing the cell cycle 
(arrows) through a myriad of enzymatic complexes, (i) by regulating site-directed protein 
phosphorylation by cyclin-dependent protein kinases (CDKs), which phosphorylate and 
inactivate the Rb tumor suppressor protein (blunted arrows), and (ii) by activating the 
cellular oncoprotein MDM2, which in turn inactivates the p53 tumor suppressor protein 
(blunted arrows) by initiating its destruction. Cyclin G1 governs the enzymatic activities of 
such key regulatory enzymes by transcriptional control of downstream elements, enzymatic 
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warrant the formal designation of proto-oncogene to describe the growth-promoting role of 
these executive regulatory elements. 

4. The mechanistic stage – molecular-genetic target validation 
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activating the MDM2 oncoprotein, which initiates the ubiquitin-mediated protein 
degradation of the p53 protein (Kimura and Nojima, 2002; Feng et al., 2011). In this case, it is 
important to note that both the Cyclin G1 effector and the MDM2 oncoprotein are 
transcriptionally activated (induced) by p53-dependent mechanisms (Okamoto and Beach, 
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1994; Moll and Petrenko, 2003), yet both of these regulatory proteins clearly function 
through additional biochemical pathways that are entirely independent of p53 (Zhang et al., 
2005; Rayburn et al., 2009), which is genetically altered and/or inactivated in a large number 
of cancers.   
Perhaps the most important aspect of target validation that can be discerned for Cyclin G1 
as a drug target—and thus Rexin-G as an anti-cancer agent—is the recent finding that nature 
itself has seen fit to target this executive regulatory locus through endogenous microRNAs 
(Feng et al., 2011; Huang and He, 2011) that exert stringent control of Cyclin G1 expression. 
A series of high-throughput screens investigating the role of microRNAs in the pathogenesis 
of human hepatocellular carcinoma (HCC) identified miR-122 as the preeminent species of 
microRNA that is either missing or severely down-regulated in approximately 70% of HCC 
cancers and in all of the HCC-derived cancer cell lines (Gramantieri et al., 2007). 
Importantly, these studies identified Cyclin G1 as a gene target of miR-122, further 
validating the inverse correlation between miR-122 and Cyclin G1 expression that exists in 
primary liver carcinomas. Assuredly, the biochemical mechanism by which miR-122 
expression decreased the viability of liver cancer cells was determined to be via apoptosis 
(Wu et al,. 2009); and enforced expression of miR-122 by adenoviral vectors has been shown 
to induce both cell cycle arrest and apoptosis in a number of different cancer cell lines (Ma et 
al., 2010) .  
It was further determined that the pathological loss of miR-122 expression in liver cancer 
was not only correlated with an increased proliferative potential of the cancer cells, but with 
the extent of disease progression and metastasis (Coulouarn et al, 2009); while the re-
expression of miR-122 was demonstrated to inhibit both the tumorigenic properties (Bai et 
al., 2009) and the metastatic potential (Tsai et al., 2009). In terms of molecular-genetic 
mechanisms of action, it was confirmed that, by modulating Cyclin G1 expression, miR-122 
influences the stability and the transcriptional activity of p53, as it reduces the metastatic 
invasiveness of HCC-derived cell lines (Fornari et al., 2009). Moreover, the inhibitory effect of 
experimentally-restored miR-122 expression on Cyclin G1 levels serves to increase the 
sensitivity of HCC cells to doxorubicin-induced apoptosis, thereby establishing a 
mechanistic basis for the future development of combined chemotherapy and RNA-based 
cancer therapies. Taken together with the emerging molecular biology of Cyclin G1 (see 
Figure 1), it now appears that the biopharmaceutical agent, Rexin-G (a RNA-based genetic 
medicine), essentially restores a natural tumor suppressor function that is inherent in a 
normally-abundant species of microRNA—a species of microRNA that is lost with the 
pathogenesis of cancer, particularly that of invasive metastatic cancer.  
Fig. 1 legend: As a mitotically-activated (or transformed) cell becomes ‘competent’ to 
proliferate and  passes through the sequential phases of cell growth and DNA synthesis on 
to cell division, Cyclin G1 plays a pivotal role in governing the executive enzymatic 
activities of  key regulatory components, including the checkpoints sensing DNA damage 
and repair. Normally held tightly in check (by microRNA-122), the growth-associated 
Cyclin G1 stands at the headwaters of cell cycle progression: advancing the cell cycle 
(arrows) through a myriad of enzymatic complexes, (i) by regulating site-directed protein 
phosphorylation by cyclin-dependent protein kinases (CDKs), which phosphorylate and 
inactivate the Rb tumor suppressor protein (blunted arrows), and (ii) by activating the 
cellular oncoprotein MDM2, which in turn inactivates the p53 tumor suppressor protein 
(blunted arrows) by initiating its destruction. Cyclin G1 governs the enzymatic activities of 
such key regulatory enzymes by transcriptional control of downstream elements, enzymatic 
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activation/inactivation of the executive enzymes, and by directing the regulatory complexes 
to specific substrates and/or specific subcellular locations.  
 

 
Fig. 1. Diagram depicting the major enzymatic activities, proto-oncogenes, and tumor 
suppressor proteins operating in the executive biochemical pathways governed by Cyclin 
G1.  
 

 
Fig. 2. Retroviral vector-mediated gene transfer of an antisense Cyclin G1 construct inhibits 
osteosarcoma growth in nude mice.  
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Following the identification of Cyclin G1 as a strategic therapeutic locus, a series of 
preclinical studies provided the initial proofs-of-concept (Skotzko et al., 1995; Chen et al., 1997; 
Gordon and Hall, 2010), thereby validating the therapeutic potential of cyclin G1 
“knockout” constructs as anti-cancer agents by direct injection of therapeutic gene-delivery 
vehicles, or vectors, into tumor xenografts in experimental animals. As shown in Figure 2, 
both the reduction of tumor growth and the accompanying blockade of cell cycle 
progression are readily apparent. However, the more pressing technological challenge to 
reach beyond the obvious accessibility of localized primary tumors, and to address the 
fundamental problem of metastatic disease—i.e., to deliver the therapeutic potential of 
Cyclin-G1 knockout constructs where they are needed most—remained to be accomplished 
by a separate and distinct stage of scientific innovation.  
Fig. 2 legend: Down-regulation of Cyclin G1 expression inhibits the proliferation of human 
osteosarcoma cells, as shown in rapidly growing subcutaneous tumors in athymic nude 
mice (Left Panel) treated by direct injection of either a Control (A) or Antisense Cyclin G1 
vector (B); comparative tumor growth over time is shown in C. Histological analysis of 
tumor nodules (Right Panel) from Control (A,C,E) versus Antisense Cyclin G1 treated 
animals (B,D,F) demonstrates a significant reduction in the mitotic index in Antisense Cyclin 
G1-treated animals, which is confirmed by FACS analysis (E vs F), revealing a decrease in 
the number of cells in S and G2/M phases of the cell cycle (Chen et al., 1997). Cytocidal 
activity is confirmed by an increased incidence of apoptotic nuclei in the Antisense Cyclin 
G1-treated osteosarcoma cells (Skotzko et al., 1995).  

5. The advent of pathotropic targeting – an enabling therapeutic gene 
delivery platform 
In the course of scientific research and development it is often “The Road Not Taken,” that 
is, the conscious decision to take the road less traveled by, that turns out to make the most 
significant difference in terms of historical outcome. In the case of targeted gene delivery, it 
was the conscious decision to target a common histopathological property of the metastatic 
process, rather than the unique and ever-changing surface features (ligands, receptors, etc) 
of the individual cancer cells, that made all the difference in terms of enhancing the 
efficiency of tumor-targeting under the most demanding of physiological conditions. 
Indeed, in the process of metastasis and metastatic tumor formation, both nascent and 
underlying extracellular matrix (ECM) proteins are characteristically exposed; and it is this 
characteristic exposure of one particular class of ECM proteins, the ubiquitous and 
determinative collagens (i.e., collagen patefacio, from Gordon and Hall, 2009), that now forms 
the basis for disease-seeking (or Pathotropic) tumor targeting. By conceptually grasping the 
physiological surveillance function that is inherent in the von Willebrand blood coagulation 
factor (vWF), which normally guides platelets to the sites of vascular injuries, and then 
physicochemically transposing a synthetic derivative of this physiological surveillance function, 
via genetic engineering, onto the surface of a nanoparticle-sized gene delivery vector (Hall 
et al., 2000; Gordon et al., 2000, 2002), the fields of molecular biotechnology and 
nanotechnology converged to enable the medical oncologist to reach beyond the mere 
coverlets of the proverbial bedside and to expose the very fabric of the nature of the 
metastatic disease process (Gordon and Hall, 2005, 2007). It is the advent of pathotropic 
targeting which would ultimately serve as the enabling biotechnological platform for 
therapeutic gene delivery in vivo, enabling the development of tumor-targeted gene therapy 
vectors that could be administered systemically, which would then seek-out sites of 
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activation/inactivation of the executive enzymes, and by directing the regulatory complexes 
to specific substrates and/or specific subcellular locations.  
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Fig. 2 legend: Down-regulation of Cyclin G1 expression inhibits the proliferation of human 
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5. The advent of pathotropic targeting – an enabling therapeutic gene 
delivery platform 
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of the individual cancer cells, that made all the difference in terms of enhancing the 
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therapeutic gene delivery in vivo, enabling the development of tumor-targeted gene therapy 
vectors that could be administered systemically, which would then seek-out sites of 
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cancerous histopathology and accumulate to high levels in primary tumors and in the 
remote, occult, and otherwise inaccessible lesions of cancer metastasis.  

6. The definitive proofs of principle - targeting metastasis in vivo in pertinent 
models of cancer 
Comprised of (i) a structural multi-lamellar capsule (or retrovector core), (ii) a genetic 
payload of various designs, and (iii) a pathotropic envelope protein, the first tumor-targeted 
gene delivery vectors were initially designed to carry unique “marker genes,” in the place of 
a therapeutic RNA construct, in order to study the kinetics and biodistribution of the 
circulating nanoparticles under well-defined experimental conditions, as well as the overall 
efficiency of the resulting gene transfer events. As shown in Figure 3 (below), which depicts 
a classic subcutaneous tumor xenograft model in which human tumor cells are flagrantly 
grafted into the flanks of athymic mice, the tumor-targeted vector is subsequently 
introduced into the systemic circulation through the tiny tail vein of the sleeping animal. 
The tumor-targeted nanoparticle must not only withstand the intense turbulence and 
dilution of the general circulation in this model, it must transit the heart, pass through the 
extensive filtering networks of the lungs, and transit the heart once again, before it is 
pumped through the aortic arch and a mere fraction of the blood flow is distributed to the 
flanks on the first pass. Nevertheless, the targeted nanoparticles are demonstrably 
partitioned into the tumor xenografts within a matter of minutes with intense avidity, where 
they can be seen to leave the fenestrated circulation within the tumors and begin to spread 
throughout the tumor nodules,  much like a particulate dye accumulates from solution (by 
high affinity) into a natural sponge. With this constant pathotropic partitioning and 
resulting accumulation of vector particles in high local concentrations within the tumor 
nodules, it is clear that the targeted nanoparticles are highly active in terms of effectuating 
marker gene delivery to the proliferative cancer cells, as evidenced by the quantitative 
efficiency of the resulting transgene expression.   
 

 
Fig. 3. Redistribution and gene transfer activity of a tumor-targeted retrovector bearing a 
marker gene into subcutaneously-implanted tumor xenografts in athymic mice. 
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Fig. 3 legend: Human pancreatic cancer cells were implanted in this classic cancer model 
(Left Diagram) followed by intravenous infusions of a tumor-targeted gene transfer vector 
(+) or non-targeted control vector (-). Immunohistochemical staining for the retrovector 
envelope protein (Right Panel) demonstrated appreciable accumulation of the targeted 
vector within 60 minutes of infusion (brown stain, A), which can be seen spreading out from 
the vasculature into the interstitial matrices of the tumor nodule (higher magnification, B, 
and C), in comparison with the non-targeted control vector where little if any accumulation 
can be found. Immunohistochemical staining for the β-galactosidase marker gene (Lower 
Left) confirmed high levels of transgene expression with the targeted vector. 
Moving on to a somewhat more pertinent model of metastatic pancreatic cancer, where 
metastasis to the liver is all too common, additional characterization of the physiological 
surveillance function of these tumor-targeted nanoparticles was revealed, along with a 
striking demonstration of the high degree of selectivity of this targeted gene delivery 
platform for tumor cells and their associated neovasculature, while sparing normal liver 
cells in the immediate vicinity. In the model of metastatic pancreatic cancer shown in Figure 
4 (below), the tumor-targeted retrovector bearing the designated marker gene was instilled 
at certain stages following the development of the liver metastasis. In the earliest stages of 
metastasis, where small groups and clusters of cancers cells invade the liver—before a 
distinctive tumor nodule is apparent – the vector demonstrates a striking ability to follow 
the submicroscopic biochemistries of tumor cell invasion, tracking the path of the invasive 
cancer cells, and delivering its transgene payload (marker gene) selectively to the invasive 
tumor cells while sparing the normal liver parenchyma. With the onset of neoangiogenesis, 
it becomes clear that, in addition to delivering the marker gene to the proliferative tumor 
cells, the pathotropically-targeted vector efficiently targets the vasculature of these 
aggressive tumors as well; thus the major focus of the transgene gene delivery is restricted 
to metastatic cancer cells and their attendant blood supply. These findings further indicate 
that an appropriate therapeutic (i.e., cytocidal) payload would exhibit significant anti-
angiogenic properties, as well as anti-tumor activities. 
   

 
Fig. 4. Pathotropic vector bearing a marker gene identifies cellular targets for gene transfer 
in a murine model of pancreatic cancer metastatic to the liver.  
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Fig. 3 legend: Human pancreatic cancer cells were implanted in this classic cancer model 
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(+) or non-targeted control vector (-). Immunohistochemical staining for the retrovector 
envelope protein (Right Panel) demonstrated appreciable accumulation of the targeted 
vector within 60 minutes of infusion (brown stain, A), which can be seen spreading out from 
the vasculature into the interstitial matrices of the tumor nodule (higher magnification, B, 
and C), in comparison with the non-targeted control vector where little if any accumulation 
can be found. Immunohistochemical staining for the β-galactosidase marker gene (Lower 
Left) confirmed high levels of transgene expression with the targeted vector. 
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surveillance function of these tumor-targeted nanoparticles was revealed, along with a 
striking demonstration of the high degree of selectivity of this targeted gene delivery 
platform for tumor cells and their associated neovasculature, while sparing normal liver 
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4 (below), the tumor-targeted retrovector bearing the designated marker gene was instilled 
at certain stages following the development of the liver metastasis. In the earliest stages of 
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distinctive tumor nodule is apparent – the vector demonstrates a striking ability to follow 
the submicroscopic biochemistries of tumor cell invasion, tracking the path of the invasive 
cancer cells, and delivering its transgene payload (marker gene) selectively to the invasive 
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it becomes clear that, in addition to delivering the marker gene to the proliferative tumor 
cells, the pathotropically-targeted vector efficiently targets the vasculature of these 
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to metastatic cancer cells and their attendant blood supply. These findings further indicate 
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angiogenic properties, as well as anti-tumor activities. 
   

 
Fig. 4. Pathotropic vector bearing a marker gene identifies cellular targets for gene transfer 
in a murine model of pancreatic cancer metastatic to the liver.  
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Fig. 4 legend: Human pancreatic cancer cells were infused via the portal vein into the liver 
(Left Panel) followed, three days later, by portal vein infusions of a tumor-targeted gene 
transfer vector bearing a β-galactosidase marker gene at various stages of tumor formation 
(Right Panel). H&E staining of the earliest stage of metastasis (A) shows a small group of 
pancreatic cancer cells exiting a hepatic vein and migrating into the liver parenchyma. 
Histochemical staining for the marker gene expression (blue-green stain in B, enlarged in C) 
demonstrates efficient and selective gene delivery to the cancer cells. Following the 
establishment of the liver tumors with onset of neoangiogenesis (H&E stain of vessels 
shown in D), transfer of the β-galactosidase marker gene is seen in the proliferative 
endothelial cells of the tumor vessels (E and F). 
Replacing the marker gene cassette with a cytocidal dominant-negative Cyclin G1 construct 
resulted in the development of the therapeutic anti-cancer agent designated Rexin-G, an 
acronym that conveys its molecular engineering roots:  Retroviral expression vector bearing an 
inhibitory construct of the Cyclin G1 gene. Pioneering studies in the aforementioned preclinical 
cancer models with this killer gene as the genetic payload, resulted in the first 
demonstrations of clinical efficacy for targeted gene delivery in vivo: (i) corroborating the 
high-efficiency of tumor-targeted gene delivery with evidence of clinical efficacy, (ii) 
establishing the initial dose-response curves of an emergent pharmacology, (iii) confirming 
the fundamental biochemical mechanisms-of-action as enforced apoptosis, and (iv) 
revealing the characteristic hallmarks of tumor destruction and regression under the 
onslaught of this targeted cytocidal genetic medicine. As shown in Figure 5, repeated 
intravenous infusions of Rexin-G administered in a tumor xenograft model induced 
significant inhibition of tumor growth while altering the entire histology of the residual 
tumor nodules: as areas of focal vascular destruction (anti-angiogenesis) and massive tumor 
necrosis are observed among distinctive zones of overt cellular degeneration and reparative 
fibrosis.  
 

 
Fig. 5. Repeated intravenous infusions of Rexin-G abate the growth and alter the histology 
of pancreatic cancer xenografts in athymic mice.  
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Further histological analysis confirms that the major mechanism-of-action responsible for 
the observed tumor destruction is the induction of apoptosis by Rexin-G, which is evident in 
both the cancer cells and the endothelial cells of the associated tumor neovasculature. In 
addition to these histological indications of tumor destruction attributed to Rexin-G 
(Gordon et al., 2000, 2001) is the recruitment of tumor infiltrating  lymphocytes to clean up 
the resultant tumor debris (see Figure 6).  
Fig. 5 legend: Human pancreatic cancer cells were established as subcutaneous xenografts in 
the flanks of the experimental animals, followed one week later, by tail vein infusions of a 
tumor-targeted Rexin-G or a non-targeted vector (as indicated). Histological analysis of 
tumors from control vector- (A,B) versus Rexin-G vector-(C-F) treated animals (Left Panel) 
showed massive and focal necrosis (n) of tumor cells (t), along with zones of vascular 
disruption (C), and fibrosis (F). TUNEL staining for the detection of DNA fragmentation 
(Right Panel) confirmed the primary mechanism-of-action to be apoptosis (brown stain, 
arrows), which is rare in control tumors (A) with their robust vascular beds (B), but is 
readily evident in the disrupted vasculature (C,D) and in the dying tumor cells (E,F) of the 
Rexin-G treated animals.  
 

 
Fig. 6. Complete eradication of liver metastases by repeated infusions of Rexin-G retrovector 
in a murine model of metastatic pancreatic cancer.  

Fig. 6 legend: Flagrant tumors are shown in control animals (A, enlarged in C) vs no 
evidence of active tumor cells in Rexin-G –treated mice (B, enlarged in D). Note: Resident 
Kupffer cells (macrophages in the liver) are observed to be engorged with hemosiderin 
indicative of phagocytosis of tumor debris. Analysis of dose-response (Gordon et al., 2000), 
in relation to inhibition of tumor growth, formed the basis of a more-predictive clinical 
pharmacology. 

7. The 1st clinical stage – phase I studies establish clinical feasibility and 
overall safety 
The definitive demonstrations of selective tumor targeting, predictable mechanisms-of-
action, and single-agent efficacy in preclinical cancer models provided compelling impetus 



 
Gene Therapy Applications 

 

470 
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(Gordon et al., 2000, 2001) is the recruitment of tumor infiltrating  lymphocytes to clean up 
the resultant tumor debris (see Figure 6).  
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tumor-targeted Rexin-G or a non-targeted vector (as indicated). Histological analysis of 
tumors from control vector- (A,B) versus Rexin-G vector-(C-F) treated animals (Left Panel) 
showed massive and focal necrosis (n) of tumor cells (t), along with zones of vascular 
disruption (C), and fibrosis (F). TUNEL staining for the detection of DNA fragmentation 
(Right Panel) confirmed the primary mechanism-of-action to be apoptosis (brown stain, 
arrows), which is rare in control tumors (A) with their robust vascular beds (B), but is 
readily evident in the disrupted vasculature (C,D) and in the dying tumor cells (E,F) of the 
Rexin-G treated animals.  
 

 
Fig. 6. Complete eradication of liver metastases by repeated infusions of Rexin-G retrovector 
in a murine model of metastatic pancreatic cancer.  

Fig. 6 legend: Flagrant tumors are shown in control animals (A, enlarged in C) vs no 
evidence of active tumor cells in Rexin-G –treated mice (B, enlarged in D). Note: Resident 
Kupffer cells (macrophages in the liver) are observed to be engorged with hemosiderin 
indicative of phagocytosis of tumor debris. Analysis of dose-response (Gordon et al., 2000), 
in relation to inhibition of tumor growth, formed the basis of a more-predictive clinical 
pharmacology. 
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action, and single-agent efficacy in preclinical cancer models provided compelling impetus 
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for expedient clinical development, which necessitated further evaluations of general safety, 
dose-response relationships, bio-distribution, pharmacokinetics, and monitoring of gene 
transfer in a series of scientific studies that ranged from mice, to rats, to rabbits, to larger 
animals (pigs). Taken as a whole, the resulting compilation of scientific evidence served to 
provide the requisite documentation of general safety and the reasonable expectation of clinical 
benefit that was critically analyzed by the NIH Recombinant DNA Advisory Committee 
(RAC), which was formed in 1974 in response to public concerns regarding the safety of 
manipulating genetic material through the use of recombinant DNA techniques. In 
accordance with its role as a federal advisory committee, the RAC forwarded its 
recommendations to the Director of the Office of Biotechnology Activities, in line with the 
General NIH Guidelines for basic and clinical research involving recombinant DNA 
molecules and human gene transfer trials, respectively. Critical review and analysis of 
scientific, safety, and ethical considerations by the RAC pertaining to the clinical utility and 
administration of Rexin-G in humans, was conducted in 2000 (Lenz et al., 2002) at which 
time, the appointed reviewers stated that the platform targeting biotechnologies embodied 
in Rexin-G were both elegant and important (Russell, RAC Transcript, 2000).  
While it was initially envisioned that Rexin-G would be administered to human cancer 
patients regionally at first, via hepatic arterial infusions (Lenz et al., 2002), it so happened 
that a series of formal requests for Compassionate Use applications of Rexin-G in Stage IV 
metastatic pancreas cancer took precedent—in compliance with both U.S. FDA permissions 
and Philippine BFAD/FDA regulations—which served to propel the clinical advancement 
of Rexin-G. In terms of time, it served to validate the tumor-targeted gene delivery platform 
as a systemically administered agent. With federal allowances for such commendable 
international collaboration in place, Rexin-G was first deployed in the clinic in the 
Philippines in 2002, with the tacit acknowledgement that Epeius Biotechnologies would 
advance its clinical development program in the USA “as soon as practicable” (U.S. FDA 
Communications, 2002).  
These pioneering clinical studies of Rexin-G in chemotherapy-resistant pancreatic cancer 
(Gordon et al., 2004) stand as the seminal foundations of targeted genetic medicine by (i) 
demonstrating the safety and single-agent anti-tumor activity of repeated intravenous 
infusions, (ii) affirming predicted dose-response relationships astutely extrapolated from 
pertinent preclinical data, and (iii) validating the tumoricidal mechanisms-of-action of 
Rexin-G, along with the now-classical hallmarks of tumor destruction (see Figure 7). 
Fig. 7 legend: Combined PET-CT scan (Left Plate) shows central necrosis in 5 out of 6 visible 
lesions in one patient with chemo-resistant pancreatic cancer. An opportunistic surgical biopsy 
of a liver lesion after Rexin-G treatment (Right Plate) in another patient with chemo-resistant 
metastatic pancreatic cancer reveals characteristic zones of anti-angiogenesis (A), along with 
focal necrosis of tumor cells (A,B), overt apoptosis, verified by TUNEL stain (D,E), reparative 
fibrosis (A-f, Mason’s Trichrome in C), and recruitment of tumor-infiltrating lymphocytes (F), 
including CD4+ helper (stained in F) and CD8+ killer T-cells (not shown). 
The authors’ report of unprecedented single-agent anti-tumor activity of Rexin-G observed 
in 3 out of 3 pancreatic cancer patients who were treated in the Philippines with increasing 
weekly doses of Rexin-G in an innovative intra-patient dose-escalation regimen—where careful 
analysis of drug safety was verified before escalating to progressively higher doses—gained 
Orphan Drug Designation for pancreatic cancer by the U.S. FDA in 2003, and federal 
funding from the FDA Orphan Products Development program in 2006. The first U.S.-based 
Phase I study established the overall safety of repeated infusions of Rexin-G and the lower 
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rungs of the pharmacological dose-response curve for Stage IV pancreatic cancer (Galanis et 
al., 2008) compared to the higher, more-effective doses shown in succeeding advanced 
Phase I/II studies (shown in Figure 11; Chawla et al., 2010). Meanwhile, clinical 
development of Rexin-G advanced in the Philippines through a series of Phase I/II studies 
and an Expanded Access program, which extended the scope of clinical applications to a 
wider variety of cancers, including breast cancer, melanoma, and laryngeal CA (Gordon et 
al., 2006, 2007).  
 

 
Fig. 7. Radiological and histological evidence of anti-tumor activity of Rexin-G.  

 
Fig. 8. Tumor-targeted nanoparticles extend physiological reach and clinical efficacy into the 
lymphatic system.  
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Among the most important insights gained from these pioneering clinical studies—insights 
which were not immediately apparent from the preclinical models—was the finding that the 
physiological surveillance function inherent in the Rexin-G nanoparticles was not only 
capable of targeting tumors by successive excursions through the general circulation, but 
was also capable of penetrating and eliminating cancer metastases in the lymphatic system 
(see Figure 8).  
Fig. 8 legend: Biopsy of a surgically excised lymph node (Left Plate) in a patient with 
metastatic malignant melanoma exhibits the characteristic hallmarks of Rexin-G mediated 
tumor destruction along with its apoptotic mechanisms-of-action (legend). Monitoring 
stabilization of disease (SD), along with the observed decrease in the size and extent of 
lymph node metastasis (B) in a Stage IVb pancreatic cancer patient (Right Plate) 
encouraged clinical oncologists to “hold the course” of Rexin-G treatment, even in the face 
of slight progressive disease (PD) seen in the liver (A); an astute clinical decision that 
resulted in a clinical remission, initially observed after 9 months of Rexin-G treatment. 
Note: remission/survival ongoing > 2 yrs. 

8. The 2nd clinical stage – phase II studies establish the molecular 
pharmacology  
With the clinical feasibility and general safety of the Rexin-G retrovector formally 
established in the clinical setting, the U.S. FDA approved the stepwise escalation of Rexin-G 
dosage in a series of three adaptive and advanced Phase I/II studies for metastatic 
chemotherapy-resistant pancreas cancer, sarcoma, and breast cancer. The adaptive study 
designs were intended to further refine the analysis of Rexin-G bioactivity, in terms of 
pertinent tumor response criteria, while these inter-patient dose escalation studies were 
advanced, in as much as a Phase II evaluation of clinical efficacy was incorporated in each of 
the study designs. These studies demonstrated that Rexin-G was well tolerated, with no 
evidence of dose-limiting toxicities (DLT), and that Rexin-G exhibited dose-dependent anti-
tumor activity when administered as a stand-alone therapy for pancreatic cancer and 
sarcoma (Chawla et al., 2009, 2010). Of particular importance was the availability of surgical 
specimens obtained during the course of Rexin-G treatment, where Rexin-G was permitted 
by study design to serve as both neoadjuvant therapy, to bring the cancer under control, and 
as post-surgical adjuvant therapy, to help prevent recurrence. The availability of such 
germane and opportune histology served to validate the predictable molecular and 
histological mechanisms of Rexin-G action (Hall et al., 2010; see Figure 9 below). 
Fig. 9 legend: Immunostaining for the vector nanoparticles (Left Plate) demonstrates the 
generalized accumulation of vector particles within the tumor (light brown staining material 
A, versus Control, with no primary antibody B); moreover, the natural propensity/targeting 
of the retrovector envelope for the phosphate transporters that are abundant on proliferative 
cells results in targeting of tumor cells and associated vasculature (C-E). Right Plate: 
Immunostaining for Keratin identifies the islands tumor cells (A, insert) amidst extensive 
fibrosis (B, Trichrome stain), while TUNEL stain verifies active cancer cell death by 
apoptosis (C, D versus Control E). It is relevant to note that this patient with metastatic 
pancreatic cancer has enjoyed a sustained surgical remission with adjuvant Rexin-G therapy 
for over 2 years. 
In the course of these advanced, adaptive Phase I/II studies, the clinical responses to Rexin-
G were examined in a  comprehensive manner, which included an analysis of tumor size 
(RECIST criteria), metabolic activity (International PET criteria), and changes in tumor 

Critical Stages in the Development of the  
First Targeted, Injectable Molecular-Genetic Medicine for Cancer  

 

475 

density (CHOI criteria). From this, it was possible (i) to discern early tumor responses to 
Rexin-G treatment (recall Figure 7) in relation to its tumor-targeted mechanisms-of-action, 
and (ii) to refine the evaluation of clinical efficacy (previously established as RECIST for 
cytotoxic chemotherapy) and to apply more pertinent evaluation criteria to the emerging 
field of targeted biologics. In the case of an osteosarcoma patient, for example, the use of 
 

 
Fig. 9. Immunohistochemical staining of sections of a biopsied liver nodule obtained during 
Rexin-G treatment, revealing tumor-targeting and tumor-destroying mechanisms-of-action.  

 
Fig. 10. Demonstration of dramatic anti-tumor activity of Rexin-G as monotherapy for 
osteosarcoma (by PET/CT scans) and dose-dependent overall survival time by analysis of a 
Phase I/II clinical study of Rexin-G in bone and soft tissue sarcomas.  
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RECIST criteria for evaluating tumor response was not reliable, since clinical efficacy was 
characterized more appropriately by the reduction in tumor metabolic activity (by PET 
scan), accompanied by extensive calcification of tumor nodules (see Figure 10). 
Based on these findings, the U.S. FDA approved a Phase II study for osteosarcoma to be 
conducted concomitantly with the ongoing Phase I/II study for bone and soft tissue 
sarcomas (STS) that used the PET scan as the primary imaging tool for the evaluation of 
clinical efficacy. Aggregate analysis of these study results confirmed the overall safety of 
Rexin-G (with no DLT), its anti-tumor activity, and the positive dose-dependent impact on 
patient survival parameters (Figure 10) which, after all, represents a “gold standard” for the 
evaluation of clinical responses for a prospective anti-cancer agent. 
Fig. 10 legend: Left Panel: Radiological examination of a 17-year old male patient after 
primary tumor excision and limb salvage surgery (A) reveals rapidly progressing 
metastases (insert) to lung and adrenal gland. Rexin-G infusions halted tumor progression, 
as evidenced by no new lesions, a significant (48%) reduction in tumor metabolic activity 
and overt calcification of the target lesions shown in follow-up PET-CT scans during Rexin-
G treatment (baseline B, versus C and D). Right Panel: Analysis of the Phase I/II  study data 
demonstrates a dose-dependent increase in patient survival parameters.   
In these Phase I/II and Phase II studies of clinical safety and efficacy, it became increasingly 
evident that the observed dose-response phenomenology, as well as the predicted Calculus 
of Parity (Gordon et al., 2006; Gordon and Hall, 2007), had served to establish the basic 
foundations of an emerging clinical pharmacology for Rexin-G, providing estimates of 
optimal weekly doses, by determining the quantitative threshold for bioactivity for both 
pancreas cancer and sarcomas; and providing a practical estimate of the actual numbers of 
nanoparticles needed on a weekly basis to match an aggressive, chemotherapy-resistant 
tumor burden and, thus, to impact the fatal course of metastatic disease. This emergent 
clinical pharmacology has several important implications: First, it serves to address and to 
resolve the problem of exponential tumor cell growth, with the conclusion that it is indeed 
difficult, but not impossible, to provide sufficient numbers of targeted nanoparticles needed 
to meet and match a given tumor burden. Second, it affirms that chemo-resistant cancer 
patients do indeed die, as predicted, in the absence of sufficient quantitative intervention, in 
accordance with the results of the Rexin-G low-dose safety studies and the historical 
controls (see Figures 10 and 11). Most importantly, by establishing the quantitative 
pharmacology of Rexin-G action in end- or late-stage chemo-resistant cancer, these seminal 
Phase I/II dose-escalation studies serve to establish critical analytical parameters and 
meaningful benchmarks for further clinical studies—studies that will extend the utility of 
Rexin-G to additional types of solid tumors, to surgical oncologists who will employ it as 
neoadjuvant/adjuvant therapy to effectuate a curative surgery, to clinical oncologists who 
will deploy it in combination with other useful anticancer agents, and eventually to many 
cancer patients at much earlier stages of the disease, where the respective tumor burden 
could be matched and can no longer be considered either unreachable or insurmountable. 

9. Regulatory considerations – efficacy & safety as the basis of 
pharmacology / toxicology 
The conduct and the progression of clinical trials for an investigational new drug (IND) are 
carried out under stringent oversight by the clinical investigators, the medical and scientific 
authorities of the corporate sponsor, and the local and federal regulatory agencies, the latter 
of which provide an additional level of critical analysis and assurance that adequate safety 
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considerations have been achieved prior to granting approval for a given cadre of patients 
to be treated at the next higher dose level, as specified in the clinical study design. In this 
regard, it is important to note that Rexin-G exhibited an exemplary safety profile in the 
adaptive Phase I/II studies sufficient to warrant an expedited dose escalation. As 
represented graphically in Figure 11, the enrollment of chemotherapy-resistant sarcoma 
patients in the Phase I/II study happened to outpace the enrollment of patients in the Phase 
I/II study for pancreatic cancer; and, as such, the scheduled dose-escalations proceeded to 
higher, more-effective doses in a shorter period of time. However, in view of (i) the 
documented safety of each preceding dose level, (ii) the evidence of dose-dependent tumor 
control, and (iii) the survival benefits achieved in the sarcoma study, the U.S. FDA granted 
permission for an “across-the-board” dose escalation for all three ongoing Phase I/II trials in 
an effort to improve cancer control and patient outcome. An examination of the resulting 
Kaplan-Meier survival curves (see Figure 11, below) affirms the astuteness of this regulatory 
approval, whereby the critical analysis of the bone and soft tissue sarcoma patients served, 
in effect, to extend the lives of the pancreatic cancer patients. In this context, the constructive 
philosophical adage, first introduced in the FDA Centennial Book chapter “A Primer on 
Pathotropic Medicine”(Gordon and Hall, 2007), is all the more compelling:  “When the 
pathotropic medication is of broad spectrum utility, as in the case of Rexin-G, it behooves the clinical 
investigator to expand the scope of the clinical applications to include a broad spectrum of different 
intractable metastatic cancers, with the realization that—given the appropriate interim analysis—
each new patient’s experience may benefit the next, and that additional penetrating insights can be 
gained upon extensive critical analysis performed in aggregate.” Hence, it is important to consider 
that the safety and efficacy data obtained from a relatively small number of patients in clinical 
trials of this investigational new drug are, in actuality, the prime scientific building blocks 
upon which the toxicology, the pharmacology, and ultimately the praxis of targeted genetic 
medicine will be constructed.  
 

 
Fig. 11. Kaplan-Meier survival curves for two concomitant Phase I/II studies of Rexin-G 
administered as monotherapy to metastatic cancer patients who had previously failed 
standard chemotherapies.  
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Fig. 11. Kaplan-Meier survival curves for two concomitant Phase I/II studies of Rexin-G 
administered as monotherapy to metastatic cancer patients who had previously failed 
standard chemotherapies.  
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Fig. 11 legend: Left Panel: Overall survival of pancreatic cancer patients is increased 
significantly from the previous Phase I safety studies (arrow) by successive dose escalation, 
which was expedited by critical analysis of an ongoing Phase I/II study of bone and soft 
tissue sarcoma (Right Panel) and subsequent allowance of an across-the-board dose escalation 
to effective clinical doses. Note, the dismal survival times observed in the lowest dose 
groups is in agreement with historical control data for each of these respective chemo-
resistant cancers; while dose-dependent gains in overall survival are clinically, statistically 
significant.    
In the Philippines, where the clinical development of Rexin-G proceeded to advance with 
similar regulatory oversight, data analysis, and guidance, the clinical studies were facilitated 
by the federal approval of an Expanded Access Program, wherein a larger and more diverse 
set of metastatic cancers – cancers originating from all three germ layers – were determined 
to be responsive to the anti-cancer bioactivity of Rexin-G. At this point, it became 
exceedingly important to standardize the GMP bio-manufacturing of Rexin-G to an even 
greater extent, and to undertake a program of research and development aimed at 
characterizing the stability of the drug product under conditions of long-term storage, which 
is measured in years. Following extensive analysis of product safety, efficacy, composition, 
purity, and long-term stability, Rexin-G was granted Accelerated Approval in 2007, 
receiving a Certificate of Product Registration from the Philippine Bureau of Food and 
Drugs (BFAD/Philippine FDA) enabling its commercialization for the treatment of all solid 
tumors that are determined to be resistant to standard chemotherapies. Thus, it is 
reasonable to expect that Rexin-G will follow a similar course of clinical development in the 
United States and worldwide, where clinical studies and regulatory oversight are 
comparable.   
Following the registration of Rexin-G for all solid chemo-resistant tumors in the Philippines, 
and the attainment of its first Orphan Drug Designation for pancreatic cancer in the U.S, the 
clinical development of Rexin-G advanced steadily in the USA with the successful 
completion of three adaptive Phase I/II studies for sarcoma, breast cancer and pancreatic 
cancer, and a Phase II study for osteosarcoma (Chawla et al., 2009, 2010); in each of these 
studies, both primary and secondary endpoints were achieved. Formal critical evaluation of 
the U.S. safety and efficacy data, with due consideration for the unmet medical need, 
resulted in the granting of two additional Orphan Drug Designations for Rexin-G – with its 
implicit market protections and clinical development priorities for soft tissue sarcoma and 
osteosarcoma. In mid-2009, Rexin-G gained Fast Track Product designation from the U.S. 
FDA as 2nd-line treatment for pancreatic cancer, to expedite the development and 
validation of the tumor-targeted gene delivery platform and its therapeutic “payload.”   

10. The commercial product – GMP production, bio-processing, QA testing, 
and scale-up 
As Rexin-G approaches the cusp of Phase III clinical trials in the USA for both pancreatic 
cancer and sarcomas, it is important to note that the clinical development of Rexin-G to date 
is a function of the multiple levels of safety and efficacy embodied in its design engineering, 
as is the observed broad-spectrum anti-cancer activity. Indeed, the molecular-genetic 
components of the Rexin-G retrovector are enhanced by the set of virtues and limitations 
inherent in the biotechnology platform, which work together to provide four distinctive levels 
of safety in coordination with three distinctive levels of efficacy (see Gordon and Hall, 2010). In 
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terms of Safety: (i) the stealth vector platform allows repeated infusions without untoward 
immunologic reactions; (ii) the limitations of the retroviral core becomes a virtue, as the 
vector is capable of enforcing gene expression in proliferative / dividing cells only; (iii) the 
growth-associated designer gene is active against cancer cells and proliferative vasculature 
but not against normal non-dividing cells; and (iv) the pathotropic accumulation in 
cancerous tissues sequesters the vector away from non-target organs. In terms of Efficacy: (i) 
the cell cycle gene knockout provides for broad-spectrum anti-cancer activity, while (ii) the 
anti-angiogenic activity destroys tumor-associated vasculature, and (iii) the pathotropic 
targeting leads to effective drug accumulation where it is needed most, i.e., in cancerous 
lesions in the vicinity of target cancer cells. In terms of the therapeutic “designer gene” it 
bears reiteration that recent studies of functional genomics using high-throughput screening 
methodologies have served to validate the Cyclin G1 locus as a critical gene target for the 
key tumor-suppressive microRNA, miR-122 (Gramanteri et al., 2007; Fornari et al., 2009), 
thereby linking the loss of this natural endogenous molecular regulation (of the Cyclin G1 
locus) to both the mechanisms of carcinogenesis (Bai et al., 2009) and the cytological 
progression of metastatic disease (Coulouarn et al., 2009). In light of such scientific 
validation of the drug target, it is increasingly apparent that, by inhibiting the executive 
oncogenic Cyclin G1 pathway in a highly selective manner, the molecular-genetic construct 
delivered by Rexin-G serves to restore a natural tumor-suppressive function that is lost or 
disabled with the onset of many cancers. In anticipation of the calculated need for higher-
potency Rexin-G formulations, along with the need to produce much larger quantities of the 
Phase III clinical grade product—which essentially becomes the commercial product—
coordinated research and development activities have focused on the large-scale 
biopharmaceutical manufacturing of Rexin-G under stringent GMP conditions, where an 
uncompromising effort was made to preserve the integrity of each and all of the structural 
and enzymatic components that constitute the functionality of the tumor-targeted 
nanoparticle, and to preserve the fidelity of the therapeutic transgene. 
Physicochemically, the Rexin-G nanoparticle is assembled from a certified bank of producer 
cells under the instructive directions of three separate gene cassettes (called plasmids):  1. 
Gag (structural), 2. Pol (enzymatic), and 3. Envelope (cell recognition and entry), which 
come together in a process called transfection to determine the unique properties of the 
synthetic retrovector particles. Namely, the nano-sized particles are replication incompetent, 
packaging only the therapeutic gene of interest; they are stealth in terms of their low 
immunogenicity, enabling repeated intravenous infusions; they are selective, capable of 
delivering the therapeutic transgene to dividing cells only; and they are pathotropically-
targeted, physically capable of seeking-out and accumulating in diseased tissues under 
physiological conditions. The use of the ‘Split Genome’ elements in biopharmaceutical 
manufacturing—i.e., the partitioning of the retrovector elements into three separate and 
distinct plasmids—renders the synthetic nanoparticles certifiably replication incompetent, 
while successive generations of R&D and improvements in plasmid structure and 
performance elevated the industry to a new state-of-the-art (see Gordon et al., 2008 for a 
review). The strategic utilization of a transient co-transfection system for the bioproduction 
of each large-scale batch of Rexin-G—as opposed to stable packaging or producer cell lines, 
which are susceptible and prone to genetic drift—is purposeful, in that it maintains all the 
refinements in retrovector design engineering in the final clinical product.  
While the myriad details of biopharmaceutical GMP protocols, optimizations of cell 
factories, post-production bio-processing procedures, qualification of bioassays, product 
identity assessments, product purity testing, and sterility certification, along with the 
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Fig. 11 legend: Left Panel: Overall survival of pancreatic cancer patients is increased 
significantly from the previous Phase I safety studies (arrow) by successive dose escalation, 
which was expedited by critical analysis of an ongoing Phase I/II study of bone and soft 
tissue sarcoma (Right Panel) and subsequent allowance of an across-the-board dose escalation 
to effective clinical doses. Note, the dismal survival times observed in the lowest dose 
groups is in agreement with historical control data for each of these respective chemo-
resistant cancers; while dose-dependent gains in overall survival are clinically, statistically 
significant.    
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exceedingly important to standardize the GMP bio-manufacturing of Rexin-G to an even 
greater extent, and to undertake a program of research and development aimed at 
characterizing the stability of the drug product under conditions of long-term storage, which 
is measured in years. Following extensive analysis of product safety, efficacy, composition, 
purity, and long-term stability, Rexin-G was granted Accelerated Approval in 2007, 
receiving a Certificate of Product Registration from the Philippine Bureau of Food and 
Drugs (BFAD/Philippine FDA) enabling its commercialization for the treatment of all solid 
tumors that are determined to be resistant to standard chemotherapies. Thus, it is 
reasonable to expect that Rexin-G will follow a similar course of clinical development in the 
United States and worldwide, where clinical studies and regulatory oversight are 
comparable.   
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implicit market protections and clinical development priorities for soft tissue sarcoma and 
osteosarcoma. In mid-2009, Rexin-G gained Fast Track Product designation from the U.S. 
FDA as 2nd-line treatment for pancreatic cancer, to expedite the development and 
validation of the tumor-targeted gene delivery platform and its therapeutic “payload.”   

10. The commercial product – GMP production, bio-processing, QA testing, 
and scale-up 
As Rexin-G approaches the cusp of Phase III clinical trials in the USA for both pancreatic 
cancer and sarcomas, it is important to note that the clinical development of Rexin-G to date 
is a function of the multiple levels of safety and efficacy embodied in its design engineering, 
as is the observed broad-spectrum anti-cancer activity. Indeed, the molecular-genetic 
components of the Rexin-G retrovector are enhanced by the set of virtues and limitations 
inherent in the biotechnology platform, which work together to provide four distinctive levels 
of safety in coordination with three distinctive levels of efficacy (see Gordon and Hall, 2010). In 
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vector is capable of enforcing gene expression in proliferative / dividing cells only; (iii) the 
growth-associated designer gene is active against cancer cells and proliferative vasculature 
but not against normal non-dividing cells; and (iv) the pathotropic accumulation in 
cancerous tissues sequesters the vector away from non-target organs. In terms of Efficacy: (i) 
the cell cycle gene knockout provides for broad-spectrum anti-cancer activity, while (ii) the 
anti-angiogenic activity destroys tumor-associated vasculature, and (iii) the pathotropic 
targeting leads to effective drug accumulation where it is needed most, i.e., in cancerous 
lesions in the vicinity of target cancer cells. In terms of the therapeutic “designer gene” it 
bears reiteration that recent studies of functional genomics using high-throughput screening 
methodologies have served to validate the Cyclin G1 locus as a critical gene target for the 
key tumor-suppressive microRNA, miR-122 (Gramanteri et al., 2007; Fornari et al., 2009), 
thereby linking the loss of this natural endogenous molecular regulation (of the Cyclin G1 
locus) to both the mechanisms of carcinogenesis (Bai et al., 2009) and the cytological 
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validation of the drug target, it is increasingly apparent that, by inhibiting the executive 
oncogenic Cyclin G1 pathway in a highly selective manner, the molecular-genetic construct 
delivered by Rexin-G serves to restore a natural tumor-suppressive function that is lost or 
disabled with the onset of many cancers. In anticipation of the calculated need for higher-
potency Rexin-G formulations, along with the need to produce much larger quantities of the 
Phase III clinical grade product—which essentially becomes the commercial product—
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and enzymatic components that constitute the functionality of the tumor-targeted 
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Gag (structural), 2. Pol (enzymatic), and 3. Envelope (cell recognition and entry), which 
come together in a process called transfection to determine the unique properties of the 
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packaging only the therapeutic gene of interest; they are stealth in terms of their low 
immunogenicity, enabling repeated intravenous infusions; they are selective, capable of 
delivering the therapeutic transgene to dividing cells only; and they are pathotropically-
targeted, physically capable of seeking-out and accumulating in diseased tissues under 
physiological conditions. The use of the ‘Split Genome’ elements in biopharmaceutical 
manufacturing—i.e., the partitioning of the retrovector elements into three separate and 
distinct plasmids—renders the synthetic nanoparticles certifiably replication incompetent, 
while successive generations of R&D and improvements in plasmid structure and 
performance elevated the industry to a new state-of-the-art (see Gordon et al., 2008 for a 
review). The strategic utilization of a transient co-transfection system for the bioproduction 
of each large-scale batch of Rexin-G—as opposed to stable packaging or producer cell lines, 
which are susceptible and prone to genetic drift—is purposeful, in that it maintains all the 
refinements in retrovector design engineering in the final clinical product.  
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multitude of quality control and quality assurance issues and documentation that 
accompany these highly-standardized procedures is beyond the scope of this review, it 
should be emphasized nonetheless that these are among the most meticulously-prepared 
and thoroughly-documented records that are subjected to critical analysis by the FDA, 
under the auspices of Process Analytical Technology (PAT) and Chemistry, Manufacturing 
and Control (CMC) reviews. Suffice it to say that the developers of Rexin-G are in complete 
accord with the U.S. FDA’s current perspective on modern drug quality systems, which 
states, “…quality cannot be tested into products; it should be built-in or should be by design.” 
By addressing and resolving a number of serious GMP and CMC issues that had previously 
plagued the biopharmaceutical industry, in terms of the consistency, variability, and 
industrial scale-up of complex biologics to the point of commercial feasibility, the 
developers of Rexin-G demonstrated the practical utility of applied research: improving the 
overall safety, efficiency, productivity, purity, scalability, economy-of-scale, and ultimately 
the affordability of the clinical grade biologic product for the benefit of cancer patients, the 
biopharmaceutical industry, and society. 
In the context of this communication, it bears mention that the relative purity of Rexin-G, over that 
which was originally approved for use in humans and employed in years of clinical trials, has been 
increased more than 400X. In other words, the clinical product (now at 1 x 10e10 cfu/ml) is well over 
99.7% more pure in terms of allowable excipients per dose. For example, a 500ml dose of Rexin-G at 
2.5 x 10e7cfu/ml is now administered as 1.25 ml.    
In January 2011, the U.S. FDA granted Phase 3 status for Rexin-G. What this means, in terms 
of clinical development, is that the Rexin-G product, with its advanced GMP manufacturing, 
bio-processing, and final formulation, meets rigorous FDA standards for obtaining a 
marketing license in the future; and that the developers can now proceed with its strategic, 
diversified Phase 3 drug development programs for osteosarcoma, soft tissue sarcoma, and 
pancreatic cancer where it has received Fast Track Designation and Orphan drug priorities. 

11. The 3rd clinical stage – multiple phase III studies for U.S. product 
registration 
Despite the enlightened intentions of the U.S. FDA Accelerated Approval program to 
shorten the development times of promising new drugs for serious medical illness – that is, 
to grant accelerated approval for new molecular entities on the basis of compelling Phase II 
trial data, followed by confirmatory post-approval trials – there has been a discernable 
reversion, in recent years, for the U.S. FDA to restrict Phase II efficacy endpoints and to 
encourage sponsors to design accelerated approval applications on the basis of interim 
analyses of protracted Phase III trials (Richey et al., 2009). Moreover, a number of adverse 
instances in the drug approval process have raised legitimate concerns by the FDA 
Oncology Drugs Advisory Committee (ODAC), which has essentially created new hurdles, 
for both clinically effective and ineffective agents alike, and has increased the focus on post-
marketing studies (Goozner, 2010, 2011). Therefore, it cannot be considered either expedient 
or logical to undertake a program of clinical development for a new and potentially 
important oncology agent based solely on acceleration of its marketing approval. Rather, the 
heightened and politically-charged regulatory climate encourages the responsible sponsor to 
undertake a robust and long-term program of clinical development, which (i) strengthens 
and improves clinical validation of safety and efficacy, (ii) mitigates the risk that is inherent 
in the conduct of a single clinical trial, (iii) broadens clinical utility (and potential market 
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share) by expanding clinical indications, and (iv) serves to inspire confidence and lasting 
support from regulatory bodies in the fullness of time. 
Commensurate with the fundamental principles of basic science—the step-wise 
demonstrations of physiological tumor-targeting, predictable mechanisms-of-action, 
pharmacological safety, and single-agent anti-tumor activity, including dose-dependent 
survival benefits—is the strident recommendation of the primary inventors that the high-
value biotechnology platform embodied in Rexin-G merits the implementation of a 
comprehensive, progressive, and diversified program of clinical development:  a program of 
clinical development that not only meets but far exceeds the minimal requisites for federal 
regulatory approval. After all, the cancer genetics, the molecular biotechnologies, the 
functional genomics, and the medicinal nanotechnologies embodied within Rexin-G 
represent a nano-architectural triumph of modern medicine. It is within the most stringent 
guidelines and guidance of the U.S. FDA that Phase II and Phase III pivotal studies of Rexin-
G are currently being designed: as first-line therapy in combination with anti-metabolites, as 
stand-alone therapy for second-line indications, and as neoadjuvant/adjuvant therapy in 
combination with surgical procedures.  
With the clinical validation of the tumor-targeted gene delivery platform accomplished, and 
the biopharmaceutical evaluation of Rexin-G as a Phase 3 (i.e., commercial) product 
achieved, the end of one particular Product Development Stage (that of Rexin-G) signals the 
beginning of the next (introducing Reximmune-C). In light of the potential “pipeline” of 
pathotropically targeted anti-cancer agents, it was first reasoned, and then proven in 
preclinical studies, that the same bio-technological platform developed for the targeted 
delivery of the cytocidal designer gene could just as readily deliver an immune-stimulating 
cytokine gene directly to the same cancerous lesions, which would provide a highly-
localized and personalized form of cancer vaccination (Gordon et al., 2007, 2008; Zolnik et 
al., 2010). This two-tier complementary approach—termed the GeneVieve (Genes for Life) 
Protocol—aimed at both tumor eradication and cancer vaccination, was evaluated in a 
limited number of patients who benefited from previous Rexin-G therapy (see Figure 12 
below). The sequential delivery of Rexin-G followed by Reximmune-C, which bears a 
controllable construct of the granulocyte-macrophage colony-stimulating factor (GM-CSF) 
transgene, induced substantial tumor necrosis and recruitment of tumor-infiltrating 
lymphocytes in cancerous lesions without raising the baseline levels of the powerful 
cytokine in the patient’s blood; thereby affirming both general safety and an effective 
Reximmune-C dose range (Cornelio et al., 2010). In the subsequent follow-up of the first 9 
patients receiving the tumor-targeted cancer vaccination in a Phase I/II study of the 
GeneVieve Protocol, a large percentage (> 70%) of these otherwise poor prognosis patients 
exhibited an overall survival beyond one year (Ignacio et al., 2010). By meeting both primary 
and secondary study endpoints—defining a safe and effective dose range—these findings 
indicate that this strategic combination of two pathotropic medicines (Rexin-G plus 
Reximmune-C) is safe and well-tolerated, and may help control tumor growth and prolong 
survival, thus advancing the protocol and the molecular biotechnologies of personalized 
cancer vaccination as a feasible and promising approach. 
Fig. 12 legend: Rationale: “Pathotropic” targeting of therapeutic gene delivery enables 
personalized cancer vaccinations in situ by means of simple intravenous infusions. Rexin-G 
and Reximmune-C are tumor-targeted retrovectors bearing a cytocidal cyclin G1 ‘knockout’ 
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share) by expanding clinical indications, and (iv) serves to inspire confidence and lasting 
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beginning of the next (introducing Reximmune-C). In light of the potential “pipeline” of 
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preclinical studies, that the same bio-technological platform developed for the targeted 
delivery of the cytocidal designer gene could just as readily deliver an immune-stimulating 
cytokine gene directly to the same cancerous lesions, which would provide a highly-
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al., 2010). This two-tier complementary approach—termed the GeneVieve (Genes for Life) 
Protocol—aimed at both tumor eradication and cancer vaccination, was evaluated in a 
limited number of patients who benefited from previous Rexin-G therapy (see Figure 12 
below). The sequential delivery of Rexin-G followed by Reximmune-C, which bears a 
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transgene, induced substantial tumor necrosis and recruitment of tumor-infiltrating 
lymphocytes in cancerous lesions without raising the baseline levels of the powerful 
cytokine in the patient’s blood; thereby affirming both general safety and an effective 
Reximmune-C dose range (Cornelio et al., 2010). In the subsequent follow-up of the first 9 
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GeneVieve Protocol, a large percentage (> 70%) of these otherwise poor prognosis patients 
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and secondary study endpoints—defining a safe and effective dose range—these findings 
indicate that this strategic combination of two pathotropic medicines (Rexin-G plus 
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Fig. 12. Bone scans of a patient with metastatic breast cancer obtained at intervals following 
treatment with Rexin-G followed by a two-tier cancer vaccination with Rexin-G plus 
Reximmune-C (The GeneVieve Protocol).  

construct and a controllable GM-CSF expression construct, respectively. The working 
hypothesis for this bipartite tumor-targeted cancer vaccination strategy is that the 
personalized vaccination of a patient against his/her own specific cancer type can be 
achieved by combining (1) a targeted vector bearing a tumoricidal payload, i.e. Rexin-G 
with (2) a targeted vector bearing a potent immuno-stimulatory gene, i.e. Reximmune-C. 
First, Rexin-G is administered to control tumor growth and to expose neoantigens within 
the tumor microenvironment, followed by defined pulses of Reximmune-C, which recruits 
the patient’s immune cells into the lesions, thereby prompting immunologic activation, 
recognition of tumor neoantigens, and induction of an antitumor immunity. Baseline (A); 
post Rexin-G (B); post Rexin-G plus Reximmune C (C). 

12. Looking back and then forward – reflections on proper values and 
valuations 
Looking back over the past decade of scientific and medical achievement in the emerging 
field of targeted genetic medicine, the term decennium mirabilis seems all the more 
appropriate. The technological challenges that once stymied and precluded therapeutic gene 
delivery in vivo have all been overcome. The triad of forbidding challenges of undeveloped 
biotechnology, institutional incredulity, and scientific skepticism have been confronted and 
allayed by a significant amount of scientific and clinical data that heralded the advent of 
pathotropic targeting as an enabling biotechnological platform with a series of sound 
conclusions: (i) it is no longer impossible to reach the fabric of the nature of malignant 
disease itself (i.e., collagen patefacio, from Gordon and Hall, 2009); (ii) it is no longer 
impossible to deliver a sufficient number of therapeutic genes to the appropriate site and get 
them to stay there long enough to impact and reverse the course of metastatic disease 
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(Gordon and Hall, 2010; Hall et al., 2010); (iii) it is no longer appropriate to deny the 
mathematical potentiality of a targeted genetic medicine, in light of the quantitative 
demonstrations of single agent dose-dependent anti-tumor activity, along with the recent 
advances in biopharmaceutical vector production that have raised the potency of the 
clinical-grade vectors more than two orders of magnitude (Gordon and Hall, 2009). Indeed, 
as the development and validation of the world’s first (Waehler et al., 2007; Gordon and 
Hall, 2010), but no longer only (see Reximmune-C; Gordon et al., 2007, 2008), tumor-
targeted genetic medicine is recognized, the promise and potential of the platform have 
begun to percolate into the general medical literature, impacting the practice of clinical 
oncology (Hughes, 2009), medical imaging (Bjojani et al, 2010), medicinal nanotechnology 
(Peach et al., 2009), and gene therapy (Sverdlov, 2009), as well as the discussions of bedside 
bioethics (Toh, 2011) and the practical applications of tumor immunology (Zolnik et al., 
2010).  
Looking forward into the future, it is only a matter of time (see Gordon and Hall, 2009) when 
the progression of metastatic disease is no longer considered to be intractable, and the poor 
prognosis of chemotherapy-resistant cancer is summarily improved. It is also only a matter 
of time, when the potentially “disruptive” biotechnology is eventually viewed as enabling 
platform for further research and development, and the potential of the resulting “pipeline” 
becomes a value-added resource for the biopharmaceutical industry. As the Development 
Stage of this leading genetic medicine comes to a close, and the resources of the academic 
institutions and the idealistic enterprises that initially supported its advancement are 
expended in the process of serving such unmet medical needs, it would be expected that the 
pioneering inventors and the visionary business builders are eventually replaced by 
professional financial institutions and pharmaceutical conglomerates that are capable of 
supporting vast expenditures required for the progressive, diversified programs of late-
stage clinical studies that will expand the clinical applications, optimize the protocols for a 
multitude of new treatment combinations, and ultimately extend the reach of 
pathotropically-targeted gene delivery into the evolving praxis of modern and post-modern 
medicine. One can only hope that the abiding values of inspiration and compassion that 
once fueled the hearts and minds of the physicians and scientists who carried this platform 
thus far for the benefit of the cancer patient, will not be lost entirely in the valuations to 
come.           
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