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Preface

Gene therapy constitutes a unique class of advanced biological therapy, which works by
transferring genetic materials with the aim of regulating, repairing, replacing, adding, or de‐
leting a genetic sequence of interest. This class encompasses nucleic acids transferred using
non-viral systems, recombinant viruses that were modified to express a therapeutic gene of
interest, genome editing interventions, and genetically engineered human cells that were
modified ex vivo.

Over the past decades, gene therapy has seen a massive transformation from a proof-of-con‐
cept approach to a clinical reality culminating in the regulatory approval of state-of-the-art
products in the European Union and in the United States. These included in vivo gene thera‐
py approaches based on recombinant adeno-associated viruses for the treatment of rare in‐
herited genetic disorders such as: lipoprotein lipase deficiency (Glybera®, a replication-
deficient adeno-associated virus serotype 1 (AAV1) expressing S447X variant of human
lipoprotein lipase (LPL) gene) and retinal dystrophies caused by mutations in the retinal
pigment epithelium-specific 65 KDa (RPE65) gene (Luxturna®, a replication-deficient AAV2
expressing human RPE65 gene). Cancer gene therapy has also dominated the scene, with the
approval of cutting-edge gene therapy products. These include the first oncolytic virothera‐
py for melanoma based on attenuated non-integrating Herpes Simplex Virus-1 (HSV-1)
modified not only to efficiently replicate within tumors, but also to express the immune
stimulatory protein granulocyte macrophage colony-stimulating factor (GM-CSF). Non-sol‐
id tumors, notably B-cell acute lymphoblastic leukaemia (ALL), diffuse large B-cell lympho‐
ma (DLBCL), and primary mediastinal large B-cell lymphoma (PMBCL) have also seen
progress in their therapeutic management with the approval of a new generation of ex vivo
autologous genetically modified T-cell based cancer immunotherapies (Kymriah® and Yes‐
carta®, autologous T-cells genetically engineered with a lentiviral vector (used during Kym‐
riah® manufacturing)/retroviral vector (used during Yescarta® manufacturing) to express
anti-CD19 chimeric antigen receptor (CAR)). The clinical and marketing authorization suc‐
cesses of these gene/genetically modified cell-based technologies in cancer and rare genetic
diseases have now opened up the pathway for gene therapy application in other new target
indications including infections and diabetes.

Gene therapy is continuously shaping and revolutionizing the field of medicine, with more
cutting-edge therapies including genome editing-based medicines entering the clinic and be‐
coming a treatment modality in the next 5-10 years.
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Abstract

Gene therapy returns to the center stage of medicine to treat patients with diseases that are
unable to be cured with the conventional therapeutic strategies. This development is due
to various reasons, including vector development and significant achievement in next-
generation sequencing. Among the various methodologies of gene therapy, nucleic acid-
based therapy has been considered to be promising in various diseases. The development
of delivery methods to target cells in vivo, however, remains critical. These include viral
vector-based and nonviral vector-based gene delivery methods as well as physical
approaches such as hydrodynamic gene delivery (HGD). HGD is a simple and effective
in vivo gene transfer method for the functional analysis of therapeutic genes and regula-
tory elements in small animals. Moreover, this chapter outlines the principle of HGD, gene
expression studies in rodents, and recent advances in clinical application of HGD and
provides future perspectives in developing a safe and efficient method for nucleic acid-
based therapy.

Keywords: nucleic acid-based therapy, nonviral delivery, hydrodynamic gene delivery,
site-specificity, computer-controlled injection, human gene therapy

1. Introduction

In 1990, first human gene therapy was conducted, targeting adenosine deaminase deficiency
via retrovirus-mediated delivery system [1]. Since then, the number of clinical trials has grad-
ually increased, and approximately 2600 trials have been globally undertaken or approved
until November 2017 [2]. Most trials (75%) utilized a viral vector as a delivery tool of gene.
Viral vector-based delivery resulted in a high level of gene expression for a long period;
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however, carcinogenesis and lethal immune reaction were reported [3–5]. Numerous
researchers have been attempting to overcome these serious obstacles to enable safe and
efficient therapy. For this purpose, the improvement of viral vector has been extensively
studied in the last decade, and in addition, nonviral vector-based gene delivery method has
developed with great promise. As expected, it resulted in less antigenicity and less chance of
integration into the human genome than viral vector; therefore, it can be regarded as a
biologically safer method than viral vector-based gene delivery method. However, the period
of transgene expression tends to be limited.

This chapter focuses on nonviral vector-based delivery method, which could be used for the
nucleic acid-based therapy. In these methods, a transgene is not integrated into the host
genome; hence, gene expression is transient. Because temporal transgene expression is applied
to promising technologies, such as generation of iPS cells and gene editing by CRISPR/Cas9,
nonviral vector-based gene delivery may play a big role in future medicine.

The last section of this chapter outlines the recent progress in the HGD, which enables the
highest level of delivery efficiency among nonviral vector-based approaches and the clinical
application utilizing the well-established method of catheter insertion into the vessels in the
multiple organs.

2. Nonviral approaches for nucleic acid transfer

This section focuses on gene delivery methods using nonviral vector-based approach. Nucleic
acids loaded in artificial or natural cargos or in naked condition are transferred to target cells.
The characteristics of various gene deliveries are briefly described in Table 1.

2.1. Liposome-based approach

Lipofection, a cationic lipid-mediated approach, is widely used in numerous in vitro and in vivo
studies. The first study reporting lipofection was published in 1987 [6]. Molecules comprising
hydrophilic head, linker, and hydrophobic anchor form a spherical structure. The positively
charged hydrophilic head plays a role in condensing the negatively charged DNAs. It also
helps in establishing an electrostatic interaction with the negatively charged cell membrane. As
a result, it promotes the cellular uptake of DNA-loaded liposome (lipoplex), endosomal
escape, and subsequent release of the condensed DNAs into the cytoplasm. On the contrary,
the hydrophobic anchor protects DNAs from degradation by nucleases. Liposome is a popular
carrier to deliver even large-sized transgene; it is easy to prepare and modify and is utilized in
numerous laboratories worldwide. Nevertheless, there are several drawbacks for its use in
gene therapy. It has difficulty in achieving therapeutic level of transgene expression, shows no
tropism to desired cells, and exhibits a short life span. Furthermore, the positively charged
head has cell toxicity. An inflammatory response occurs when unmethylated CpG DNA is
transported, which is one of the obstacles that need to be addressed. Various strategies to achieve
high level of safety and efficiency, such as introduction and improvement of polyethylene

In Vivo and Ex Vivo Gene Therapy for Inherited and Non-Inherited Disorders4

glycol [7] and cell-specific targeting ligand on the surface of the liposome, have been extensively
studied. Development of a promising linker also improves stability, biodegradability, and trans-
fection efficiency and reduces cytotoxicity [8]. Lipofection has been utilized in 4.4% of clinical
trials worldwide [2]. The results of human gene therapy for cystic fibrosis in clinical trials of
phase I/IIa and IIb have been reported in the UK [9, 10]. Patients had cystic fibrosis transmem-
brane conductance regulator (CFTR) genemutations and suffered from hypofunction of CFTR in
multiple organs. Because secretory fluid becomes viscous, the patient may experience repeated
respiratory infection and, finally, respiratory failure. CFTR gene was nebulized as lipoplex every
28 days for 1 year for significant stabilization of lung function [9, 10]. In 2016, other clinical trials
for genitourinary cancers and solid tumors reportedly used the truncated forms of the RB gene
and p53 gene with docetaxel, respectively [11, 12].

2.2. Polymer-based approach

Cationic polymer is an artificially synthesized vehicle, and various types of polymer have been
studied. DNA condensed in cationic polymer (polyplex) acquires tolerance to enzymatic deg-
radation, which results in stability in the blood. Cellular uptake is via receptor-mediated
endocytosis, which leads to a high level of transfection activity. Clinical trials using this
approach for cystic fibrosis and ocular degenerative disease have been reported [13, 14].
Nevertheless, the stability of polyplex and persistent positive charge leads to high cytotoxicity.

Method Functional component Advantages Disadvantages

Lipids Cationic lipids High efficiency in vitro
Ease to prepare

Low efficiency in vivo
Acute immune response

Polymers Cationic polymers Highly effective in vitro
Ease to prepare

Toxic to cells
Acute immune response

Exosomes Natural or modified
exosomes

Less toxic (Insufficient
data)

Low efficiency? (Insufficient data)

Needle injection Mechanic force Simple Low efficiency
Expression limited to needle track

Gene gun Pressure Good efficiency Limited to target area
Need surgical procedure for internal organ

Electroporation Electric pulse High efficiency Tissue damage
Limited target area
Need surgical procedure for internal organ

Sonoporation Ultrasound Site specific Low efficiency
Tissue damage

Magnetofection Magnetic field Site specific Low efficiency
Limited target area
Need surgical procedure for internal organ

Hydrodynamic
delivery

Hydrodynamic pressure Simple
High efficiency
Site specific

Need catheter insertion technique in large
animals

Table 1. Characteristics of nonviral gene delivery method.
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approach for cystic fibrosis and ocular degenerative disease have been reported [13, 14].
Nevertheless, the stability of polyplex and persistent positive charge leads to high cytotoxicity.

Method Functional component Advantages Disadvantages

Lipids Cationic lipids High efficiency in vitro
Ease to prepare

Low efficiency in vivo
Acute immune response

Polymers Cationic polymers Highly effective in vitro
Ease to prepare

Toxic to cells
Acute immune response

Exosomes Natural or modified
exosomes

Less toxic (Insufficient
data)

Low efficiency? (Insufficient data)

Needle injection Mechanic force Simple Low efficiency
Expression limited to needle track

Gene gun Pressure Good efficiency Limited to target area
Need surgical procedure for internal organ

Electroporation Electric pulse High efficiency Tissue damage
Limited target area
Need surgical procedure for internal organ

Sonoporation Ultrasound Site specific Low efficiency
Tissue damage

Magnetofection Magnetic field Site specific Low efficiency
Limited target area
Need surgical procedure for internal organ

Hydrodynamic
delivery

Hydrodynamic pressure Simple
High efficiency
Site specific

Need catheter insertion technique in large
animals

Table 1. Characteristics of nonviral gene delivery method.
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Because cationic polymer is easy to prepare and improve, various constructs, such as polyethy-
lenimine, polyamidoamine, polyallylamine, chitosan, dendrimers, cationic proteins, and pep-
tides, have been studied to overcome the obstacles.

2.3. Lipopolyplex-based approach

Lipopolyplex comprises polycation (cationic polymer or peptide) and condensed DNA with
lipid shell and is divided into diverse categories according to the combination and ternary
structure. Its advantages are of both lipoplex and polyplex, that is, more efficient transfection
and less cytotoxicity. Previous study [15] and reviews [16, 17] have described the strategy,
variety, and preparation of lipopolyplex.

2.4. Exosome-based approach

Exosome is a kind of extracellular vesicle secreted by various cells. It comprises a lipid
bilayer with several surface antigens derived from the parent cell. DNA, mRNA, miRNA,
and protein can be included in the lipid bilayer. Moreover, exosome is known to have organ
and cell tropism; however, the mechanism is not completely clarified. This indicates that
exosome plays a role in intercellular communication. Cancer cells as well as healthy cells
secrete exosome. Integrin included in exosome reportedly determines organ tropism for
metastasis. Exosome from metastatic lung tumor of breast cancer induced lung metastasis
of breast cancer, which originally had metastatic ability only to the bone [18]. An attempt to
utilize cancer-derived exosome for cancer therapy was also reported, wherein the cancer-
derived exosome was used as a natural carrier of CRISPR/Cas9 plasmids. Compared to
epithelial cell-derived exosome, cancer-derived exosome with CRISPR/Cas9 plasmids selec-
tively accumulated in cancer cells, suppressed PARP-1 gene expression, and achieved induc-
tion of apoptosis [19]. Recently, many researchers have been studying exosome as delivery
system for cancer therapy. Surface antigens of exosomes are known to be modified directly
and genetically. The exosomes from leukemia cells, marrow stromal cells, adipose-derived
mesenchymal stem cells, breast cancer cells, and kidney cells including siRNA and miRNA
were reported to be used for colorectal tumor, glioma, hepatocellular carcinoma, breast
cancer, and chronic myelogenous leukemia [20–24]. Although the exosome-based approach
has been seen as a new and promising method of gene delivery, it is rather obvious that
further understandings of the mechanisms and structures as well as improvement in
exosomes’ preparation are necessary to achieve the high level of efficiency and safety needed
for clinical application.

2.5. Needle injection

Direct injection to the tissue is the simplest approach for the physical delivery of nucleic
acid. The first report for delivery to muscle was published in 1990 [25]. Needle injection was
expanded to the skin [26], heart muscle [27], liver [28], and tumor [29]. Currently, microneedle
is studied as a minimally invasive delivery for skin disease and vaccination [30, 31].
Microneedles are arrays of 25–2000-μm long needles [32]; on the basis of the deliverymechanism,
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they are divided into solid, coated, and dissolving types [31]. In a mouse study, siRNA
delivery is reported to be effective for skin conditions with aberrant gene expression, such as
alopecia, allergic skin diseases, hyperpigmentation, psoriasis, skin cancer, and congenital
pachyonychia [33].

2.6. Gene gun

Gene gun is known as microprojectile bombardment, and the first study reporting its use was
published in 1987 [34]. At first, this method was developed for gene delivery into plant cells. A
bullet with the microparticles containing DNA is shot to a target cell, and gene delivery is
achieved. On the basis of the principle of obtaining a driving force, a gene gun is divided into
three major groups: powder gene gun [34], high-voltage electric gene gun [35], and gas gene
gun [36]. The driving force moves the microparticles containing DNA toward a target tissue
and penetrates the cell membrane. Because delivery efficiency and cell damage are two sides of
the same coin, appropriate operating pressure is required. A phase I clinical study was
performed to treat melanoma using IL-12 gene [37]. Although an attempt of combining deliv-
ery with microneedles reportedly enhanced the penetration depths of microparticles [38], gene
gun may be more appropriate for delivery to the skin, such as for vaccination.

2.7. Sonoporation, electroporation, and magnetofection

Sonoporation, using ultrasound [39, 40], and electroporation, using electric pulse [41], increase
the permeability of cell membrane for cellular uptake of nucleic acid. Magnetofection utilizes
magnetic field to enable microparticles with nucleic acid to pass through the cell membrane
[42]. These methods are used in combination with other methods, such as lipofection, to
protect nucleic acid against degradation by nucleases. To increase gene delivery efficiency of
sonoporation, microbubbles were shown to be effective [43] and applied for delivery to cancer
cells [44, 45] and the central nervous system [46, 47]. Clinical trials in phases I and II have been
reported for the treatment of melanoma [48–50] and solid tumors [51].

2.8. Hydrodynamic gene delivery (HGD)

HGD is one of the simplest methods for gene transfer. The efficiency of HGD is the highest
among nonviral vector-based delivery methods, and its physical force to deliver the gene into
the cells relies on a high level of flow rate and volume of the injected solution. Since the first
published reports in 1999 [52, 53], many researchers have utilized this methodology for gene
transfer in animal experiments, particularly in rodent studies. For its application in human,
safety and efficacy of this approach have been extensively studied and improved. To date,
various types of nucleic acid have been delivered by this approach in rodents as well as pigs
[54–57], dogs [58, 59], and rhesus monkeys [60, 61]. Functional analyses of therapeutic gene
were reported in nonalcoholic steatohepatitis [62], hepatitis B and C [63], fulminant hepatitis
[64, 65], liver fibrosis [66, 67], liver regeneration [68], Fabry’s disease [64], and colon cancer
[69]. The next section describes its principle and progress in human gene therapy.
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3. Principle and progress of hydrodynamic gene delivery toward human
gene therapy

3.1. Principle, efficiency, and safety of hydrodynamic gene delivery

HGD is achieved by the quick injection of a large amount of naked nucleic acid solution into
the vein. In case of a rodent, the solution is injected from the tail vein. The most important step
of successful gene delivery is a precise insertion of an injection needle into the tail vein. The
details of technical tips are described in Figure 1. The quick injection can transiently increase
an intravenous pressure. Mechanical force by rapid increase in venous pressure allows nucleic
acid to pass through the cell membrane into the cytoplasm and nucleus.

Among various organs, the liver can achieve the highest level of gene expression because of the
presence of the specific structure fenestra. Fenestra is a small window in the sinusoidal vessel,
and hepatocytes are partly exposed to the blood stream. In other words, hepatocytes can be
directly affected by intravascular pressure. A rapid stream of hydrodynamic injection can
wash out the blood in the sinusoid vessel transiently and thoroughly, and nucleic acid can
reach the hepatocytes without degeneration by nucleases. A high intravascular pressure

Figure 1. Technical details of the tail vein injection in a mouse. (a) When inserting a needle tip, the tail vein and needle
shaft should be at the same angle. The puncture can be performed from the top of the tail curve. (b) If a needle tip
successfully enters the tail vein, backflow of the blood is visible on the needle tip. Once the backflow is confirmed, a
needle tip can be further inserted to the proximal side of the tail vein.
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creates dimples on the surface of the hepatocyte and finally generates transient small pores.
The nucleic acid is pushed into the hepatocyte through the transient pores (Figure 2). More-
over, it was clarified that the pores naturally reduce and disappear in 24–48 h [70]. Although
serum transaminase shows transient increase after a hydrodynamic injection, these values
return to the background level within a short period. Considering the short life time of
transaminase, an increase in serum transaminase is speculated to be caused by leakage from
the transient pores. If the intravascular pressure is kept within an adequate range, this change
in hepatocyte is reversible and does not result in apoptosis and necrosis; therefore, acute liver
failure is not a concern.

To apply this method into the clinic, the modification of the original procedure is essential as in
mouse studies, hydrodynamic injection is performed via the tail vein. Looking back to the
original method, in detail, naked DNA solution equivalent to 10% of the body weight (BW) is
injected for 5–7 s via the tail vein. The details of hydrodynamics during the injection have been
reported using contrast medium under fluoroscopic imaging and cone-beam computed
tomography (CT) [71]. Briefly, the injected solution is led to the inferior vena cava (IVC) and
then flowed back to the hepatic veins. The retrograde flow passes through the sinusoid vessel
into the portal vein. Given that contrast medium transiently stayed in the liver after the
injection, the flow generated transient pores on the surface of the hepatocyte while passing
through the sinusoid vessel. Because of the filling of sinusoidal and interstitial space by the

Figure 2. Scheme of hydrodynamic gene delivery. The hepatocyte partly faces to the blood stream via the fenestra in the
sinusoidal structure. A rapid stream of hydrodynamic injection has the blood in the sinusoid washed out transiently, and
the nucleic acid can be delivered into hepatocytes without being degraded by nucleases. A high intravascular pressure
makes dimples on the surface of hepatocyte, and finally generates transient pores. Nucleic acid is pushed into the
hepatocyte through the transient pores.
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solution and transfer of nucleic acid into the hepatocyte, the volume of the liver reportedly
increased by 165% compared to the preinjected condition.

The efficiency of transfer was indicated by microscopic images. Transgene expression was
observed in approximately 20–40% of hepatocytes. Wide distribution of transgene expression
in the liver can achieve therapeutic level of transgene expression [72]. In a rat model with bile
duct ligation, hydrodynamic delivery of MMP13 gene indicated prophylactic effect on liver
fibrosis [67]. Given its simplicity, safety, and efficiency, HGD has been utilized in numerous
rodent studies [63, 65, 66, 73, 74]. HGD can be also applied to various organs other than the
liver, such as the kidneys [75], muscle [61], and pancreas [76].

3.2. Improvement of a hydrodynamic injection for larger animals

Based on efficiency and safety in rodents, HGD has been improved extensively and can be
potentially applied in humans (Figure 3). Two major obstacles that should be overcome are
poor site specificity and very large injection volume. HGD with adequate range of intravascu-
lar pressure, a key factor for efficient and safe delivery, is facile to achieve by a manual injection
in mice. On the contrary, in larger animals, such as rabbits, pigs, dogs, and nonhuman pri-
mates, controlling intravascular pressure is difficult because of a large amount of injection

Figure 3. Improvements of hydrodynamic gene delivery toward human gene therapy.
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volume per second. Several studies have tried to resolve these problems using catheter tech-
nique. A balloon catheter is inserted from the jugular vein into the hepatic vein under X-ray
guidance, which is often performed in clinic [56]. When the catheter is placed in the hepatic
vein, the balloon on its tip is inflated, which causes venous occlusion to prevent leakage of
DNA solution from the hepatic vein to the IVC. This technique targeting each lobe of the liver
can reduce injection volume per one procedure to <1% BW, maintaining efficiency of gene
delivery.

During the establishment of catheter technique, another important problem arises, that is,
distinct response of injection pressure in a targeted area. Precise control of intravascular
pressure is essential to achieve efficient and safe gene delivery (Figure 4). Inconsistent
intravascular pressure caused by leakage of DNA solution to the adjacent area, which results
from physiological connections of intrahepatic vessels and tissue elasticity, is highly possi-
ble, and the leakage volume can be also associated with intravascular pressure during
injection. To achieve precise control of intravascular pressure, a computer-controlled injector
with feedback mechanism has been developed [54]. Although the initial version of the
injector utilized CO2 as its driving force, the current version adopts electric motor for pursuit
of more accurate control [58, 77] (Figure 5). This injection system leads to reproducible
results of efficiency. Not only efficiency but also safety is confirmed in various aspects, such
as blood test, electrocardiogram, hemodynamic CT study, laparoscopic observation, and
histologic assessment [56, 78, 79] (Figure 6).

Figure 4. Relationship between time-pressure curve and transgene expression on site-specific delivery to a large animal.
(a and b) HGDwas performed to right and left lateral lobes of the pig liver. (c and d) Both injections achieved 75 mmHg of
a peak intravascular pressure. (e and f) Gene expressions after the injections of (c) and (d) are shown in (e) and (f),
respectively. This figure is partly reused and modified with updated information from Figures 3, 5, and 6 in [56]
with their permission. RLL, right lateral lobe; RML, right medial lobe; LML, left medial lobe; LLL, left lateral lobe; CL,
caudate lobe.
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Figure 5. Scheme of the computer-controlled hydrodynamic injection system. Prior to an injection, a user selects appro-
priate time-pressure pattern for delivery and preload the data to the command unit. The command unit transmits the data
to the control unit, which modulates electric power based on the feedback information of an intravascular pressure during
the injection from the pressure sensor placed at the peripheral vein of a target area.

Figure 6. Image-guided, computer-controlled HGD to the dog liver. The balloon catheter was placed at the appropriate
position in the hepatic veins of right lateral lobe and the occlusion of the blood flow by the balloon was confirmed by
injecting a small amount of contrast medium into the hepatic vein. Then the hydrodynamic injection of naked DNA
solution was performed under the real time monitoring of liver structure by the laparoscope using the computer-
controlled injection system (A). (B) Time-pressure curve and the volume of injected solution recorded in the injection
system. Solid and dotted lines represent actual and preloaded time-pressure curves. The gray area shows cumulative
volume of injected saline (ml). (C) Laparoscopic findings of the hydrodynamically injected right lateral lobe of the dog.
The injected lobe was swollen, and the injected DNA solution transiently made the liver pale. Neither destruction nor
bleeding was seen on the surface of the liver (arrowheads). (D) The effect of lobe-specific hydrodynamic gene delivery of
luciferase expressing plasmid. (i) Liver samples were collected by needle biopsy under the ultrasound sonography 4 days
after the injection. (ii) The immunohistochemical analyses showed positively stained cells in the injected right lateral lobe.
No stained cells were found in noninjected left lateral lobe. This figure is partly reused and modified with updated
information from Figure 1 in [58] with their permission.
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4. Conclusion

Currently, various approaches including both viral and nonviral vector-based delivery
methods are studied for safe and efficient human gene therapy. They have their own proper-
ties, such as duration of gene expression, size of transgene to load, possible organs and their
expected volumes in single procedure, and repeatability. Conditions to treat are also diverse.
Congenital disease such as hemophilia possibly requires long-term transgene expression for
decades. For in vivo gene editing based on CRISPR/Cas9, short-term transgene expression may
be preferred, to prevent off-target effect. Therefore, the transient gene expression mediated by
the nonviral vector-based delivery may have great advantages when it comes to gene editing.
Among the methods, as described above, HGD may be a promising delivery approach as it is
simpler and more efficient. Currently, we are modifying the original HGD method used in
small animals in order to apply it into large animals to test its efficacy and safety. Metabolic
and genetic diseases, which show lower level of normal functional protein, are so far good
candidates for this type of procedure. Although there is evidence showing transgene expres-
sion and that the procedure was safely performed in pigs [54–57], dogs [58, 59], and baboons
[60, 61], further preclinical studies are necessary prior to human therapy application.
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to the control unit, which modulates electric power based on the feedback information of an intravascular pressure during
the injection from the pressure sensor placed at the peripheral vein of a target area.

Figure 6. Image-guided, computer-controlled HGD to the dog liver. The balloon catheter was placed at the appropriate
position in the hepatic veins of right lateral lobe and the occlusion of the blood flow by the balloon was confirmed by
injecting a small amount of contrast medium into the hepatic vein. Then the hydrodynamic injection of naked DNA
solution was performed under the real time monitoring of liver structure by the laparoscope using the computer-
controlled injection system (A). (B) Time-pressure curve and the volume of injected solution recorded in the injection
system. Solid and dotted lines represent actual and preloaded time-pressure curves. The gray area shows cumulative
volume of injected saline (ml). (C) Laparoscopic findings of the hydrodynamically injected right lateral lobe of the dog.
The injected lobe was swollen, and the injected DNA solution transiently made the liver pale. Neither destruction nor
bleeding was seen on the surface of the liver (arrowheads). (D) The effect of lobe-specific hydrodynamic gene delivery of
luciferase expressing plasmid. (i) Liver samples were collected by needle biopsy under the ultrasound sonography 4 days
after the injection. (ii) The immunohistochemical analyses showed positively stained cells in the injected right lateral lobe.
No stained cells were found in noninjected left lateral lobe. This figure is partly reused and modified with updated
information from Figure 1 in [58] with their permission.

In Vivo and Ex Vivo Gene Therapy for Inherited and Non-Inherited Disorders12

4. Conclusion

Currently, various approaches including both viral and nonviral vector-based delivery
methods are studied for safe and efficient human gene therapy. They have their own proper-
ties, such as duration of gene expression, size of transgene to load, possible organs and their
expected volumes in single procedure, and repeatability. Conditions to treat are also diverse.
Congenital disease such as hemophilia possibly requires long-term transgene expression for
decades. For in vivo gene editing based on CRISPR/Cas9, short-term transgene expression may
be preferred, to prevent off-target effect. Therefore, the transient gene expression mediated by
the nonviral vector-based delivery may have great advantages when it comes to gene editing.
Among the methods, as described above, HGD may be a promising delivery approach as it is
simpler and more efficient. Currently, we are modifying the original HGD method used in
small animals in order to apply it into large animals to test its efficacy and safety. Metabolic
and genetic diseases, which show lower level of normal functional protein, are so far good
candidates for this type of procedure. Although there is evidence showing transgene expres-
sion and that the procedure was safely performed in pigs [54–57], dogs [58, 59], and baboons
[60, 61], further preclinical studies are necessary prior to human therapy application.
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Abstract

Cystic fibrosis (CF) is a genetic disease that hampers the lung function. Despite that the 
main defective gene has been deeply characterized, some relevant concerns still need 
to be resolved before considering gene therapy as a realistic medical choice. One of 
the major issues that need to be strongly considered in order to succeed in the search 
for an effective gene therapy approach for CF is the design of the appropriate genetic 
material to be delivered. Other relevant factors to take into consideration include the 
design of safe and effective gene delivery systems, the biological barriers that need to 
be overcome in order to reach the nucleus of the target cells, and the problems related 
to the design of a drug formulation suitable for lung delivery purposes. Furthermore, 
some problems related to the commercialization of gene therapy products also need 
to be resolved. In this chapter, we discuss the up-to-date strategies to overcome such 
hurdles in order for gene therapy to become a routine treatment modality for CF.

Keywords: cystic fibrosis, gene therapy, drug delivery, biological barriers, drug 
formulation

1. Introduction

Cystic fibrosis (CF) is a rare disease with low prevalence caused by the dysfunction of the 
transmembrane conductance regulatory gene (CFTR). The most prevalent CFTR mutation 
consists of a deletion of a phenylalanine at position 508 [1]. The disease presents a hetero-
geneous distribution in the world population being more frequent in Northern Europe. 
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According to recent reports, in the European Union, 1 of every 2000–3000 newborns is 
affected by CF. In the USA, the incidence is 1 per 3500 births. In Asia, the predisposition to 
CF is low; however, there is evidence to show that this disease is severely underdiagnosed 
[2]. The basic characteristic of CF is the transport of defective ions in the apical membrane 
of most secretory cells, which leads to an altered secretion of mucus in the epithelium of 
the respiratory tract, the digestive tract, the pancreas, the liver, and the reproductive track 
[1]. The conventional treatments available on market, which include, among others, anti-
biotics, pancreatic enzyme supplements, high-fat diets, and even physiotherapy [3], afford 
the consequences derived from CFTR dysfunction and have significantly improved 
the mean life expectancy of patients affected by the disease up to 34 years [4]. However, 
their quality of life is severely compromised mainly due to side effects and interactions 
among such treatments [5]. Therefore, other therapeutic options such as gene therapy, in 
which the main goal is to restore the function of the mutated CFTR protein acting on the 
genetic cause of the problem, need to be considered. CFTR gene was cloned more than 
two decades ago, and the monogenic and autosomal recessive nature of CF disease means 
that the addition and expression of the corrected gene could reverse the underlying cause 
of the disease. Therefore, there is reasonable hope to consider gene therapy as a poten-
tial realistic medical option, and consequently, some clinical trials have been performed 
since 1993. However, despite the moderate optimism that emerged with the development 
of such clinical assays, there are still some hurdles to overcome before considering gene 
therapy a realistic medical option. Main concerns are related to the intrinsic properties 
of genetic materials, the development of safe and efficient gene delivery vectors able to 
deliver genetic materials to the nucleus of target cells, the design of a drug formulation 
suitable for pulmonary gene delivery applications, and the hurdles associated with the 
commercialization of such drugs (Figure 1).

Figure 1. Hurdles that gene therapy should overcome in order to reach clinical practice in the treatment of CF disease.
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In the next sections, we will analyze such barriers along with the most relevant approaches 
developed by the scientific community to circumvent them in order to cure CF with gene 
therapy.

2. Genetic material

2.1. Plasmid DNA

Bacterial plasmid DNA (pDNA) remains an interesting biomolecule for gene transfer, with sev-
eral promising reports and clinical trials in progress worldwide [6]. In CF, pDNA has been suc-
cessfully delivered by nonviral vectors to the sheep lung [7]. Additionally, when administered 
in multiple-dosage regimen, no loss of activity was observed [8]. In order to be produced in 
recombinant bacteria and to express their therapeutic gene of interest (GOI), pDNA needs a bac-
terial origin of replication sequence (bac-ORI). In addition, pDNA backbone includes a sequence 
with resistance to one/various antibiotics such as kanamycin, which allows to select the clone 
of bacteria transformed that expresses the plasmid. Finally, a eukaryotic promoter is needed to 
enhance GOI expression [9]. Usually, when pDNA reaches the nucleus of target cells, it remains 
in an episomal position, which means that it replicates independently from the host chromo-
somal DNA, avoiding the undesirable activation of oncogenic genes [10]. The main concerns of 
pDNA in gene therapy are related to safety issues. Classically, in eukaryotic cells, pDNA has 
been associated with the induction of undesired immune responses and secretion of proinflam-
matory cytokines [11]. For instance, a transient neutrophilic infiltration and an elevation in pro-
inflammatory cytokines have been reported in mouse lung [12]. Although the episomal nature 
of pDNA could be an interesting advantage, the transfection efficiency remains compromised 
mainly by the transient and relatively low gene expression. Additionally, the size of the plasmid, 
determined by the number of base pairs, jeopardizes transfection efficiency [13, 14].

2.2. Minicircle DNA

In order to overcome the previously mentioned disadvantages associated with the use of 
pDNA in gene therapy, small plasmidic cassettes known as minicircle DNAs (mcDNAs) have 
been recently developed [15]. Cameron and Scheleff first employed mcDNA terminology in 
1995. Nowadays, this technology offers a potential alternative to enhance both transfection 
efficiency and safety of gene delivery [14]. Basically, mcDNAs are circular constructors simi-
lar to pDNA but significantly smaller, since mcDNAs contain a minimal expression cassette, 
of a promoter, a transgene, and a polyadenylation, signal but are devoid of bacterial pDNA 
elements. Thus, mcDNA technology allows sustained transgene expression mainly due to 
a lower activation of nuclear transgene silencing mechanisms and reduced immunogenic 
responses in vivo [16, 17].

In the lung, some promising results have been obtained with the use of small plasmidic cas-
settes [18]. In fact, results of a Phase IIb double-blind clinical trial for CF have been recently 
reported. These trials were performed with a plasmid encoding CFTR gene and lacking CpG 
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pDNA in gene therapy are related to safety issues. Classically, in eukaryotic cells, pDNA has 
been associated with the induction of undesired immune responses and secretion of proinflam-
matory cytokines [11]. For instance, a transient neutrophilic infiltration and an elevation in pro-
inflammatory cytokines have been reported in mouse lung [12]. Although the episomal nature 
of pDNA could be an interesting advantage, the transfection efficiency remains compromised 
mainly by the transient and relatively low gene expression. Additionally, the size of the plasmid, 
determined by the number of base pairs, jeopardizes transfection efficiency [13, 14].

2.2. Minicircle DNA

In order to overcome the previously mentioned disadvantages associated with the use of 
pDNA in gene therapy, small plasmidic cassettes known as minicircle DNAs (mcDNAs) have 
been recently developed [15]. Cameron and Scheleff first employed mcDNA terminology in 
1995. Nowadays, this technology offers a potential alternative to enhance both transfection 
efficiency and safety of gene delivery [14]. Basically, mcDNAs are circular constructors simi-
lar to pDNA but significantly smaller, since mcDNAs contain a minimal expression cassette, 
of a promoter, a transgene, and a polyadenylation, signal but are devoid of bacterial pDNA 
elements. Thus, mcDNA technology allows sustained transgene expression mainly due to 
a lower activation of nuclear transgene silencing mechanisms and reduced immunogenic 
responses in vivo [16, 17].

In the lung, some promising results have been obtained with the use of small plasmidic cas-
settes [18]. In fact, results of a Phase IIb double-blind clinical trial for CF have been recently 
reported. These trials were performed with a plasmid encoding CFTR gene and lacking CpG 
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bacterial region, known as pGM169 [8]. In such study, treated patients exhibited modest but 
significant improvements in lung function compared to placebo-treated ones during 1-year 
follow-up [19]. In any case, despite the optimism generated, there are still some concerns that 
need to be considered, such as the reproducibility of the results; the intensity of the response, 
probably conditioned by the degradation of formulation after aerosolization process; or the 
number of patients that received such treatment.

2.3. Genome editing tools

Both previously mentioned approaches based on pDNA and mcDNA technologies allow to 
restore the function of the mutated CFTR gene, with the addition of normal copies, but they 
do not correct the mutation at their local chromosomal location. However, genome editing 
tools based on zinc-finger nucleases (ZFNs), or transcription activator-like effector nucleases 
(TALENs), can specifically correct CFTR gene mutations at their natural chromosomal loca-
tion, and so, the corrected gene can remain under the control of its endogenous promoter [20].

ZFNs are synthetic restriction enzymes, which have three or more zinc-finger DNA-binding 
motifs linked to the FokI restriction enzyme that recognizes trinucleotides in a specific DNA 
sequence [21]. When FokI enzyme creates a double-strand break (DSB) near the mutation 
place, cellular DNA repair mechanisms are activated to maintain cell viability. In these condi-
tions, a donor DNA sequence with high 5′ and 3′ homology with the DNA sequence where 
DSB has been generated can be exogenously supplemented to enhance the correction of the 
mutation by homologous recombination (HR) mechanism. This genome editing tool has been 
successfully used in vitro to correct CFTRΔF508 mutation in both human bronchial epithelial 
cells [22] and CF-induced pluripotent stem (IPS) cells [23].

TALEN technology is very similar to ZFNs. These nucleases were originally characterized in 
Xanthomonas bacteria, in which TALEN proteins are secreted when Xanthomonas infect a wide 
variety of plants, thus activating genes that help to develop the pathogenesis. This genome 
editing tool also produces a DSB around the mutation site of the target gene and consequently 
induces cellular DNA repair mechanisms [24]. TALENs are considered as a more efficient and 
cost-effective alternative to ZFNs [25]. In the case of ZFNs, each finger module recognizes 
three to four bases of the DNA sequence. However, in the case of TALENs, gene recognition 
is mediated by a more specific mechanism, where each module of 33–35 amino acid targets a 
single nucleotide. This technology has been recently applied to correct CFTRΔF508 mutations 
in CF patient-specific IPS cells [26]. Overall, such study reported correction of patient-specific 
IPS cells in less than 3 months, which could allow rapid scaling up for future applications.

Clustered regularly interspaced short palindromic repeats (CRISPR) methodology, originally 
described as an adaptive immune response in archaea, follows the same rationale described 
for ZFNs and TALENs, but instead of protein domains, short RNA molecules are used to drive 
the required homology [27]. In this case, an endonuclease called Cas9 is guided by a single 
guide RNA (gRNA) to hybridize specifically with the mutated sequence in the DNA; then, 
as described for ZFNs and TALENs, the resulting DSB triggers cellular DNA repair mecha-
nism [28]. The main advantage of CRISPR technology is that it is an easy-to-synthesize cost-
effective tool that is able to correct more than one mutation at the same time, if multiple-gene 
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targeted sgRNAs are delivered to target cell along with the Cas9 protein, which makes it an 
excellent option [24]. CRISPR technology has been applied to repair CFTRΔF508 mutations in 
intestinal stem cell organoids of CF patients [29].

This study represents an interesting proof of concept for CFTRΔF508 correction by HR using 
CRISPR/Cas9 technology in primary adult stem cells derived from patients with a single-
gene hereditary defect and offers reasonable hope to be successfully applied to the lungs of 
patients affected by CF. However, some relevant concerns, mainly related to the frequency of 
undesirable off targets, still need to be resolved in order to reach clinical practice [19].

3. Vectors

One of the main concerns related to the clinical application of gene therapy is the design 
and development of safe and effective gene delivery vectors to introduce exogenous genetic 
material into the nucleus of target cells [30, 31]. In the absence of gene delivery vectors, naked 
genetic material is quickly degraded mainly by exogenous deoxyribonuclease enzymes, 
which clearly inhibit transfection efficiency [31]. Additionally, the negatively charged genetic 
material, mainly due to the phosphate groups, hampers the electrostatic interactions with 
cell membranes, which are negatively charged too. Therefore, the clinical application of gene 
therapy demands the design, characterization, and evaluation of efficient and safe carriers to 
mammalian cells.

3.1. Viral vectors

At present, viral-based carriers are the most appropriate from an effectiveness point of view. 
The natural evolution that viruses have undergone over many years has allowed them to 
face different intra- and extracellular barriers and, consequently, infect target cells with high 
efficiency.

In the CF field, a wide variety of viral-based vectors has been developed in clinical trials. The 
first one was performed in 1993 with adenovirus in three patients, where partial correction of 
the chloride transport in nasal epithelium was observed [32]. Some of the main advantages 
of adenoviruses include their non integrating nature and their natural tropism for the lung. 
However, despite such favorable properties, and the high transduction efficiency observed in 
most tissues, gene expression usually remains transient, and these viruses can induce strong 
immune and inflammatory responses in a dose-dependent manner, which clearly brings up 
safety issues and, therefore, limits their application in the clinical practice [8].

Initial clinical trials performed with adenovirus allowed the development of adeno-associated 
viruses (AAV), which have interesting characteristics for their application in gene therapy, 
such as broad tissue tropism, high transduction efficieny, and persistent episomal expres-
sion, which can last for years, even though it is a non integrating vector [33, 34]. In addition, 
recombinant AAV vectors have been shown to be safe in several clinical trials, as they are not 
related to any known human disease. However, these vectors also present relevant limita-
tions, the main one being their low capacity to load genetic material (<5 kb) [35]. Between 
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bacterial region, known as pGM169 [8]. In such study, treated patients exhibited modest but 
significant improvements in lung function compared to placebo-treated ones during 1-year 
follow-up [19]. In any case, despite the optimism generated, there are still some concerns that 
need to be considered, such as the reproducibility of the results; the intensity of the response, 
probably conditioned by the degradation of formulation after aerosolization process; or the 
number of patients that received such treatment.

2.3. Genome editing tools

Both previously mentioned approaches based on pDNA and mcDNA technologies allow to 
restore the function of the mutated CFTR gene, with the addition of normal copies, but they 
do not correct the mutation at their local chromosomal location. However, genome editing 
tools based on zinc-finger nucleases (ZFNs), or transcription activator-like effector nucleases 
(TALENs), can specifically correct CFTR gene mutations at their natural chromosomal loca-
tion, and so, the corrected gene can remain under the control of its endogenous promoter [20].

ZFNs are synthetic restriction enzymes, which have three or more zinc-finger DNA-binding 
motifs linked to the FokI restriction enzyme that recognizes trinucleotides in a specific DNA 
sequence [21]. When FokI enzyme creates a double-strand break (DSB) near the mutation 
place, cellular DNA repair mechanisms are activated to maintain cell viability. In these condi-
tions, a donor DNA sequence with high 5′ and 3′ homology with the DNA sequence where 
DSB has been generated can be exogenously supplemented to enhance the correction of the 
mutation by homologous recombination (HR) mechanism. This genome editing tool has been 
successfully used in vitro to correct CFTRΔF508 mutation in both human bronchial epithelial 
cells [22] and CF-induced pluripotent stem (IPS) cells [23].

TALEN technology is very similar to ZFNs. These nucleases were originally characterized in 
Xanthomonas bacteria, in which TALEN proteins are secreted when Xanthomonas infect a wide 
variety of plants, thus activating genes that help to develop the pathogenesis. This genome 
editing tool also produces a DSB around the mutation site of the target gene and consequently 
induces cellular DNA repair mechanisms [24]. TALENs are considered as a more efficient and 
cost-effective alternative to ZFNs [25]. In the case of ZFNs, each finger module recognizes 
three to four bases of the DNA sequence. However, in the case of TALENs, gene recognition 
is mediated by a more specific mechanism, where each module of 33–35 amino acid targets a 
single nucleotide. This technology has been recently applied to correct CFTRΔF508 mutations 
in CF patient-specific IPS cells [26]. Overall, such study reported correction of patient-specific 
IPS cells in less than 3 months, which could allow rapid scaling up for future applications.

Clustered regularly interspaced short palindromic repeats (CRISPR) methodology, originally 
described as an adaptive immune response in archaea, follows the same rationale described 
for ZFNs and TALENs, but instead of protein domains, short RNA molecules are used to drive 
the required homology [27]. In this case, an endonuclease called Cas9 is guided by a single 
guide RNA (gRNA) to hybridize specifically with the mutated sequence in the DNA; then, 
as described for ZFNs and TALENs, the resulting DSB triggers cellular DNA repair mecha-
nism [28]. The main advantage of CRISPR technology is that it is an easy-to-synthesize cost-
effective tool that is able to correct more than one mutation at the same time, if multiple-gene 
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targeted sgRNAs are delivered to target cell along with the Cas9 protein, which makes it an 
excellent option [24]. CRISPR technology has been applied to repair CFTRΔF508 mutations in 
intestinal stem cell organoids of CF patients [29].

This study represents an interesting proof of concept for CFTRΔF508 correction by HR using 
CRISPR/Cas9 technology in primary adult stem cells derived from patients with a single-
gene hereditary defect and offers reasonable hope to be successfully applied to the lungs of 
patients affected by CF. However, some relevant concerns, mainly related to the frequency of 
undesirable off targets, still need to be resolved in order to reach clinical practice [19].

3. Vectors

One of the main concerns related to the clinical application of gene therapy is the design 
and development of safe and effective gene delivery vectors to introduce exogenous genetic 
material into the nucleus of target cells [30, 31]. In the absence of gene delivery vectors, naked 
genetic material is quickly degraded mainly by exogenous deoxyribonuclease enzymes, 
which clearly inhibit transfection efficiency [31]. Additionally, the negatively charged genetic 
material, mainly due to the phosphate groups, hampers the electrostatic interactions with 
cell membranes, which are negatively charged too. Therefore, the clinical application of gene 
therapy demands the design, characterization, and evaluation of efficient and safe carriers to 
mammalian cells.

3.1. Viral vectors

At present, viral-based carriers are the most appropriate from an effectiveness point of view. 
The natural evolution that viruses have undergone over many years has allowed them to 
face different intra- and extracellular barriers and, consequently, infect target cells with high 
efficiency.

In the CF field, a wide variety of viral-based vectors has been developed in clinical trials. The 
first one was performed in 1993 with adenovirus in three patients, where partial correction of 
the chloride transport in nasal epithelium was observed [32]. Some of the main advantages 
of adenoviruses include their non integrating nature and their natural tropism for the lung. 
However, despite such favorable properties, and the high transduction efficiency observed in 
most tissues, gene expression usually remains transient, and these viruses can induce strong 
immune and inflammatory responses in a dose-dependent manner, which clearly brings up 
safety issues and, therefore, limits their application in the clinical practice [8].

Initial clinical trials performed with adenovirus allowed the development of adeno-associated 
viruses (AAV), which have interesting characteristics for their application in gene therapy, 
such as broad tissue tropism, high transduction efficieny, and persistent episomal expres-
sion, which can last for years, even though it is a non integrating vector [33, 34]. In addition, 
recombinant AAV vectors have been shown to be safe in several clinical trials, as they are not 
related to any known human disease. However, these vectors also present relevant limita-
tions, the main one being their low capacity to load genetic material (<5 kb) [35]. Between 
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1999 and 2007, six clinical trials were conducted with these kinds of vectors in CF [8]. Phase I 
clinical trials demonstrated that a single-dose administration of AAV in the respiratory tract 
of patients affected by CF was safe and well tolerated [36]. Nevertheless, subsequent studies, 
with repeated doses in more patients, did not report significant improvement in lung function 
[37]. This lack of efficacy was mainly attributed to the low DNA loading capacity of AAV, 
which prevented loading the 4.7 kb of the CFTR gene [8]. In addition, AAV capsid-specific 
immune responses limited repeated administrations in patients [8]. Nowadays, some inter-
esting strategies are being developed in order to minimize adaptive immune responses after 
repeated administration, such as the design of hybrid AAV capsids or the removal of CpG 
bacterial regions from AAV vectors [38, 39].

Lentiviruses have an integrative nature and have shown long-term and stable transgene 
expression when administered in the respiratory tract of mice, which minimizes the need 
for repeated administration [40]. Additionally, the packaging of full-length CFTR gene and 
promoters is not limited by size. Therefore, nowadays they are considered promising vectors 
for the treatment of CF [41]. However, in order to consider its use in clinical practice, some 
concerns still need to be resolved, such as the scaling in the production of these vectors and 
the control of the place where the transgene is inserted into the genome of the pulmonary 
cells, which could increase the tumorigenicity potential of such viral vectors due to random 
integration [20]. Consequently, such viral vectors could be more suitable for ex vivo than 
for in vivo therapy. In any case, a promising study in three newborn CF pigs has recently 
shown that 2 weeks after lentiviral delivery by aerosolization, the anion channel defect can be 
corrected in a large animal CF model [42]. Other recent studies assessed with pseudotyped 
lentivirus vectors in both murine lungs and human air-liquid interface cultures showed that 
preexisting and acquired immune responses do not interfere with vector efficacy [43]. In such 
study, at least 14% of the airway cells were transduced. Interestingly, toxicological results, 
notably the integration site profile showing absence of integration near oncogenic loci, sup-
port further progression toward clinical trials.

3.2. Nonviral vectors

Although the use of viral-based vectors in clinical trials still predominates over that of nonviral  
vectors, in recent years, there has been a notable increase in preclinical studies using 
nonviral vectors [44]. The reason is that these systems represent a safer, cheaper, and easier 
to produce alternative to viral-based vectors [18]. The main advantages of nonviral vectors 
include, among others, the ability to produce them on a large scale with high reproducibility 
and low cost; their relative stability after storage; the possibility of multiple-dose regimen  
administration due to their low immunogenicity; their high capacity to carry genetic mate-
rial, independently of the size [45]; as well as the possibility to modify them chemically in 
order to regulate important physicochemical parameters, such as size, charge, morphol-
ogy, or polydispersion, which clearly influence their final biological properties. All these 
important advantages have raised the interest of the scientific community to develop new 
biocompatible materials of different structures, compositions, sizes, and characteristics to 
transport therapeutic genes into specific organs or cells, overcoming the different extra- and 
intracellular barriers [46].
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Within the large variety of nonviral vectors developed, most of them are based on peptides as 
well as on cationic lipids and polymers, which form the corresponding complexes (polyplexes 
and lipoplexes) after electrostatic binding with DNA [47]. The resulting complexes protect 
nucleic acids from enzymatic degradation and facilitate cellular uptake by interactions with 
the cytoplasmic membrane [48]. The PEG-CK30 peptide, due to its low immunogenicity and 
its ability to be endocytosed by cells, is one of the most widely used, although the formulation 
must be optimized to allow its administration in aerosol form to reach the lungs [49].

Regarding cationic polymers, polyethylenimine (PEI) is one of the most used, since its chemi-
cal structure can be easily modified to increase the efficiency of transfection, for example, by 
incorporating lactose (Lac-PEI) to improve intracellular trafficking [50]. However, PEI has not 
yet been used in any clinical trial. The main limitation lies in the difficulty that exists to pre-
pare PEI polyplexes at high DNA concentrations [49]. One of the most promising strategies 
that have been used to circumvent this problem is the use of ultrafiltration methods, through 
which PEI/DNA concentrates are prepared.

In the case of cationic lipids, some of the most widely used to develop nonviral formulations 
in the CF field are N-[1-(2,3-dioleyloxy) propyl]-N, N, N-trimethylammonium, dioleoylphos-
phatidyl ethanolamine, and dioleoyl trimethyl ammonium [51]. However, currently, the most 
promising nonviral vector in CF clinical trials is based on the cationic lipid GL6TA, which was 
synthesized to prevent DNA degradation in the lysosome and to be stable after pulmonary 
administration by aerosolization [8, 51]. In 2011, a preclinical comparative study of the use of 
PEI, PEG-CK30, or GL67A nonviral vectors in aerosols demonstrated that this last formula-
tion was the best one to transport DNA to sheep’s lungs [7]. Moreover, in an extensive pre-
clinical study performed in 2014 [52], it was corroborated that the formulation based on the 
lipid GL67A, which had already been used for 15 years in CF clinical trials, was still suitable 
for administration in multiple-dose regimen, without any observed loss of activity [8].

4. Biological barriers

In order to reach the nucleus of target cells and initiate transgene expression, the genetic 
material must overcome some extracellular and intracellular barriers, which will be discussed 
in this section, along with the most relevant strategies that have been developed to make the 
transfection process more efficient.

4.1. Extracellular barriers

Even though intravenous injection is one of the most commonly used administration routes, 
especially for delivering genetic cargo into cancerous cells, some barriers still hamper its use 
in clinical practice, particularly in the CF disease [53]. First of all, the genetic material needs 
to be protected against extracellular enzymatic digestion, since DNA is quickly degraded 
when administered alone. To avoid such quick degradation, nonviral vectors based on both 
positively charged lipids and polymers offer the possibility to condense on their surface 
the genetic material by electrostatic interactions and minimize such undesirable effect [54]. 
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1999 and 2007, six clinical trials were conducted with these kinds of vectors in CF [8]. Phase I 
clinical trials demonstrated that a single-dose administration of AAV in the respiratory tract 
of patients affected by CF was safe and well tolerated [36]. Nevertheless, subsequent studies, 
with repeated doses in more patients, did not report significant improvement in lung function 
[37]. This lack of efficacy was mainly attributed to the low DNA loading capacity of AAV, 
which prevented loading the 4.7 kb of the CFTR gene [8]. In addition, AAV capsid-specific 
immune responses limited repeated administrations in patients [8]. Nowadays, some inter-
esting strategies are being developed in order to minimize adaptive immune responses after 
repeated administration, such as the design of hybrid AAV capsids or the removal of CpG 
bacterial regions from AAV vectors [38, 39].

Lentiviruses have an integrative nature and have shown long-term and stable transgene 
expression when administered in the respiratory tract of mice, which minimizes the need 
for repeated administration [40]. Additionally, the packaging of full-length CFTR gene and 
promoters is not limited by size. Therefore, nowadays they are considered promising vectors 
for the treatment of CF [41]. However, in order to consider its use in clinical practice, some 
concerns still need to be resolved, such as the scaling in the production of these vectors and 
the control of the place where the transgene is inserted into the genome of the pulmonary 
cells, which could increase the tumorigenicity potential of such viral vectors due to random 
integration [20]. Consequently, such viral vectors could be more suitable for ex vivo than 
for in vivo therapy. In any case, a promising study in three newborn CF pigs has recently 
shown that 2 weeks after lentiviral delivery by aerosolization, the anion channel defect can be 
corrected in a large animal CF model [42]. Other recent studies assessed with pseudotyped 
lentivirus vectors in both murine lungs and human air-liquid interface cultures showed that 
preexisting and acquired immune responses do not interfere with vector efficacy [43]. In such 
study, at least 14% of the airway cells were transduced. Interestingly, toxicological results, 
notably the integration site profile showing absence of integration near oncogenic loci, sup-
port further progression toward clinical trials.

3.2. Nonviral vectors

Although the use of viral-based vectors in clinical trials still predominates over that of nonviral  
vectors, in recent years, there has been a notable increase in preclinical studies using 
nonviral vectors [44]. The reason is that these systems represent a safer, cheaper, and easier 
to produce alternative to viral-based vectors [18]. The main advantages of nonviral vectors 
include, among others, the ability to produce them on a large scale with high reproducibility 
and low cost; their relative stability after storage; the possibility of multiple-dose regimen  
administration due to their low immunogenicity; their high capacity to carry genetic mate-
rial, independently of the size [45]; as well as the possibility to modify them chemically in 
order to regulate important physicochemical parameters, such as size, charge, morphol-
ogy, or polydispersion, which clearly influence their final biological properties. All these 
important advantages have raised the interest of the scientific community to develop new 
biocompatible materials of different structures, compositions, sizes, and characteristics to 
transport therapeutic genes into specific organs or cells, overcoming the different extra- and 
intracellular barriers [46].
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Within the large variety of nonviral vectors developed, most of them are based on peptides as 
well as on cationic lipids and polymers, which form the corresponding complexes (polyplexes 
and lipoplexes) after electrostatic binding with DNA [47]. The resulting complexes protect 
nucleic acids from enzymatic degradation and facilitate cellular uptake by interactions with 
the cytoplasmic membrane [48]. The PEG-CK30 peptide, due to its low immunogenicity and 
its ability to be endocytosed by cells, is one of the most widely used, although the formulation 
must be optimized to allow its administration in aerosol form to reach the lungs [49].

Regarding cationic polymers, polyethylenimine (PEI) is one of the most used, since its chemi-
cal structure can be easily modified to increase the efficiency of transfection, for example, by 
incorporating lactose (Lac-PEI) to improve intracellular trafficking [50]. However, PEI has not 
yet been used in any clinical trial. The main limitation lies in the difficulty that exists to pre-
pare PEI polyplexes at high DNA concentrations [49]. One of the most promising strategies 
that have been used to circumvent this problem is the use of ultrafiltration methods, through 
which PEI/DNA concentrates are prepared.

In the case of cationic lipids, some of the most widely used to develop nonviral formulations 
in the CF field are N-[1-(2,3-dioleyloxy) propyl]-N, N, N-trimethylammonium, dioleoylphos-
phatidyl ethanolamine, and dioleoyl trimethyl ammonium [51]. However, currently, the most 
promising nonviral vector in CF clinical trials is based on the cationic lipid GL6TA, which was 
synthesized to prevent DNA degradation in the lysosome and to be stable after pulmonary 
administration by aerosolization [8, 51]. In 2011, a preclinical comparative study of the use of 
PEI, PEG-CK30, or GL67A nonviral vectors in aerosols demonstrated that this last formula-
tion was the best one to transport DNA to sheep’s lungs [7]. Moreover, in an extensive pre-
clinical study performed in 2014 [52], it was corroborated that the formulation based on the 
lipid GL67A, which had already been used for 15 years in CF clinical trials, was still suitable 
for administration in multiple-dose regimen, without any observed loss of activity [8].

4. Biological barriers

In order to reach the nucleus of target cells and initiate transgene expression, the genetic 
material must overcome some extracellular and intracellular barriers, which will be discussed 
in this section, along with the most relevant strategies that have been developed to make the 
transfection process more efficient.

4.1. Extracellular barriers

Even though intravenous injection is one of the most commonly used administration routes, 
especially for delivering genetic cargo into cancerous cells, some barriers still hamper its use 
in clinical practice, particularly in the CF disease [53]. First of all, the genetic material needs 
to be protected against extracellular enzymatic digestion, since DNA is quickly degraded 
when administered alone. To avoid such quick degradation, nonviral vectors based on both 
positively charged lipids and polymers offer the possibility to condense on their surface 
the genetic material by electrostatic interactions and minimize such undesirable effect [54]. 
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However, the final positive charge of polyplexes or lipoplexes can interact in a nonspecific 
way, not only with target cell membranes but also with other negatively charged compo-
nents such as serum proteins that jeopardize transfection efficiency [55]. These interactions 
could result in the formation of aggregates that classically are eliminated from the blood by 
the reticuloendothelial system. Interestingly, the incorporation of polyethylene glycol (PEG) 
motifs into the formulation of some nonviral carriers enhances the stability of complexes, 
since the highly hydrophobic nature of PEG chains creates a steric barrier to prevent both 
aggregation of complexes in blood circulation and extracellular enzymatic degradation by 
nucleases [55]. In any case, other relevant aspects related with both the length and the degree 
of PEGylation should be also considered, as they can also decrease DNA condensation effi-
ciency with nanoparticles [56]. In addition to PEG, other polymers with hydrophobic nature 
such as poly(4-acryloylmorpholine) or poly(N,N-dimethylacrylamide) have recently emerged 
as interesting and promising alternatives to compensate or ameliorate the negative effects 
associated with PEGylation [57].

Since intravenous injections present relevant hurdles that hamper the delivery of genetic 
material into target lung cells, local administration into the lung seems to be a reasonable 
alternative. In this case, the presence of mucus and the clearance mechanism are the most rel-
evant barriers to overcome [58]. To avoid such barriers associated with pulmonary adminis-
tration, other interesting noninvasive routes of administration, such as intranasal instillation, 
can be used to target lung cells. Nevertheless, the main problem is the low amount of genetic 
material that can be administered by the intranasal route. From a technical point of view, 
aerosolized nonviral vector/DNA complexes, carefully designed for inhalation in combina-
tion with appropriate excipients to enhance both particle flow and aerodynamic diameter, 
could be an interesting option since they are needle-free systems able to deliver locally high 
cargo concentrations [53].

To circumvent the diffusion of complexes into lung cells due to unspecific interactions with 
the biopolymer network of the mucus, some mucolytic agents that hydrolyze mucins can be 
added [58]. Other strategies include the incorporation of N-acetylcysteine to reduce disulfide 
bridges between the subunits of mucin, and consequently the viscosity [59], or the functional-
ization of nonviral vector formulations with mucolytic agents.

4.2. Intracellular barriers

Once extracellular barriers are overcome, there is still a long way full of hurdles before reaching 
the nucleus of target cells. Firstly, complexes carrying the genetic material need to be endocy-
tosed by target cells. The interaction between complexes and cell membranes can occur in an 
unspecific way or can be mediated by a specific ligand, which is the preferred one, especially 
for in vivo applications [60]. Of note, the choice of ligand to be incorporated into the nanopar-
ticle formulation depends not only on the target cell but also on the type of cell entry pathway 
that will be used once the ligand binds to the desired receptor.

Classically, there are four main pathways of endocytosis: clathrin-mediated endocytosis 
(CME), caveolae-mediated endocytosis (CVME), phagocytosis, and macropinocytosis [61, 62]. 
CME is an energy-dependent mechanism widely studied and characterized [63]. Typically, 
this pathway is directly associated with lysosomes, where the genetic material needs to leave 
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such biological compartment quickly before being degraded by the acidic environment and 
the enzymes found in lysosomes [63]. To avoid this enzymatic degradation, some interest-
ing strategies can be used, such as the formation of pores in the endosome membrane by 
incorporation of amphiphilic cationic peptides. This creates strong internal tensions in the 
membrane and enhances the exit of endosome content through such pores [64]. Another strat-
egy is known as the “proton sponge effect,” where the low pH within the endosome allows 
the protonation of trapped compounds that have a large capacity to absorb protons from 
the medium (buffer effect). Such protonation causes an important entry of ions (H+ and Cl−) 
and water in the endosome, which produce a swelling effect and its rupture. This effect has 
been observed in some cationic polymers with high buffering capacity over a wide pH range 
[64]. In CVME, internalized molecules go to the caveosome instead of lysosome [61] avoiding 
lysosomal degradation; however, there is still ongoing debate, with some authors claiming 
that CVME can fuse with lysosomes [65].

Phagocytosis is a special type of endocytosis used mainly by macrophages, monocytes, neu-
trophils, and dendritic cells, although other cell types can also use this cellular entry pathway 
[61]. Endocytosis mediated by phagocytosis comprises the formation of membrane extensions 
with certain forms to capture particles generally greater than 1 μm. In contrast, for endocyto-
sis mediated by macropinocytosis, membrane extensions do not surround particles but form 
some kind of protuberances that finally fuse with the cytoplasmic membrane. In many cases, 
the physicochemical properties of nonviral vector-based nanoparticles, such as particle size, 
superficial charge, morphology, or polydispersity, directly influence the endocytosis mecha-
nism and consequently the transfection efficiency.

Once the DNA is released into the cytosol of cells, it must enter the nucleus to produce its 
effect. This is considered a significant barrier that nonviral vectors must overcome in order 
to mediate a good transfection efficiency. One commonly used strategy to enhance nuclear 
import of genetic material is to incorporate a nuclear localization signal (NLS), such as polyly-
sine or protamine [66]. NLS contains some amino acids that interact with some proteins of the 
cytoplasm known as importines. These importins enhance nuclear entry through the nuclear 
pore complex of the nuclear membrane through an energy-dependent mechanism [67].

5. Drug formulation

The airways seem to be the natural way to treat respiratory diseases and a good alterna-
tive to systemic and more invasive procedures. Currently, aerosolization is the prefered 
method of administration for airway targeting since it is a noninvasive route that induces 
little stress to patients. Moreover, high quantities of drug can be deposited directly and fast 
into the lungs, which circumvents the blood circulation and avoids the first-pass effect of the 
liver. However, the effectiveness of such approach strongly depends on the development 
of smart drug formulation strategies. One of the critical steps that need to be taken into 
account for a successful gene delivery approach by inhalation is the formulation of the drug 
molecules into an appropriate inhalable form with sufficient stability and adequate aerody-
namic properties [68]. Highly susceptible molecules, such as nucleic acid, require special 
attention when delivered by this route of administration. The physicochemical constraints 
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However, the final positive charge of polyplexes or lipoplexes can interact in a nonspecific 
way, not only with target cell membranes but also with other negatively charged compo-
nents such as serum proteins that jeopardize transfection efficiency [55]. These interactions 
could result in the formation of aggregates that classically are eliminated from the blood by 
the reticuloendothelial system. Interestingly, the incorporation of polyethylene glycol (PEG) 
motifs into the formulation of some nonviral carriers enhances the stability of complexes, 
since the highly hydrophobic nature of PEG chains creates a steric barrier to prevent both 
aggregation of complexes in blood circulation and extracellular enzymatic degradation by 
nucleases [55]. In any case, other relevant aspects related with both the length and the degree 
of PEGylation should be also considered, as they can also decrease DNA condensation effi-
ciency with nanoparticles [56]. In addition to PEG, other polymers with hydrophobic nature 
such as poly(4-acryloylmorpholine) or poly(N,N-dimethylacrylamide) have recently emerged 
as interesting and promising alternatives to compensate or ameliorate the negative effects 
associated with PEGylation [57].

Since intravenous injections present relevant hurdles that hamper the delivery of genetic 
material into target lung cells, local administration into the lung seems to be a reasonable 
alternative. In this case, the presence of mucus and the clearance mechanism are the most rel-
evant barriers to overcome [58]. To avoid such barriers associated with pulmonary adminis-
tration, other interesting noninvasive routes of administration, such as intranasal instillation, 
can be used to target lung cells. Nevertheless, the main problem is the low amount of genetic 
material that can be administered by the intranasal route. From a technical point of view, 
aerosolized nonviral vector/DNA complexes, carefully designed for inhalation in combina-
tion with appropriate excipients to enhance both particle flow and aerodynamic diameter, 
could be an interesting option since they are needle-free systems able to deliver locally high 
cargo concentrations [53].

To circumvent the diffusion of complexes into lung cells due to unspecific interactions with 
the biopolymer network of the mucus, some mucolytic agents that hydrolyze mucins can be 
added [58]. Other strategies include the incorporation of N-acetylcysteine to reduce disulfide 
bridges between the subunits of mucin, and consequently the viscosity [59], or the functional-
ization of nonviral vector formulations with mucolytic agents.

4.2. Intracellular barriers

Once extracellular barriers are overcome, there is still a long way full of hurdles before reaching 
the nucleus of target cells. Firstly, complexes carrying the genetic material need to be endocy-
tosed by target cells. The interaction between complexes and cell membranes can occur in an 
unspecific way or can be mediated by a specific ligand, which is the preferred one, especially 
for in vivo applications [60]. Of note, the choice of ligand to be incorporated into the nanopar-
ticle formulation depends not only on the target cell but also on the type of cell entry pathway 
that will be used once the ligand binds to the desired receptor.

Classically, there are four main pathways of endocytosis: clathrin-mediated endocytosis 
(CME), caveolae-mediated endocytosis (CVME), phagocytosis, and macropinocytosis [61, 62]. 
CME is an energy-dependent mechanism widely studied and characterized [63]. Typically, 
this pathway is directly associated with lysosomes, where the genetic material needs to leave 
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such biological compartment quickly before being degraded by the acidic environment and 
the enzymes found in lysosomes [63]. To avoid this enzymatic degradation, some interest-
ing strategies can be used, such as the formation of pores in the endosome membrane by 
incorporation of amphiphilic cationic peptides. This creates strong internal tensions in the 
membrane and enhances the exit of endosome content through such pores [64]. Another strat-
egy is known as the “proton sponge effect,” where the low pH within the endosome allows 
the protonation of trapped compounds that have a large capacity to absorb protons from 
the medium (buffer effect). Such protonation causes an important entry of ions (H+ and Cl−) 
and water in the endosome, which produce a swelling effect and its rupture. This effect has 
been observed in some cationic polymers with high buffering capacity over a wide pH range 
[64]. In CVME, internalized molecules go to the caveosome instead of lysosome [61] avoiding 
lysosomal degradation; however, there is still ongoing debate, with some authors claiming 
that CVME can fuse with lysosomes [65].

Phagocytosis is a special type of endocytosis used mainly by macrophages, monocytes, neu-
trophils, and dendritic cells, although other cell types can also use this cellular entry pathway 
[61]. Endocytosis mediated by phagocytosis comprises the formation of membrane extensions 
with certain forms to capture particles generally greater than 1 μm. In contrast, for endocyto-
sis mediated by macropinocytosis, membrane extensions do not surround particles but form 
some kind of protuberances that finally fuse with the cytoplasmic membrane. In many cases, 
the physicochemical properties of nonviral vector-based nanoparticles, such as particle size, 
superficial charge, morphology, or polydispersity, directly influence the endocytosis mecha-
nism and consequently the transfection efficiency.

Once the DNA is released into the cytosol of cells, it must enter the nucleus to produce its 
effect. This is considered a significant barrier that nonviral vectors must overcome in order 
to mediate a good transfection efficiency. One commonly used strategy to enhance nuclear 
import of genetic material is to incorporate a nuclear localization signal (NLS), such as polyly-
sine or protamine [66]. NLS contains some amino acids that interact with some proteins of the 
cytoplasm known as importines. These importins enhance nuclear entry through the nuclear 
pore complex of the nuclear membrane through an energy-dependent mechanism [67].

5. Drug formulation

The airways seem to be the natural way to treat respiratory diseases and a good alterna-
tive to systemic and more invasive procedures. Currently, aerosolization is the prefered 
method of administration for airway targeting since it is a noninvasive route that induces 
little stress to patients. Moreover, high quantities of drug can be deposited directly and fast 
into the lungs, which circumvents the blood circulation and avoids the first-pass effect of the 
liver. However, the effectiveness of such approach strongly depends on the development 
of smart drug formulation strategies. One of the critical steps that need to be taken into 
account for a successful gene delivery approach by inhalation is the formulation of the drug 
molecules into an appropriate inhalable form with sufficient stability and adequate aerody-
namic properties [68]. Highly susceptible molecules, such as nucleic acid, require special 
attention when delivered by this route of administration. The physicochemical constraints 
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such as the hydrodynamic shear forces generated during aerosolization can induce degrada-
tion of the nucleic acids, which will be more or less important depending on their size [69, 
70]. Therefore, the need to develop a suitable formulation able to protect the material from 
degradation and at the same time ensure delivery of nucleic acid to the target cells in the 
lung needs to be deeply considered. In this sense, the commonly accepted aerodynamic size 
for pulmonary gene delivery is within the range of 1–5 μm. Larger particles (4–7 μm) tend 
to deposit in the airways, while smaller particles (1–3 μm) and those in submicron range 
(<1 μm) reach the lower airways and deeper lung [68]. The aerodynamic diameter of a par-
ticle can be modified not only by changing its size but also by varying its density or shape, 
which opens new possible strategies for gene delivery to the lung, such as the design of large 
porous hollow particles [71].

Suitable formulations for pulmonary delivery are mainly prepared either by dissolving or 
by suspending the therapeutic molecules in a liquid or formulating them into a dry powder 
for inhalation using liquid inhalers (including nebulizers), dry powder inhalers (DPIs), or 
pressurized metered dose inhalers (pMDIs); each of them is suitable for different applications. 
Once the aerosolized droplets or microparticles are deposited next to the target location into 
the lungs, they need to dissolve in the lung lining fluid for subsequent absorption and cellular 
uptake [72]. Nowadays, viral gene delivery to the lungs is limited to liquid formulations using 
a nebulizer [36], and there is no dry powder or metered dose inhaler formulation available for 
any vector-drug combination. In most cases, the gene transfer efficiency to lung cells using 
viral vectors is still too low with traditional nebulizer devices, probably due to the degrada-
tion of viral envelope by the shear forces caused during aerosolization [73] and the viscous 
mucus found in obstructive diseases, like CF [74]. Moreover, and as previously highlighted, 
the use of adenoviral or AAV vectors would likely induce an acute immune response upon 
the initial administration or result in low efficacy following repeat dosing. This is particularly 
relevant since aerosolized gene therapy might require repeat dosing because mucus clear-
ance mechanisms and/or phagocytes may engulf and destroy the drug vector before it can 
be taken up by target cells [75]. In contrast, the simpler composition of nonviral vectors may 
have, in this case, an advantage over viral vectors, making readministration potentially more 
successful.

Although pulmonary gene-based therapies have not yet been granted marketing approval, 
numerous strategies are being tested both in vitro and in vivo, and various clinical trials are 
underway [19, 36]. Table 1 summarizes some of the strategies used to date for the pulmonary 
delivery of nucleic acids by aerosolization.

Nowadays, the most studied approach for gene delivery to the lung involves the nebuli-
zation of the selected formulation [76], turning it from a liquid solution to microdroplets. 
Depending on the aerosolization system used, such as jet, ultrasonic, or mesh nebulizers, the 
implemented hydrodynamic stress that the therapeutic molecules would be subject to varies 
[77]. Interestingly, several strategies have been studied to reduce the damage to the genetic 
material during the aerosolization process, by condensing the nucleic acids with positively 
charged molecules, such as polyethylenimine (PEI), protamine, or poly-L-lysine (PLL), among 
others [78].

In Vivo and Ex Vivo Gene Therapy for Inherited and Non-Inherited Disorders30

The elaboration of DPIs, composed of drug-based dry powders and an aerosol-generating 
device, also presents important advantages such as high physicochemical stability, easy han-
dling, and propellant-free aerosols. In order to transform the therapeutic nucleic acids into 
stable dry powders, several techniques, such as freeze-drying (FD) [79], spray-drying (SD) 
[80], and spray freeze-drying (SFD) [81], are being investigated. In addition, the incorpora-
tion of suitable stabilizing agents/thermal protectors such as polysaccharides (sucrose [79], 
trehalose [79], agarose [82], lactose [83], mannitol [81], or chitosan [84]), amino acids (leucine 
[84] or glycine [82]), or proteins (BSA [85]) is critical.

6. Commercialization

In addition to the above concerns, other relevant issues specifically related to the commercial-
ization of gene therapy medicinal products (GTMP) must also be considered. Commercially 

Description Vector Aerosolization References

In vivo aerosol delivery of 
PEI-DNA comp

PEI Nebulization [68]

Randomized, double-blind, 
placebo-controlled, Phase II 
trial in CF patients with mild 
lung disease

AAV2 viral Nebulization [32]

Nebulization of receptor-
targeted nanocomplexes for 
in vivo gene delivery to the 
airway epithelium

Receptor-
targeting 
peptides 
and cationic 
liposomes

Nebulization [69]

In vivo repeated aerosol 
delivery of pDNA/PEI 
complexes with CpG-free 
plasmids

PEI Nebulization or instillation [70]

In vivo aerosol delivery of 
DNA/liposomes to the lung

GL67A

cationic 
liposomes

Multiple nebulizers [71]

Randomized, double-blind, 
placebo-controlled, Phase 
IIb trial

GL67A cationic 
liposomes

Nebulization [14]

In vivo intratracheal 
administration of pDNA-
chitosan dry powders, 
obtained by SFD

Chitosan Dry powder, obtained by SFD, administered by 
intratracheal syringe

[72]

Dry powder aerosols for 
in vivo gene delivery to the 
lung

PEI Dry powder in insufflator lyophilization/
powderization with lactose, sucrose, or trehalose

[73]

Table 1. Pulmonary gene delivery strategies by aerosolization.
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such as the hydrodynamic shear forces generated during aerosolization can induce degrada-
tion of the nucleic acids, which will be more or less important depending on their size [69, 
70]. Therefore, the need to develop a suitable formulation able to protect the material from 
degradation and at the same time ensure delivery of nucleic acid to the target cells in the 
lung needs to be deeply considered. In this sense, the commonly accepted aerodynamic size 
for pulmonary gene delivery is within the range of 1–5 μm. Larger particles (4–7 μm) tend 
to deposit in the airways, while smaller particles (1–3 μm) and those in submicron range 
(<1 μm) reach the lower airways and deeper lung [68]. The aerodynamic diameter of a par-
ticle can be modified not only by changing its size but also by varying its density or shape, 
which opens new possible strategies for gene delivery to the lung, such as the design of large 
porous hollow particles [71].

Suitable formulations for pulmonary delivery are mainly prepared either by dissolving or 
by suspending the therapeutic molecules in a liquid or formulating them into a dry powder 
for inhalation using liquid inhalers (including nebulizers), dry powder inhalers (DPIs), or 
pressurized metered dose inhalers (pMDIs); each of them is suitable for different applications. 
Once the aerosolized droplets or microparticles are deposited next to the target location into 
the lungs, they need to dissolve in the lung lining fluid for subsequent absorption and cellular 
uptake [72]. Nowadays, viral gene delivery to the lungs is limited to liquid formulations using 
a nebulizer [36], and there is no dry powder or metered dose inhaler formulation available for 
any vector-drug combination. In most cases, the gene transfer efficiency to lung cells using 
viral vectors is still too low with traditional nebulizer devices, probably due to the degrada-
tion of viral envelope by the shear forces caused during aerosolization [73] and the viscous 
mucus found in obstructive diseases, like CF [74]. Moreover, and as previously highlighted, 
the use of adenoviral or AAV vectors would likely induce an acute immune response upon 
the initial administration or result in low efficacy following repeat dosing. This is particularly 
relevant since aerosolized gene therapy might require repeat dosing because mucus clear-
ance mechanisms and/or phagocytes may engulf and destroy the drug vector before it can 
be taken up by target cells [75]. In contrast, the simpler composition of nonviral vectors may 
have, in this case, an advantage over viral vectors, making readministration potentially more 
successful.

Although pulmonary gene-based therapies have not yet been granted marketing approval, 
numerous strategies are being tested both in vitro and in vivo, and various clinical trials are 
underway [19, 36]. Table 1 summarizes some of the strategies used to date for the pulmonary 
delivery of nucleic acids by aerosolization.

Nowadays, the most studied approach for gene delivery to the lung involves the nebuli-
zation of the selected formulation [76], turning it from a liquid solution to microdroplets. 
Depending on the aerosolization system used, such as jet, ultrasonic, or mesh nebulizers, the 
implemented hydrodynamic stress that the therapeutic molecules would be subject to varies 
[77]. Interestingly, several strategies have been studied to reduce the damage to the genetic 
material during the aerosolization process, by condensing the nucleic acids with positively 
charged molecules, such as polyethylenimine (PEI), protamine, or poly-L-lysine (PLL), among 
others [78].
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The elaboration of DPIs, composed of drug-based dry powders and an aerosol-generating 
device, also presents important advantages such as high physicochemical stability, easy han-
dling, and propellant-free aerosols. In order to transform the therapeutic nucleic acids into 
stable dry powders, several techniques, such as freeze-drying (FD) [79], spray-drying (SD) 
[80], and spray freeze-drying (SFD) [81], are being investigated. In addition, the incorpora-
tion of suitable stabilizing agents/thermal protectors such as polysaccharides (sucrose [79], 
trehalose [79], agarose [82], lactose [83], mannitol [81], or chitosan [84]), amino acids (leucine 
[84] or glycine [82]), or proteins (BSA [85]) is critical.

6. Commercialization

In addition to the above concerns, other relevant issues specifically related to the commercial-
ization of gene therapy medicinal products (GTMP) must also be considered. Commercially 
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placebo-controlled, Phase II 
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Nebulization of receptor-
targeted nanocomplexes for 
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airway epithelium

Receptor-
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peptides 
and cationic 
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In vivo repeated aerosol 
delivery of pDNA/PEI 
complexes with CpG-free 
plasmids

PEI Nebulization or instillation [70]

In vivo aerosol delivery of 
DNA/liposomes to the lung

GL67A

cationic 
liposomes

Multiple nebulizers [71]

Randomized, double-blind, 
placebo-controlled, Phase 
IIb trial

GL67A cationic 
liposomes

Nebulization [14]

In vivo intratracheal 
administration of pDNA-
chitosan dry powders, 
obtained by SFD

Chitosan Dry powder, obtained by SFD, administered by 
intratracheal syringe

[72]

Dry powder aerosols for 
in vivo gene delivery to the 
lung

PEI Dry powder in insufflator lyophilization/
powderization with lactose, sucrose, or trehalose

[73]
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available medical products based on gene therapy along with cell therapy and tissue engi-
neering are classified as advanced therapy medicinal products. Although highly promising, 
their translation into clinical practice is nowadays hampered by major critical issues such as 
complex regulatory and ethical aspects, along with the intrinsic difficulties to scale up these 
products to an industrial level [20].

Regarding the regulatory concerns of GTMP that affect clinical applications, the economical 
investments, along with their manufacture and control, demand more attention than chemi-
cally synthesized small molecules [86]. Therefore, a deep analysis of both costs and benefits 
needs to be done before considering the commercialization of such therapies [87].

Another relevant concern that jeopardizes the clinical use of GTMP in CF is the ethical aspect of 
clinical trials. Since the early 1990s, more than 25 Phase I gene therapy clinical trials have been 
conducted. These trials have been carried out largely to assess the safety and feasibility of gene 
transfer methods and their expression in the host, reporting variable successes for both viral 
and nonviral approaches. Gene therapy products designed for the treatment of CF must meet 
certain requirements in order to become a viable therapeutic option. For instance, their clinical 
efficacy must be demonstrated by analyzing appropriate variables of the lung function such as  
the patient´s vital capacity that they are able to expire in the first second of forced expiration 
(FEV1),  their age, sex or body composition, and the therapeutic efficacy which must be main-
tained with repeated administrations. In addition, the GTMP must demonstrate an acceptable 
profile when it comes to side effects, and other considerations such as treatment of early versus 
established lung disease must also be analysed.

Since a high percentage of patients affected by CF are children, clinical trials involving these 
patients must carefully balance the potential benefits of these therapies and the associated 
risks [88]. Regarding this controversial issue, the Gene Therapy Advisory Committee recom-
mends that clinical trials on children should only be performed under specific circumstances, 
whereby: (i) it has been demonstrated that the research is necessary to promote the health of 
the trial population, (ii) the research cannot be done in adults, and (iii) there is a high potential 
of therapeutic benefit [88]. In fact, owing to a demonstrated benefit of early gene therapy 
intervention, the age of enrolment of children in clinical trials has progressively reduced over 
the years from 18 to 12 years old. However, parents should have legal rights to make the final 
decision on behalf of their children.

Another critical hurdle that strongly compromises the clinical application of gene therapy 
products for the treatment of CF is the difficulty to scale up formulations that were origi-
nally developed for basic clinical research [89]. Most of these products are usually devel-
oped by small- and medium-sized enterprises, in collaboration with academic groups, 
which are usually highly engaged in preclinical activities, but have limited manufac-
turing experience at industrial level. For instance, the normal procedure for preparing 
nonviral-based gene therapy products is by simply mixing and pipetting the negatively 
charged genetic material and the positively charged polymer - or lipid-based nonviral 
vector formulations, which are often produced in the laboratory at small volumes that 
usually oscillate between 1 and 5 mL. However, the standardization of this procedure at 
industrial level to produce high and stable levels of complexes under GMP conditions 
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represents a great challenge that needs to be overcome for successful clinical application. 
In this sense, pilot plants, which employ small volumes of the product, represent an inter-
esting option to gain knowledge on the technical process before full scale up production.

7. Conclusion

Despite the fact that the CFTR gene was cloned two decades ago, the current, conven-
tional treatments for CF focus on masking the main symptoms, rather than addressing the 
underlying genetic cause of the disease. In this sense, gene therapy represents a promising 
alternative to tackle CF, considering the autosomal recessive nature of the most relevant 
ΔF508 mutation. Although the main objective of gene therapy seems simple, there are some 
hurdles that need to be overcome before gene therapy for CF becomes a realistic treat-
ment option. In any case, the increase in knowledge and recent advances in biopharma-
ceutical technology offer reasonable hope for the treatment of this devastating disease. The 
minicircle technology, along with the new gene editing tools, offer important advantages 
compared with classical plasmids used to add functional copies of the gene. Additionally, 
intense research in novel nonviral vectors functionalized to overcome both extra- and intra-
cellular barriers and the possibility to aerosolize such formulations without losing activity 
merit special attention.
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available medical products based on gene therapy along with cell therapy and tissue engi-
neering are classified as advanced therapy medicinal products. Although highly promising, 
their translation into clinical practice is nowadays hampered by major critical issues such as 
complex regulatory and ethical aspects, along with the intrinsic difficulties to scale up these 
products to an industrial level [20].

Regarding the regulatory concerns of GTMP that affect clinical applications, the economical 
investments, along with their manufacture and control, demand more attention than chemi-
cally synthesized small molecules [86]. Therefore, a deep analysis of both costs and benefits 
needs to be done before considering the commercialization of such therapies [87].

Another relevant concern that jeopardizes the clinical use of GTMP in CF is the ethical aspect of 
clinical trials. Since the early 1990s, more than 25 Phase I gene therapy clinical trials have been 
conducted. These trials have been carried out largely to assess the safety and feasibility of gene 
transfer methods and their expression in the host, reporting variable successes for both viral 
and nonviral approaches. Gene therapy products designed for the treatment of CF must meet 
certain requirements in order to become a viable therapeutic option. For instance, their clinical 
efficacy must be demonstrated by analyzing appropriate variables of the lung function such as  
the patient´s vital capacity that they are able to expire in the first second of forced expiration 
(FEV1),  their age, sex or body composition, and the therapeutic efficacy which must be main-
tained with repeated administrations. In addition, the GTMP must demonstrate an acceptable 
profile when it comes to side effects, and other considerations such as treatment of early versus 
established lung disease must also be analysed.

Since a high percentage of patients affected by CF are children, clinical trials involving these 
patients must carefully balance the potential benefits of these therapies and the associated 
risks [88]. Regarding this controversial issue, the Gene Therapy Advisory Committee recom-
mends that clinical trials on children should only be performed under specific circumstances, 
whereby: (i) it has been demonstrated that the research is necessary to promote the health of 
the trial population, (ii) the research cannot be done in adults, and (iii) there is a high potential 
of therapeutic benefit [88]. In fact, owing to a demonstrated benefit of early gene therapy 
intervention, the age of enrolment of children in clinical trials has progressively reduced over 
the years from 18 to 12 years old. However, parents should have legal rights to make the final 
decision on behalf of their children.

Another critical hurdle that strongly compromises the clinical application of gene therapy 
products for the treatment of CF is the difficulty to scale up formulations that were origi-
nally developed for basic clinical research [89]. Most of these products are usually devel-
oped by small- and medium-sized enterprises, in collaboration with academic groups, 
which are usually highly engaged in preclinical activities, but have limited manufac-
turing experience at industrial level. For instance, the normal procedure for preparing 
nonviral-based gene therapy products is by simply mixing and pipetting the negatively 
charged genetic material and the positively charged polymer - or lipid-based nonviral 
vector formulations, which are often produced in the laboratory at small volumes that 
usually oscillate between 1 and 5 mL. However, the standardization of this procedure at 
industrial level to produce high and stable levels of complexes under GMP conditions 
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represents a great challenge that needs to be overcome for successful clinical application. 
In this sense, pilot plants, which employ small volumes of the product, represent an inter-
esting option to gain knowledge on the technical process before full scale up production.

7. Conclusion

Despite the fact that the CFTR gene was cloned two decades ago, the current, conven-
tional treatments for CF focus on masking the main symptoms, rather than addressing the 
underlying genetic cause of the disease. In this sense, gene therapy represents a promising 
alternative to tackle CF, considering the autosomal recessive nature of the most relevant 
ΔF508 mutation. Although the main objective of gene therapy seems simple, there are some 
hurdles that need to be overcome before gene therapy for CF becomes a realistic treat-
ment option. In any case, the increase in knowledge and recent advances in biopharma-
ceutical technology offer reasonable hope for the treatment of this devastating disease. The 
minicircle technology, along with the new gene editing tools, offer important advantages 
compared with classical plasmids used to add functional copies of the gene. Additionally, 
intense research in novel nonviral vectors functionalized to overcome both extra- and intra-
cellular barriers and the possibility to aerosolize such formulations without losing activity 
merit special attention.
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Abstract

Current anti-retroviral treatment (ART) for HIV-1 is highly effectively at controlling the 
infection. However, during early infection the virus establishes a latent reservoir, which 
is not impacted by ART. Any treatment interruption rapidly results in virus rebound 
from the latent reservoir to pre-therapy levels and thus ART does not constitute an HIV-1 
cure. Alternate treatments are currently being explored in the form of gene therapy, 
following the success of the Berlin patient who has had undetectable virus since 2007. 
This review will describe the contrasting cure approaches that are currently the focus of 
multiple studies to control HIV, then focus in on functional cure gene therapy strategies; 
specifically, epigenetic silencing of HIV-1 by various methods, including RNA-directed 
transcriptional gene silencing. The various delivery strategies for targeting cells of the 
latent reservoir will be reviewed and finally, the clinical status and current challenges for 
ex vivo versus in vivo gene therapy delivery approaches will be discussed.

Keywords: HIV, functional cure, “block and lock”, epigenetic silencing, si/shRNA, 
latent reservoir, gene therapy

1. Introduction

HIV-1 was first identified in the 1980s and currently infects ~37 million people world-wide 
[1]. There has been a concerted global effort in strategic planning for HIV prevention, with 
the current goals in multiple countries for the end of 2020 being to significantly reduce or 
virtually eliminate new infections. This goal is based on the increased uptake and availability 
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of anti-retroviral therapy (ART) and the more recent pre-exposure prophylaxis (PrEP), which 
has been embraced by many countries, particularly the US, UK and Australia [2], and dem-
onstrated in landmark studies to prevent transmission by 99% [3, 4]. Additionally, the recent 
OPPOSITES ATTRACT study [5, 6] and PARTNER study [7] both showed that ART effec-
tively reduces that rate of transmission to zero in homosexual male serodiscordant couples.

However, while ART is highly effectively at controlling HIV-1 infection, it does not impact the 
latent reservoir, which is established early during virus infection. This allows the latent virus 
to recrudesce following any treatment interruption and results in rapid virus rebound to pre-
therapy levels. Therefore, ART does not constitute an HIV-1 cure. As is the case for many other 
diseases, gene therapy is being explored as an alternate HIV-1 treatment. There are, however, 
challenges specific to HIV, that may not arise in gene therapy approaches for other diseases. In 
the context of HIV, the latent reservoir represents a major barrier for developing an HIV cure, 
since ART has no effect on the integrated provirus and there is currently lack of a biomarker to 
identify cells that carry latent virus. Combined with the inability to identify latent cells and the 
rare frequency of latently-infected cells (~1 in 106 cells) these hurdles make the development of a 
gene delivery platform uniquely challenging, especially in terms of a systemic in vivo approach. 
Another difficulty is that not all integrated provirus is the same, with some being full-length 
intact genomes and others being defective genomes that carry large deletions and will not result 
in productive infection following reactivation [8]. These are the barriers that must be addressed 
to ensure a gene therapy approach to HIV translates into patient outcomes. The unique chal-
lenges facing HIV-1 gene therapy and current solutions are described in this chapter.

2. HIV-1 life cycle: challenges for an HIV-1 cure

HIV-1 can infect a wide range of cells, predominantly targeting CD4+ T cells, dendritic cells, 
macrophages and other myeloid lineage cells [9]. This is achieved by binding of the viral enve-
lope glycoprotein gp120 to the CD4 receptor, triggering a conformational change that allows 
for CCR5 or CXCR4 coreceptor binding. Further conformational changes in gp41 initiate a 
membrane fusion reaction that allows the viral capsid cytoplasmic entry [10]. Upon entry, the 
capsid disassembles to release viral RNA and proteins. To protect this genetic material, host 
restriction factors are subverted. With the aid of commandeered host cell machinery, a reverse 
transcription complex is formed and complementary viral DNA (cDNA) generated. The result-
ing pre-integration complex is transported via cytoskeletal manipulation to a nuclear pore com-
plex where it is actively imported. The ability to traverse the nuclear membrane allows HIV to 
productively infect non-dividing cells. Viral integrase then facilitates the integration of viral 
DNA into the host genome to form the provirus [11]. Thus, HIV tethers its survival to the lon-
gevity of the cell and establishes the latent provirus reservoir, from which virus can reactivate. 
Using host replication machinery, viral RNA is then transcribed and exported to the cytoplasm. 
Proteins required for infectivity are synthesised and trafficked to the plasma membrane. Along 
with two RNA copies of the HIV genome, these proteins are assembled and packaged into 
immature virions in a process mediated by the viral Gag polyprotein. Once released from the 
plasma membrane, viral protease cleaves Gag into three structural proteins to create the mature 
infectious virion [12]. The HIV-1 life cycle is summarised in Figure 1.
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While the above cycle is the most common model of HIV-1 infection, it is not exclusive. 
Numerous alternate pathways at varying stages of infection have been observed. For example, 
rather than the release of free HIV-1 virions, cell-to-cell transmission via infectious synapses 
can occur [13]. This modification is a more efficient means of infectivity [14]. Additionally, the 
above model does not account for infection of the central nervous system [15], in particular 
cells such as astrocytes, which lack the CD4 receptor [16]. While some of the proposed path-
ways remain controversial, HIV-1 is undeniably a versatile virus capable of hijacking diverse 
systems. The infectious route it takes may depend on the cell type, its available resources and 
activation status.

Figure 1. HIV-1 life cycle and stages targeted by antiretroviral therapy (ART). ART drugs target various stages of the 
HIV life cycle, with some common drugs shown. Credit: National Institute of Allergy and Infectious Diseases (NIAID).
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ing pre-integration complex is transported via cytoskeletal manipulation to a nuclear pore com-
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gevity of the cell and establishes the latent provirus reservoir, from which virus can reactivate. 
Using host replication machinery, viral RNA is then transcribed and exported to the cytoplasm. 
Proteins required for infectivity are synthesised and trafficked to the plasma membrane. Along 
with two RNA copies of the HIV genome, these proteins are assembled and packaged into 
immature virions in a process mediated by the viral Gag polyprotein. Once released from the 
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2.1. The Life cycle and ART treatment

Due to the inherent sequence variability of HIV-1 and the ability for virus resistance to arise, 
multiple stages in the virus life cycle need to be targeted by ART to control the infection. As 
illustrated in Figure 1, stages that are targeted can include binding, fusion, reverse transcrip-
tions and integration, among others, with either one or more ART drugs from each stage 
being utilised to provide sufficient HIV-1 control. An example of one such drug combination 
is TRUVADA®, which combines two drugs targeting the reverse transcription stage, emtric-
itabine and tenofovir and has been widely embraced for PrEP treatment.

2.2. The latent reservoir

Although the versatility of HIV-1 presents a challenge for the development of therapeutics, 
by far, the latent cellular reservoirs are the greatest barrier to developing a cure. The difficul-
ties in controlling these virus reservoirs arise when the infection becomes latent. While the 
exact mechanisms of HIV latency are still being precisely defined, studies have demonstrated 
epigenetic regulation is involved in suppressing virus transcription, with the presence of clas-
sic epigenetic repressive marks, including methylation (i.e. histone 3 lysine 27 trimethylation 
(H3K27me3)) and deacetylation (i.e. Histone deacetylase 1 (HDAC1)) on N-terminal histone 
tails inducing specific epigenetic chromatin compaction, termed heterochromatin [17].

The latent reservoir resides in resting memory CD4+ T cells [18, 19], such as central memory, 
effector memory and transitional memory cells [8], T follicular helper cells [20], macrophages 
and other myeloid cells, as well as in immune privileged sanctuary sites, such as the gut [21], 
lymph nodes and associated germinal centers and the brain. Physiologically, in their resting 
states CD4+ T cells have low endocytic and metabolic rates that are sufficient for maintenance 
of housekeeping functions [22]. As such, they are not impacted by ART. To retain dormancy, 
they negatively regulate gene activation via inhibition of cellular transcription factors, such 
as NF-κB and NFAT [23]: host factors essential for initiating active HIV-1 virus production 
[24–26]. Consequently, the integrated provirus is reversibly silenced by epigenetic repression 
and evades host immune detection. This presents a clinically daunting prospect. As memory 
cells are long lived, with ART controlling the infection, not only would eradication of the 
reservoir take over 70 years [18], but theoretically, one infected cell could sufficiently sustain 
a life-long infection. Further, upon reactivation of the infected cell/s by any stimuli, virus 
recrudescence rapidly occurs and thus while ART can effectively control HIV-1 infection, it 
does not represent a cure.

3. HIV-1 cure strategies

Various approaches to overcome the viral reservoir barrier are being pursued. Primarily, 
they can be separated into two main categories: sterilising and functional. Both approaches 
aim for an undetectable viral load without the need for ART, with the sterilising approach 
being defined as complete eradication of the virus, and conversely, the functional approach is 
defined as controlling the virus reservoir without its eradication.
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3.1. Shock and kill

The most studied sterilising approach is aptly named “shock and kill”. This concept explores 
the use of latency reversing agents (LRAs) to “shock” the virus into reactivation, whereby it is 
detected and “killed” by either its own cytotoxicity or the host immune system. To date, this 
purging strategy has been largely unsuccessful. Proposed agents either induce global immune 
reactivation, leading to increased pro-inflammatory cytokines and severe side effects, or in 
vitro efficacy has simply failed to translate in vivo [27–32]. Extensive descriptions of LRAs and 
the next step of optimising the “kill” step is reviewed by Kim et al., [33] and are not the focus 
of this chapter. However, one recent study has demonstrated a specific kill response mediated 
by ricin A, which is initially encapsulated in a novel nanocapsule polymer shell and then 
activated and released via the ricin A peptide crosslinkers being cleaved by HIV-1 protease 
[34]. Some of the LRAs under investigation are summarised in Table 1 and a schematic of the 
process is shown in Figure 2.

3.2. Block and lock

The limited success of sterilising cures has shifted the priority to identifying a functional 
cure; which is now seen as a more realistic approach to controlling the viral reservoir, with-
out ART. The functional cure approach is termed “block and lock”. This concept exploits 
the use of latency inducing agents (LIAs) to “block” virus gene transcription at the pro-
moter via epigenetic mechanisms and “lock” the integrated virus genome in a permanent 
super-latent state, which resembles the natural latent reservoir. We and others are pursu-
ing this approach to provide a sustained virus remission, without ART. Some of the LIAs 
under investigation are summarised in Table 1 and a schematic of the process is shown in 
Figure 2.

3.2.1. Tat-inhibitor didehydro-cortistatin A (dCA)

In 2012, the Valente group reported a novel small molecule inhibitor of HIV transcription, 
termed Didehydro-cortistatin A (dCA) [35]. Derived from a marine sponge, dCA inhib-
its Tat-mediated transactivation of integrated HIV provirus via disrupting binding of the 
transactivation response (TAR) element to Tat through direct binding competition with the 
RNA hairpin TAR-binding domain of Tat. Effectively disrupting the Tat/TAR complex, dCA 
induced prolonged suppression of virus transcription in HeLa-CD4 cells infected with HIV-
1NL4.3 for 2 months with constant treatment and out to a further 27 days following cessation of 
treatment, as determined by measuring viral RNA levels. The inhibitory effect of dCA on HIV 
replication ex vivo in primary CD4+ T cells isolated from eight HIV-1 infected individuals on 
suppressive ART was ~60% compared to no treatment, while ART treatment alone reduced 
viral production to ~40% and dCA treatment alone reduced virus production to ~25% [35]. 
The study reported there were no apparent cytotoxic effects in cell culture models or when 
assessed in C57BI-6 mice at the concentrations used. Further optimisation of dCA will be 
required if the treatment is to be effective in the absence of ART, as desired for a functional 
HIV cure, and to increase the longevity of the suppressive effect.
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multiple stages in the virus life cycle need to be targeted by ART to control the infection. As 
illustrated in Figure 1, stages that are targeted can include binding, fusion, reverse transcrip-
tions and integration, among others, with either one or more ART drugs from each stage 
being utilised to provide sufficient HIV-1 control. An example of one such drug combination 
is TRUVADA®, which combines two drugs targeting the reverse transcription stage, emtric-
itabine and tenofovir and has been widely embraced for PrEP treatment.
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Although the versatility of HIV-1 presents a challenge for the development of therapeutics, 
by far, the latent cellular reservoirs are the greatest barrier to developing a cure. The difficul-
ties in controlling these virus reservoirs arise when the infection becomes latent. While the 
exact mechanisms of HIV latency are still being precisely defined, studies have demonstrated 
epigenetic regulation is involved in suppressing virus transcription, with the presence of clas-
sic epigenetic repressive marks, including methylation (i.e. histone 3 lysine 27 trimethylation 
(H3K27me3)) and deacetylation (i.e. Histone deacetylase 1 (HDAC1)) on N-terminal histone 
tails inducing specific epigenetic chromatin compaction, termed heterochromatin [17].

The latent reservoir resides in resting memory CD4+ T cells [18, 19], such as central memory, 
effector memory and transitional memory cells [8], T follicular helper cells [20], macrophages 
and other myeloid cells, as well as in immune privileged sanctuary sites, such as the gut [21], 
lymph nodes and associated germinal centers and the brain. Physiologically, in their resting 
states CD4+ T cells have low endocytic and metabolic rates that are sufficient for maintenance 
of housekeeping functions [22]. As such, they are not impacted by ART. To retain dormancy, 
they negatively regulate gene activation via inhibition of cellular transcription factors, such 
as NF-κB and NFAT [23]: host factors essential for initiating active HIV-1 virus production 
[24–26]. Consequently, the integrated provirus is reversibly silenced by epigenetic repression 
and evades host immune detection. This presents a clinically daunting prospect. As memory 
cells are long lived, with ART controlling the infection, not only would eradication of the 
reservoir take over 70 years [18], but theoretically, one infected cell could sufficiently sustain 
a life-long infection. Further, upon reactivation of the infected cell/s by any stimuli, virus 
recrudescence rapidly occurs and thus while ART can effectively control HIV-1 infection, it 
does not represent a cure.

3. HIV-1 cure strategies

Various approaches to overcome the viral reservoir barrier are being pursued. Primarily, 
they can be separated into two main categories: sterilising and functional. Both approaches 
aim for an undetectable viral load without the need for ART, with the sterilising approach 
being defined as complete eradication of the virus, and conversely, the functional approach is 
defined as controlling the virus reservoir without its eradication.
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detected and “killed” by either its own cytotoxicity or the host immune system. To date, this 
purging strategy has been largely unsuccessful. Proposed agents either induce global immune 
reactivation, leading to increased pro-inflammatory cytokines and severe side effects, or in 
vitro efficacy has simply failed to translate in vivo [27–32]. Extensive descriptions of LRAs and 
the next step of optimising the “kill” step is reviewed by Kim et al., [33] and are not the focus 
of this chapter. However, one recent study has demonstrated a specific kill response mediated 
by ricin A, which is initially encapsulated in a novel nanocapsule polymer shell and then 
activated and released via the ricin A peptide crosslinkers being cleaved by HIV-1 protease 
[34]. Some of the LRAs under investigation are summarised in Table 1 and a schematic of the 
process is shown in Figure 2.
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The limited success of sterilising cures has shifted the priority to identifying a functional 
cure; which is now seen as a more realistic approach to controlling the viral reservoir, with-
out ART. The functional cure approach is termed “block and lock”. This concept exploits 
the use of latency inducing agents (LIAs) to “block” virus gene transcription at the pro-
moter via epigenetic mechanisms and “lock” the integrated virus genome in a permanent 
super-latent state, which resembles the natural latent reservoir. We and others are pursu-
ing this approach to provide a sustained virus remission, without ART. Some of the LIAs 
under investigation are summarised in Table 1 and a schematic of the process is shown in 
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3.2.1. Tat-inhibitor didehydro-cortistatin A (dCA)

In 2012, the Valente group reported a novel small molecule inhibitor of HIV transcription, 
termed Didehydro-cortistatin A (dCA) [35]. Derived from a marine sponge, dCA inhib-
its Tat-mediated transactivation of integrated HIV provirus via disrupting binding of the 
transactivation response (TAR) element to Tat through direct binding competition with the 
RNA hairpin TAR-binding domain of Tat. Effectively disrupting the Tat/TAR complex, dCA 
induced prolonged suppression of virus transcription in HeLa-CD4 cells infected with HIV-
1NL4.3 for 2 months with constant treatment and out to a further 27 days following cessation of 
treatment, as determined by measuring viral RNA levels. The inhibitory effect of dCA on HIV 
replication ex vivo in primary CD4+ T cells isolated from eight HIV-1 infected individuals on 
suppressive ART was ~60% compared to no treatment, while ART treatment alone reduced 
viral production to ~40% and dCA treatment alone reduced virus production to ~25% [35]. 
The study reported there were no apparent cytotoxic effects in cell culture models or when 
assessed in C57BI-6 mice at the concentrations used. Further optimisation of dCA will be 
required if the treatment is to be effective in the absence of ART, as desired for a functional 
HIV cure, and to increase the longevity of the suppressive effect.

Mechanisms for Controlling HIV-1 Infection: A Gene Therapy Approach
http://dx.doi.org/10.5772/intechopen.79669

45



3.2.2. RNA silencing

RNA interference (RNAi) is a fundamentally conserved process crucial for viral defence and 
the regulation of normal gene expression. Since its initial discovery in transgenic tobacco 
plants [36], the RNAi field has erupted with literature exploring the depth of its possibilities. 
From a tool to study basic gene functions, to a remedy for previously untreatable conditions, 
RNAi has the potential to revolutionise research and medicine. As a result, it has been exten-
sively studied and characterised in a wide array of organisms, particularly plants (Arabidopsis 
thaliana [37, 38]), the nematode Caenorhabditis elegans [39] and fission yeast Schizosaccharomyces 
pombe (S. pombe) [40]. Two distinct pathways have since emerged: post-transcriptional gene 
silencing (PTGS) and transcriptional gene silencing (TGS); also termed epigenetic silencing 
(refer to Figure 3 for an overview).

Latency reversing agents (LRAs)

Class Agent

Epigenetic Modifiers Histone deacetylase inhibitors (HDACs)

Methylation inhibitors

Methyl-transferase inhibitors

Bromodomain inhibitors

P-TEFb activators

Protein Kinase C Agonists Prostratin/Bryostatin

Ingenol B/PEP0005

PI3K/Akt pathway Disulfiram

STATS signalling benzotriazole

mTOR complex Rapamycin

TCR Activators Immune checkpoint blockers

Cytokines IL-15

TLR Agonists TLR7

TLR9

Latency inducing agents (LIAs)

Class Agent

Epigenetic Modifiers Didehydro-cortistatin A (dCA)

siRNA

shRNA

Ubiquitin-like, containing PHD and RING finger domains 1 protein (UHRF1)

Nullbasic

HIV Integrase inhibitors LEDGINs

P-TEFb, positive transcription elongation factor b; TLR, Toll-like receptor; mTOR, mechanistic target of rapamycin; 
STAT5, signal transducer and activator of transcription 5; IL-15, interleukin-15; dCA, Didehydro-cortistatin A; UHRF1, 
Ubiquitin-like, containing PHD and RING finger domains 1 protein.

Table 1. Agents that modulate HIV latency.
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PTGS was the first distinct pathway to be discovered in 1998 by Fire and Mello [39]. It can 
be considered the predominantly cytoplasmic arm of RNAi. Briefly, short interfering RNAs 
(siRNAs) 19–23 base pairs long are processed by the Dicer endonuclease and loaded onto the 
Argonaute 2 (Ago2) protein. Several of other proteins are recruited to form the RNA-induced 
silencing complex (RISC). This complex uses the siRNA as complementary anti-sense guides 
to identify target mRNA in the cytoplasm that are subsequently cleaved and degraded by the 
catalytic activity of Ago2 [41]. As a result, target gene expression is transiently downregulated 
prior to translation. Exhibiting enormous potential, PTGS has since been developed as a tool to 
selectively inhibit the expression of critical HIV-1 viral proteins in vitro, leading to significant 
reductions in viral replication [42–46]. The sequence specific nature of the PTGS process sug-
gests there are minimal off-target effects [47], although these can still occur. Some reports have 
shown that introducing exogenous siRNA less than 24 base pairs in length does not trigger an 
interferon mediated immune response or defence mechanism to the synthetic material [48].

While these are all highly desirable traits for future gene therapeutics, PTGS has several 
limitations, particularly in the context of HIV-1, which leave it unsuitable for gene therapy. A 
consequence of its high specificity is that a nucleotide mismatches between the siRNA and its 
target could be sufficient to abrogate silencing [49]. Hence, in the context of a highly diverse 
virus with multiple subtypes, a conserved target sequence must be carefully selected. Due 

Figure 2. “Shock and kill” versus “Block and Lock” HIV cure strategies. Latency reversing agents (LRAs) activate or 
“shock” the HIV-1 provirus awake with the aim that the infected cell will then undergo “kill” via cytotoxic or host 
immune mechanisms. Latency inducing agents (LIAs) mediate the opposite effect, by “blocking” virus replication and 
“locking” the virus genome in an induced “super-latency” that is refractory to reactivation. HDAC, histone deacetylase; 
HMT, histone methyl transferase; PKC, protein kinase C; dCA, didehydro-cortistatin A; ART, antiretroviral therapy.
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3.2.2. RNA silencing

RNA interference (RNAi) is a fundamentally conserved process crucial for viral defence and 
the regulation of normal gene expression. Since its initial discovery in transgenic tobacco 
plants [36], the RNAi field has erupted with literature exploring the depth of its possibilities. 
From a tool to study basic gene functions, to a remedy for previously untreatable conditions, 
RNAi has the potential to revolutionise research and medicine. As a result, it has been exten-
sively studied and characterised in a wide array of organisms, particularly plants (Arabidopsis 
thaliana [37, 38]), the nematode Caenorhabditis elegans [39] and fission yeast Schizosaccharomyces 
pombe (S. pombe) [40]. Two distinct pathways have since emerged: post-transcriptional gene 
silencing (PTGS) and transcriptional gene silencing (TGS); also termed epigenetic silencing 
(refer to Figure 3 for an overview).
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Table 1. Agents that modulate HIV latency.
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PTGS was the first distinct pathway to be discovered in 1998 by Fire and Mello [39]. It can 
be considered the predominantly cytoplasmic arm of RNAi. Briefly, short interfering RNAs 
(siRNAs) 19–23 base pairs long are processed by the Dicer endonuclease and loaded onto the 
Argonaute 2 (Ago2) protein. Several of other proteins are recruited to form the RNA-induced 
silencing complex (RISC). This complex uses the siRNA as complementary anti-sense guides 
to identify target mRNA in the cytoplasm that are subsequently cleaved and degraded by the 
catalytic activity of Ago2 [41]. As a result, target gene expression is transiently downregulated 
prior to translation. Exhibiting enormous potential, PTGS has since been developed as a tool to 
selectively inhibit the expression of critical HIV-1 viral proteins in vitro, leading to significant 
reductions in viral replication [42–46]. The sequence specific nature of the PTGS process sug-
gests there are minimal off-target effects [47], although these can still occur. Some reports have 
shown that introducing exogenous siRNA less than 24 base pairs in length does not trigger an 
interferon mediated immune response or defence mechanism to the synthetic material [48].

While these are all highly desirable traits for future gene therapeutics, PTGS has several 
limitations, particularly in the context of HIV-1, which leave it unsuitable for gene therapy. A 
consequence of its high specificity is that a nucleotide mismatches between the siRNA and its 
target could be sufficient to abrogate silencing [49]. Hence, in the context of a highly diverse 
virus with multiple subtypes, a conserved target sequence must be carefully selected. Due 

Figure 2. “Shock and kill” versus “Block and Lock” HIV cure strategies. Latency reversing agents (LRAs) activate or 
“shock” the HIV-1 provirus awake with the aim that the infected cell will then undergo “kill” via cytotoxic or host 
immune mechanisms. Latency inducing agents (LIAs) mediate the opposite effect, by “blocking” virus replication and 
“locking” the virus genome in an induced “super-latency” that is refractory to reactivation. HDAC, histone deacetylase; 
HMT, histone methyl transferase; PKC, protein kinase C; dCA, didehydro-cortistatin A; ART, antiretroviral therapy.
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to the enormous diversity of the genome, a multiplexed approach would be necessary to 
provide adequate coverage across HIV subtypes and strains. Additionally, as its silencing 
effects are only transient, PTGS would require either (1) frequent siRNA administration to 
an infected individual, thus rendering it a recurring treatment and not a cure, or (2) provi-
sion of a self-sustaining system. This would involve viral vector delivery of a plasmid that 
can constitutively express target siRNAs. This may be in the form of short hairpin (sh)RNAs 
that are exported to the cytoplasm and processed into the desired siRNA. The greatest pitfall 
however, is that PTGS predominately functions in the cytoplasm, targeting mRNA from an 
actively transcribing provirus. As such, it cannot overcome the selective pressures driving 
HIV-1 mutation. Rather, this process allows the virus to rapidly transcribe escape variants 
[50]. From point mutations and deletions that disrupt target specificity, to the generation 
of alternative secondary structures to prevent RISC accessibility [51], HIV-1 can rapidly 

Figure 3. Gene silencing pathways mediated by siRNA. siRNA duplexes induce posttranscriptional gene silencing 
(PTGS) predominately in the cytoplasm through RISC machinery initiating mRNA degradation, and transcriptional gene 
silencing (TGS) in the nucleus through the RITS complex inducing chromatin compaction to silence gene expression. 
Ago1, Argonaute 1; Ago2, Argonaute 2; shRNA, short hairpin RNA; RISC, RNA induced silencing complex; RITS, RNA-
induced transcriptional silencing complex; TRBP, trans-activating response RNA-binding protein; TNRC6, trinucleotide 
repeat containing six proteins.
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circumvent a single PTGS therapeutic. Similar to ART, current PTGS therapeutics are having 
to be combined, to simultaneously target multiple HIV proteins and/or to target host targets, 
such as CCR5, to overcome the generation of resistance mutations [52].

3.2.2.1. RNA-directed latency inducing agents

In comparison, TGS can be considered the nucleic arm of RNAi. It offers the highly specific 
targeting of the integrated HIV provirus. Still controversial in mammals, this pathway begins in 
the cytoplasm where siRNA associate with Argonaute 1 protein (Ago1). These two components 
are trafficked to the nucleus [53] and recruit other proteins to form the RNA-induced tran-
scriptional silencing (RITS) complex. The RITS protein components have been identified in S. 
pombe yeast and include Ago1, the GW protein, Tas3, and chromodomain protein 1 (Chp1) [54], 
however while Ago1 is present in mammalian cells, Tas3 and Chp1 homologues have not yet 
been identified. Although this complex can be considered as the equivalent of RISC from PTGS, 
it is not identical, due to the different functional requirements and distinct protein components. 
Via siRNA sequence complementarity, RITS identifies the target locus and induces chromatin 
compaction through epigenetic modifications, such as histone methylation [55]. By rendering 
it structurally inaccessible to transcriptional machinery, TGS can lock the virus in a latent state.

Like PTGS, TGS is capable of significantly suppressing HIV-1 production and is highly 
sequence specific, with minimal off-target effects and interferon mediated immune responses 
or defence mechanisms, dependent on the specific sequence targeted [56]. A single nucleotide 
mismatch between the siRNA and its target could be sufficient to disrupt silencing. Hence, 
conserved regions of the provirus must be carefully selected and a multiplexed approach 
may be necessary. TGS also offers several advantages over its cytoplasmic counterpart. By 
preventing the provirus from actively transcribing, it can silence HIV-1 prior to the generation 
of escape variants. Additionally, due to the heritable nature of the heterochromatin marks, 
daughter cells exhibit the same suppressive phenotype [57].

Our laboratory has described two siRNA sequences capable of inducing potent TGS in HIV-
infected cells. The first siRNA, termed siPromA, was identified in 2005 and has been extensively 
characterised as inducing highly-sequence specific TGS via epigenetic repressive mechanisms 
[53, 55, 56, 58–60]. The siPromA sequence targets NF-κB tandem repeat motif, which is unique 
to the virus and is not homologous to any host cell NF-κB motifs. This is important as NF-κB 
is an important transcription factor for multiple cell signalling pathways. A second siRNA, 
termed si143, has recently been shown to also induce TGS and targets the COUP-TF and AP-1 
transcription factor sites upstream of the siPromA target sequence [61]. When combined, these 
two siRNAs provide enhanced suppression and enforcement of latency through multiple 
epigenetic modifications. We have shown up to 1000-fold suppression of virus transcription 
following a single transfection of siPromA or si143 for up to 15 days in various HIV-infected 
cell cultures, including HeLa T4+ cells and Hut78 cells. Further, in MOLT-4 cells carrying 
shRNA expressing siPromA, we reported virus transcription was suppressed for over 1 year 
[60]. Specific epigenetic modifications in HIV cultures suppressed by siPromA or si143 have 
been investigated using ChIP assays and included enrichment of histone methylation on the 
N-terminal histone tail (such as HeK27me3, H3K9me2) and decreased acetylation (such as 
H3K9) [61]. We have also demonstrated effective in vivo virus suppression using a humanised 
mouse model of acute HIV in (NOD)/SCID/Janus kinase 3 (NOJ) knockout mice infected with 
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to the enormous diversity of the genome, a multiplexed approach would be necessary to 
provide adequate coverage across HIV subtypes and strains. Additionally, as its silencing 
effects are only transient, PTGS would require either (1) frequent siRNA administration to 
an infected individual, thus rendering it a recurring treatment and not a cure, or (2) provi-
sion of a self-sustaining system. This would involve viral vector delivery of a plasmid that 
can constitutively express target siRNAs. This may be in the form of short hairpin (sh)RNAs 
that are exported to the cytoplasm and processed into the desired siRNA. The greatest pitfall 
however, is that PTGS predominately functions in the cytoplasm, targeting mRNA from an 
actively transcribing provirus. As such, it cannot overcome the selective pressures driving 
HIV-1 mutation. Rather, this process allows the virus to rapidly transcribe escape variants 
[50]. From point mutations and deletions that disrupt target specificity, to the generation 
of alternative secondary structures to prevent RISC accessibility [51], HIV-1 can rapidly 

Figure 3. Gene silencing pathways mediated by siRNA. siRNA duplexes induce posttranscriptional gene silencing 
(PTGS) predominately in the cytoplasm through RISC machinery initiating mRNA degradation, and transcriptional gene 
silencing (TGS) in the nucleus through the RITS complex inducing chromatin compaction to silence gene expression. 
Ago1, Argonaute 1; Ago2, Argonaute 2; shRNA, short hairpin RNA; RISC, RNA induced silencing complex; RITS, RNA-
induced transcriptional silencing complex; TRBP, trans-activating response RNA-binding protein; TNRC6, trinucleotide 
repeat containing six proteins.
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circumvent a single PTGS therapeutic. Similar to ART, current PTGS therapeutics are having 
to be combined, to simultaneously target multiple HIV proteins and/or to target host targets, 
such as CCR5, to overcome the generation of resistance mutations [52].

3.2.2.1. RNA-directed latency inducing agents

In comparison, TGS can be considered the nucleic arm of RNAi. It offers the highly specific 
targeting of the integrated HIV provirus. Still controversial in mammals, this pathway begins in 
the cytoplasm where siRNA associate with Argonaute 1 protein (Ago1). These two components 
are trafficked to the nucleus [53] and recruit other proteins to form the RNA-induced tran-
scriptional silencing (RITS) complex. The RITS protein components have been identified in S. 
pombe yeast and include Ago1, the GW protein, Tas3, and chromodomain protein 1 (Chp1) [54], 
however while Ago1 is present in mammalian cells, Tas3 and Chp1 homologues have not yet 
been identified. Although this complex can be considered as the equivalent of RISC from PTGS, 
it is not identical, due to the different functional requirements and distinct protein components. 
Via siRNA sequence complementarity, RITS identifies the target locus and induces chromatin 
compaction through epigenetic modifications, such as histone methylation [55]. By rendering 
it structurally inaccessible to transcriptional machinery, TGS can lock the virus in a latent state.

Like PTGS, TGS is capable of significantly suppressing HIV-1 production and is highly 
sequence specific, with minimal off-target effects and interferon mediated immune responses 
or defence mechanisms, dependent on the specific sequence targeted [56]. A single nucleotide 
mismatch between the siRNA and its target could be sufficient to disrupt silencing. Hence, 
conserved regions of the provirus must be carefully selected and a multiplexed approach 
may be necessary. TGS also offers several advantages over its cytoplasmic counterpart. By 
preventing the provirus from actively transcribing, it can silence HIV-1 prior to the generation 
of escape variants. Additionally, due to the heritable nature of the heterochromatin marks, 
daughter cells exhibit the same suppressive phenotype [57].

Our laboratory has described two siRNA sequences capable of inducing potent TGS in HIV-
infected cells. The first siRNA, termed siPromA, was identified in 2005 and has been extensively 
characterised as inducing highly-sequence specific TGS via epigenetic repressive mechanisms 
[53, 55, 56, 58–60]. The siPromA sequence targets NF-κB tandem repeat motif, which is unique 
to the virus and is not homologous to any host cell NF-κB motifs. This is important as NF-κB 
is an important transcription factor for multiple cell signalling pathways. A second siRNA, 
termed si143, has recently been shown to also induce TGS and targets the COUP-TF and AP-1 
transcription factor sites upstream of the siPromA target sequence [61]. When combined, these 
two siRNAs provide enhanced suppression and enforcement of latency through multiple 
epigenetic modifications. We have shown up to 1000-fold suppression of virus transcription 
following a single transfection of siPromA or si143 for up to 15 days in various HIV-infected 
cell cultures, including HeLa T4+ cells and Hut78 cells. Further, in MOLT-4 cells carrying 
shRNA expressing siPromA, we reported virus transcription was suppressed for over 1 year 
[60]. Specific epigenetic modifications in HIV cultures suppressed by siPromA or si143 have 
been investigated using ChIP assays and included enrichment of histone methylation on the 
N-terminal histone tail (such as HeK27me3, H3K9me2) and decreased acetylation (such as 
H3K9) [61]. We have also demonstrated effective in vivo virus suppression using a humanised 
mouse model of acute HIV in (NOD)/SCID/Janus kinase 3 (NOJ) knockout mice infected with 
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HIV-1JR-FL. In human PBMCs that were stably transduced with shPromA delivered by a len-
tivirus vector and transplanted into the NOJ mice, followed by immune reconstitution, mice 
were protected from HIV-1 challenge, with significantly decreased plasma viral loads and 
normal CD4:CD8 T cell ratios, compared to control group treated with cells transduced with 
an inactive siRNA sequence carrying three mismatches (shPromA-M2) [58]. We anticipate, 
much like combined ART, that a multiplexed approach of combining TGS-inducing siRNAs 
will be necessary to provide sufficient control across a wide range of HIV subtypes and strains.

The Chattopadhyay laboratory has also reported a TGS-inducing siRNA sequence specifically 
targeting the HIV-1 subtype C NF-κB triple repeat motif, termed S4-siRNA. They demon-
strated S4-siRNA induced TGS in a TZM-bl cell line and ex vivo human PBMCs transfected 
with S4-siRNA and infected with various subtype C viruses, as determined by measuring 
viral RNA levels [62]. Further, ChIP assay confirmed the enrichment of epigenetic repressive 
marks using histone methylation markers, H3K27me3 and H3K9me2. This siRNA may have 
potential as an RNA therapeutic, since HIV-1 subtype C is prevalent in approximately half of 
the people living with HIV globally.

3.2.2.2. RNA-aptamer silencing

The Morris laboratory has also described a TGS-inducing siRNA, termed, LTR362, which also 
targets the NF-κB tandem repeat motif [63] and overlaps with 8 bp of the siPromA sequence. 
This RNA therapeutic has recently been further developed with the addition of a delivery 
aptamer designed to the HIV-1 glycoprotein termed gp120 A-1 and multiplexing with PTGS-
inducing siRNAs targeting Tat and Rev. [64], designed by the Rossi laboratory. They showed 
the LTR362 RNA localised to the nucleus of an HIV-infected T lyphoblastoid CEM cell line 
and primary human CD4+ T cells. Virus suppression showed a 10-fold reduction of viral p24 
levels compared to control cultures at 12 days post-infection. This potential dual therapeutic 
was assessed in vivo using an HIV-1 infected humanised NOD/SCID/IL2 rγnull mouse model 
and demonstrated suppressed virus infection and protected CD4+ T cell levels in viremic mice. 
However, the mechanism of virus suppression was determined to be PTGS, due to the lack of 
the CpG methylation, an epigenetic silencing mark, at the 5’LTR. Investigation of histone meth-
ylation may prove some involvement of TGS, however the study currently indicates that while 
cell-type specific aptamer delivery of TGS-inducing siRNA functions in vitro, the in vivo silenc-
ing effect will require significant optimising to achieve robust epigenetic modifications [64].

4. Successful gene therapy treatment of HIV-1: the “Berlin patient”

The first person cured of HIV-1 was Timothy Ray Brown, also known as the ‘Berlin patient’, 
who still today remains to be the only person to be cured of HIV-1. Diagnosed with HIV at the 
age of 29, the patient commenced ART [65], but then presented with acute myeloid leukaemia 
at the age of 40. At that stage the patient’s HIV was controlled with ART and classified as stage 
A2; asymptomatic with a CD4+ T-cell count of 415 cells/μL [66]. ART interruption during the 
first initial treatment showed viral rebound, therefore ART was resumed and no further treat-
ment was required until an acute myeloid leukaemia relapse 7 month after initial treatment 
[66]. The patient then received an allogeneic haematopoietic stem-cell transplantation (HSCT) 
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[65, 66]. HSCT was already shown to be feasible in HIV positive patients, but it was also 
known that HSCT alone was insufficient to eliminate HIV [67]. For many patients finding an 
HLA-matched stem-cell donor is a significant challenge, however a suitable match was identi-
fied for the Berlin patient and subsequent screens for possible donors with the homozygous 
CCR5-delta32 (CCR5Δ32/Δ32) allele were performed [65, 66]. High resistance against HIV 
infection has been reported for individuals who are homozygous for the CCR5-delta32 dele-
tion [68, 69]. HIV requires CD4 and typically either CCR5 (or CXCR4) for cell entry, making it 
a promising candidate for intervention [69]. Unlike CD4 and CXCR4, the absence of CCR5 is 
not obviously deleterious for modified cells [69]. Therefore the approach to use CCR5-delta32 
stem-cells for HSCT of HIV infected patients was pursued, as earlier described by Chow et al., 
in 2001 [70]. Using this treatment approach an HLA-matched stem-cell donor with the homo-
zygous CCR5-delta32 allele was identified [66].

The patient ceased ART medication on the day prior to the HSCT procedure, which was 
successful with complete chimerism achieved and only grade I graft-versus-host disease 
(GvHD) as serious complications [66]. HIV infection was analysed by RNA and DNA-PCR 
and remained undetectable in peripheral blood and bone marrow, as well as in the rectal 
mucosa [66]. Analysis of macrophages in the intestinal mucosa found they were still express-
ing CCR5, indicating that 159 days post-HSCT these long-lasting cells were not yet replaced 
by the new immune system [66]. The CD4+ T-cell count in peripheral blood stayed at a low 
level of less than 300 cells/μL after the first HSCT until leukaemia relapsed on day 332 after 
HSCT [66, 71]. Following a total body irradiation, the patient received a second HSCT from 
the same CCR5Δ32/Δ32 donor [66, 71]. Fortunately, after the second transplantation the HIV 
load remained undetectable for the following years in peripheral blood, bone marrow and 
tissue biopsies, including gut and brain [66, 71]. CCR5-expressing macrophages in the gut 
became undetectable over the years and the peripheral CD4+ T-cell count increased greatly 
within the first 6 month after the second HSCT, to over 400 cells/μL [71]. While the treatment 
was successful in inducing remission from the acute myeloid leukaemia, recovery from the 
second HSCT was slow, with a long period of infections, GvHD reactions in the liver and a 
period of fever, dizziness and delirium [65, 71]. The patient experienced loss of short-term 
memory, was almost paralysed and had to learn to walk again [65, 71].

As a milestone in HIV cure research, there is the question if this is a one-time wonder cure or if 
it is reproducible? In 2014, Hutter et al. assessed six more cases of patients with HIV-1 receiv-
ing an allogenic CCR5Δ32/Δ32 HSCT [72]. Five of those patients died within the first 4 months 
due to relapse, GvHD or infection [72]. The only patient surviving for 12 months experienced 
a rebound of CXCR4-tropic HIV-1 rapidly after the transplantation and died from a relapse of 
cancer [72]. This shows the difficulties of HSCT in HIV infected patients and the importance for 
careful selection of donor to recipient, as well as considering the continuance of ART to prevent 
CXCR4-tropic HIV-1 from rebounding until the new immune system has become more estab-
lished [72]. In light of these attempts to replicate the successful treatment of Timothy Ray Brown, 
it should be noted that he was in fact Δ32 heterozygous prior to his HSCT, which likely provided 
him an advantage in relation to providing protection via Δ32 expression after transplantation.

The mechanisms of Berlin patient HIV cure are currently being investigated and pose an 
interesting question-is it a functional or sterilising cure? To start to answer this question, we 
will likely only be able to use the information currently available, as ongoing updates on 
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HIV-1JR-FL. In human PBMCs that were stably transduced with shPromA delivered by a len-
tivirus vector and transplanted into the NOJ mice, followed by immune reconstitution, mice 
were protected from HIV-1 challenge, with significantly decreased plasma viral loads and 
normal CD4:CD8 T cell ratios, compared to control group treated with cells transduced with 
an inactive siRNA sequence carrying three mismatches (shPromA-M2) [58]. We anticipate, 
much like combined ART, that a multiplexed approach of combining TGS-inducing siRNAs 
will be necessary to provide sufficient control across a wide range of HIV subtypes and strains.

The Chattopadhyay laboratory has also reported a TGS-inducing siRNA sequence specifically 
targeting the HIV-1 subtype C NF-κB triple repeat motif, termed S4-siRNA. They demon-
strated S4-siRNA induced TGS in a TZM-bl cell line and ex vivo human PBMCs transfected 
with S4-siRNA and infected with various subtype C viruses, as determined by measuring 
viral RNA levels [62]. Further, ChIP assay confirmed the enrichment of epigenetic repressive 
marks using histone methylation markers, H3K27me3 and H3K9me2. This siRNA may have 
potential as an RNA therapeutic, since HIV-1 subtype C is prevalent in approximately half of 
the people living with HIV globally.

3.2.2.2. RNA-aptamer silencing

The Morris laboratory has also described a TGS-inducing siRNA, termed, LTR362, which also 
targets the NF-κB tandem repeat motif [63] and overlaps with 8 bp of the siPromA sequence. 
This RNA therapeutic has recently been further developed with the addition of a delivery 
aptamer designed to the HIV-1 glycoprotein termed gp120 A-1 and multiplexing with PTGS-
inducing siRNAs targeting Tat and Rev. [64], designed by the Rossi laboratory. They showed 
the LTR362 RNA localised to the nucleus of an HIV-infected T lyphoblastoid CEM cell line 
and primary human CD4+ T cells. Virus suppression showed a 10-fold reduction of viral p24 
levels compared to control cultures at 12 days post-infection. This potential dual therapeutic 
was assessed in vivo using an HIV-1 infected humanised NOD/SCID/IL2 rγnull mouse model 
and demonstrated suppressed virus infection and protected CD4+ T cell levels in viremic mice. 
However, the mechanism of virus suppression was determined to be PTGS, due to the lack of 
the CpG methylation, an epigenetic silencing mark, at the 5’LTR. Investigation of histone meth-
ylation may prove some involvement of TGS, however the study currently indicates that while 
cell-type specific aptamer delivery of TGS-inducing siRNA functions in vitro, the in vivo silenc-
ing effect will require significant optimising to achieve robust epigenetic modifications [64].

4. Successful gene therapy treatment of HIV-1: the “Berlin patient”

The first person cured of HIV-1 was Timothy Ray Brown, also known as the ‘Berlin patient’, 
who still today remains to be the only person to be cured of HIV-1. Diagnosed with HIV at the 
age of 29, the patient commenced ART [65], but then presented with acute myeloid leukaemia 
at the age of 40. At that stage the patient’s HIV was controlled with ART and classified as stage 
A2; asymptomatic with a CD4+ T-cell count of 415 cells/μL [66]. ART interruption during the 
first initial treatment showed viral rebound, therefore ART was resumed and no further treat-
ment was required until an acute myeloid leukaemia relapse 7 month after initial treatment 
[66]. The patient then received an allogeneic haematopoietic stem-cell transplantation (HSCT) 
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[65, 66]. HSCT was already shown to be feasible in HIV positive patients, but it was also 
known that HSCT alone was insufficient to eliminate HIV [67]. For many patients finding an 
HLA-matched stem-cell donor is a significant challenge, however a suitable match was identi-
fied for the Berlin patient and subsequent screens for possible donors with the homozygous 
CCR5-delta32 (CCR5Δ32/Δ32) allele were performed [65, 66]. High resistance against HIV 
infection has been reported for individuals who are homozygous for the CCR5-delta32 dele-
tion [68, 69]. HIV requires CD4 and typically either CCR5 (or CXCR4) for cell entry, making it 
a promising candidate for intervention [69]. Unlike CD4 and CXCR4, the absence of CCR5 is 
not obviously deleterious for modified cells [69]. Therefore the approach to use CCR5-delta32 
stem-cells for HSCT of HIV infected patients was pursued, as earlier described by Chow et al., 
in 2001 [70]. Using this treatment approach an HLA-matched stem-cell donor with the homo-
zygous CCR5-delta32 allele was identified [66].

The patient ceased ART medication on the day prior to the HSCT procedure, which was 
successful with complete chimerism achieved and only grade I graft-versus-host disease 
(GvHD) as serious complications [66]. HIV infection was analysed by RNA and DNA-PCR 
and remained undetectable in peripheral blood and bone marrow, as well as in the rectal 
mucosa [66]. Analysis of macrophages in the intestinal mucosa found they were still express-
ing CCR5, indicating that 159 days post-HSCT these long-lasting cells were not yet replaced 
by the new immune system [66]. The CD4+ T-cell count in peripheral blood stayed at a low 
level of less than 300 cells/μL after the first HSCT until leukaemia relapsed on day 332 after 
HSCT [66, 71]. Following a total body irradiation, the patient received a second HSCT from 
the same CCR5Δ32/Δ32 donor [66, 71]. Fortunately, after the second transplantation the HIV 
load remained undetectable for the following years in peripheral blood, bone marrow and 
tissue biopsies, including gut and brain [66, 71]. CCR5-expressing macrophages in the gut 
became undetectable over the years and the peripheral CD4+ T-cell count increased greatly 
within the first 6 month after the second HSCT, to over 400 cells/μL [71]. While the treatment 
was successful in inducing remission from the acute myeloid leukaemia, recovery from the 
second HSCT was slow, with a long period of infections, GvHD reactions in the liver and a 
period of fever, dizziness and delirium [65, 71]. The patient experienced loss of short-term 
memory, was almost paralysed and had to learn to walk again [65, 71].

As a milestone in HIV cure research, there is the question if this is a one-time wonder cure or if 
it is reproducible? In 2014, Hutter et al. assessed six more cases of patients with HIV-1 receiv-
ing an allogenic CCR5Δ32/Δ32 HSCT [72]. Five of those patients died within the first 4 months 
due to relapse, GvHD or infection [72]. The only patient surviving for 12 months experienced 
a rebound of CXCR4-tropic HIV-1 rapidly after the transplantation and died from a relapse of 
cancer [72]. This shows the difficulties of HSCT in HIV infected patients and the importance for 
careful selection of donor to recipient, as well as considering the continuance of ART to prevent 
CXCR4-tropic HIV-1 from rebounding until the new immune system has become more estab-
lished [72]. In light of these attempts to replicate the successful treatment of Timothy Ray Brown, 
it should be noted that he was in fact Δ32 heterozygous prior to his HSCT, which likely provided 
him an advantage in relation to providing protection via Δ32 expression after transplantation.

The mechanisms of Berlin patient HIV cure are currently being investigated and pose an 
interesting question-is it a functional or sterilising cure? To start to answer this question, we 
will likely only be able to use the information currently available, as ongoing updates on 
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this case may be limited due to the patient recently commencing pre-exposure prophylaxis 
(PrEP) in order to prevent contracting HIV a second time. Firstly, the patient had ceased tak-
ing ART for >4 years without experiencing viral rebound, secondly, the viral DNA level was 
below detection limit in the periphery and in tissue biopsies, and thirdly, the patient showed 
a decrease in anti-HIV antibodies, all indicating a lack of virus replication, which makes it 
possible to conclude that the patient is functionally cured of HIV [66, 71]. The principle of a 
sterilising cure is the complete eradication of a pathogen out of the human body. This would 
therefore mean that every single cell previously infected and therefore carrying the HIV-1 
genome would need to be replaced by new donor-derived cells to completely eradicate HIV 
from the body. All tests for proviral DNA until now, showed no detectable HIV-DNA and 
Timothy Ray Brown remained without viral rebound for 4 years, indicating the possibility 
that even the long-lasting memory immune cells were replaced by cells derived from the 
donor. This could lead to the interpretation that it was in fact a sterilising cure. That being said 
it is important to take into account the current limits of detection and the fact every single cell 
in his body cannot be analysed. Further similar results were found in two other patients who 
did eventually rebound. Therefore, one cannot be definitive in whether the cure is functional 
or completely sterilising. Regardless of whether the final conclusion is potentially a sterilising 
cure, it was derived from a functional cure approach.

5. Genome editing

The ability to engineer specific changes in the genome of an organism has developed rapidly 
over the last 10 years. The technology of gene editing relies on nucleases, scissor-like enzymes, 
with the ability to cut genomic DNA in a highly specific manner. This process results in addi-
tions, deletions or alterations at the targeted site of the genome. There are two pathways that 
can achieve double stranded breaks (DSB) in DNA; (i) nonhomologous end joining (NHEJ) 
repair pathway, where deletions or insertions in the target gene result in gene disruption e.g. 
CCR5, or (ii) the homologous recombination or homology-directed repair (HDR) pathway, 
in which DNA sequences are introduced into the genome using a homologous DNA tem-
plate. The HDR pathway is more precise, with limited off-target genome effects, due to more 
control over the integration site, copy number and expression of the DNA sequence [73]. 
Some examples of gene editing technologies include zinc finger nuclease (ZFN), transcription 
activator-like nucleases (TALENS), clustered regularly interspaced short palindromic repeats 
and CRISPR-associated protein 9 (CRISPR/Cas9). Examples of specific gene editing technolo-
gies that have been explored in the context of HIV treatment are described below.

5.1. Zinc finger nucleases (ZFN)

ZFNs are a combination of zinc-finger proteins, which have DNA recognition specific-
ity, and the nuclease activity of the cleavage domain of restriction enzyme, FokI. The most 
advanced ZFN pair targets the CCR5 host gene and HIV-1 co-receptor [74]. Preclinical studies 
in a mouse model, where mice received CD3/CD28-activated primary CD4+ T cells treated 
with the ZFN delivered in a chimeric adenoviral vector, Ad5/F35, showed anti-HIV efficacy, 
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with disruption of 40–60% of all CCR5 alleles and 33% disruption of both CCR5 alleles [74]. 
Following the successful pre-clinical data, the ZFN progressed to phase I clinical studies and 
the first-in-human gene editing HIV treatment trial (#NCT00842634) commenced in 2009.

The primary outcome of this study investigated the safety of ZFN modification of autologous 
CD4+ T cells being delivered to HIV positive individuals [75]. A secondary outcome measured 
immune reconstitution and HIV resistance. Twelve ART-treated patients with undetectable viral 
loads were enrolled in two cohorts dependent on CD4+ T cell count; cohort 1 included patients 
with CD4+ T cell count >450/mm3, the median being 662/mm3, and cohort 2 was patients with 
lower CD4+ T cells counts between 200 and 500/mm3, the median being 272/mm3 [75]. Patients 
received one infusion containing 5x107 autologous CD4+ T cells that were ZFN-modified. The 
infusion of ZFN-treated cells was deemed safe, with one serious adverse event reported that 
was infusion-related. All patients demonstrated engraftment, with the ZFN-modified cells 
being present for up to ≥42 months following infusion and showed expected characteristics. 
At 4 weeks post-infusion, cohort 1 ceased taking ART in a 12 week analytical treatment inter-
ruption (ATI), resulting in four out of six patients with detectable viral loads at 2–4 weeks 
post-ART cessation [75]. One of the six patients experienced a delayed increase in viral load 
at week 6, but was still below the viral set point [75]. This patient was later determined to be 
heterozygous for CCR5Δ32, suggesting that this genotype enhanced the ZFN treatment effect.

The successful modification of CD34+ HPSCs was also shown using the same ZFN pair [76]. 
This has been further optimised to achieve HDR-induced gene modifications using an adeno-
associated virus vector (AAV) serotype 6 and electroporation to deliver nuclease mRNA 
to both primary CD4+ T cells and HPSCs [77], achieving between 8 and 60% and 15–40% 
CCR5 editing, respectively. Currently, there is no in vivo method that can effectively deliver 
nucleases to cells infected with HIV, and this will require further characterisation of the HIV 
sanctuary sites and identification of latent cell markers to allow specific targeting of cells that 
comprise the virus reservoir.

The generation of off-target genome modification is also a concern for the clinical application 
of ZFNs. This is exemplified by the off-target effect reported for the highly related CCR2 gene 
which was disrupted in 5.39% of ZFN-modified CD4+ T cells that were targeting CCR5 and 
decreased CCR5 expression by 36% [74]. Optimisation of the CCR5 ZFN would be required if 
this off-target effect was determined to be deleterious.

5.2. CRISPR/Cas9

The development of therapeutics using CRISPR/Cas9 technology has rapidly intensified 
over the last decade. The system is based on a short guide RNA (gRNA) that targets a spe-
cific DNA sequence and the Cas9 endonuclease, which then cleaves the double stranded 
DNA. Mutations, either deletions or insertions, are introduced into the target sequence fol-
lowing DNA repair by the NHEJ repair pathway. Similar to ART, HIV has been shown to 
develop virus escape mutations when only a single gRNA is utilised and requires multiple 
gRNAs to prevent the emergences of virus resistance [78, 79]. Multiple studies have reported 
HIV-1 inactivation using this gene editing platform with dual gRNAs, via mutation at either 
target sites or complete excision of the virus sequence between the two target sites [80–83]. 
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this case may be limited due to the patient recently commencing pre-exposure prophylaxis 
(PrEP) in order to prevent contracting HIV a second time. Firstly, the patient had ceased tak-
ing ART for >4 years without experiencing viral rebound, secondly, the viral DNA level was 
below detection limit in the periphery and in tissue biopsies, and thirdly, the patient showed 
a decrease in anti-HIV antibodies, all indicating a lack of virus replication, which makes it 
possible to conclude that the patient is functionally cured of HIV [66, 71]. The principle of a 
sterilising cure is the complete eradication of a pathogen out of the human body. This would 
therefore mean that every single cell previously infected and therefore carrying the HIV-1 
genome would need to be replaced by new donor-derived cells to completely eradicate HIV 
from the body. All tests for proviral DNA until now, showed no detectable HIV-DNA and 
Timothy Ray Brown remained without viral rebound for 4 years, indicating the possibility 
that even the long-lasting memory immune cells were replaced by cells derived from the 
donor. This could lead to the interpretation that it was in fact a sterilising cure. That being said 
it is important to take into account the current limits of detection and the fact every single cell 
in his body cannot be analysed. Further similar results were found in two other patients who 
did eventually rebound. Therefore, one cannot be definitive in whether the cure is functional 
or completely sterilising. Regardless of whether the final conclusion is potentially a sterilising 
cure, it was derived from a functional cure approach.

5. Genome editing

The ability to engineer specific changes in the genome of an organism has developed rapidly 
over the last 10 years. The technology of gene editing relies on nucleases, scissor-like enzymes, 
with the ability to cut genomic DNA in a highly specific manner. This process results in addi-
tions, deletions or alterations at the targeted site of the genome. There are two pathways that 
can achieve double stranded breaks (DSB) in DNA; (i) nonhomologous end joining (NHEJ) 
repair pathway, where deletions or insertions in the target gene result in gene disruption e.g. 
CCR5, or (ii) the homologous recombination or homology-directed repair (HDR) pathway, 
in which DNA sequences are introduced into the genome using a homologous DNA tem-
plate. The HDR pathway is more precise, with limited off-target genome effects, due to more 
control over the integration site, copy number and expression of the DNA sequence [73]. 
Some examples of gene editing technologies include zinc finger nuclease (ZFN), transcription 
activator-like nucleases (TALENS), clustered regularly interspaced short palindromic repeats 
and CRISPR-associated protein 9 (CRISPR/Cas9). Examples of specific gene editing technolo-
gies that have been explored in the context of HIV treatment are described below.

5.1. Zinc finger nucleases (ZFN)

ZFNs are a combination of zinc-finger proteins, which have DNA recognition specific-
ity, and the nuclease activity of the cleavage domain of restriction enzyme, FokI. The most 
advanced ZFN pair targets the CCR5 host gene and HIV-1 co-receptor [74]. Preclinical studies 
in a mouse model, where mice received CD3/CD28-activated primary CD4+ T cells treated 
with the ZFN delivered in a chimeric adenoviral vector, Ad5/F35, showed anti-HIV efficacy, 
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with disruption of 40–60% of all CCR5 alleles and 33% disruption of both CCR5 alleles [74]. 
Following the successful pre-clinical data, the ZFN progressed to phase I clinical studies and 
the first-in-human gene editing HIV treatment trial (#NCT00842634) commenced in 2009.

The primary outcome of this study investigated the safety of ZFN modification of autologous 
CD4+ T cells being delivered to HIV positive individuals [75]. A secondary outcome measured 
immune reconstitution and HIV resistance. Twelve ART-treated patients with undetectable viral 
loads were enrolled in two cohorts dependent on CD4+ T cell count; cohort 1 included patients 
with CD4+ T cell count >450/mm3, the median being 662/mm3, and cohort 2 was patients with 
lower CD4+ T cells counts between 200 and 500/mm3, the median being 272/mm3 [75]. Patients 
received one infusion containing 5x107 autologous CD4+ T cells that were ZFN-modified. The 
infusion of ZFN-treated cells was deemed safe, with one serious adverse event reported that 
was infusion-related. All patients demonstrated engraftment, with the ZFN-modified cells 
being present for up to ≥42 months following infusion and showed expected characteristics. 
At 4 weeks post-infusion, cohort 1 ceased taking ART in a 12 week analytical treatment inter-
ruption (ATI), resulting in four out of six patients with detectable viral loads at 2–4 weeks 
post-ART cessation [75]. One of the six patients experienced a delayed increase in viral load 
at week 6, but was still below the viral set point [75]. This patient was later determined to be 
heterozygous for CCR5Δ32, suggesting that this genotype enhanced the ZFN treatment effect.

The successful modification of CD34+ HPSCs was also shown using the same ZFN pair [76]. 
This has been further optimised to achieve HDR-induced gene modifications using an adeno-
associated virus vector (AAV) serotype 6 and electroporation to deliver nuclease mRNA 
to both primary CD4+ T cells and HPSCs [77], achieving between 8 and 60% and 15–40% 
CCR5 editing, respectively. Currently, there is no in vivo method that can effectively deliver 
nucleases to cells infected with HIV, and this will require further characterisation of the HIV 
sanctuary sites and identification of latent cell markers to allow specific targeting of cells that 
comprise the virus reservoir.

The generation of off-target genome modification is also a concern for the clinical application 
of ZFNs. This is exemplified by the off-target effect reported for the highly related CCR2 gene 
which was disrupted in 5.39% of ZFN-modified CD4+ T cells that were targeting CCR5 and 
decreased CCR5 expression by 36% [74]. Optimisation of the CCR5 ZFN would be required if 
this off-target effect was determined to be deleterious.

5.2. CRISPR/Cas9

The development of therapeutics using CRISPR/Cas9 technology has rapidly intensified 
over the last decade. The system is based on a short guide RNA (gRNA) that targets a spe-
cific DNA sequence and the Cas9 endonuclease, which then cleaves the double stranded 
DNA. Mutations, either deletions or insertions, are introduced into the target sequence fol-
lowing DNA repair by the NHEJ repair pathway. Similar to ART, HIV has been shown to 
develop virus escape mutations when only a single gRNA is utilised and requires multiple 
gRNAs to prevent the emergences of virus resistance [78, 79]. Multiple studies have reported 
HIV-1 inactivation using this gene editing platform with dual gRNAs, via mutation at either 
target sites or complete excision of the virus sequence between the two target sites [80–83]. 
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Although CRISPR technology has proven successful in inactivating HIV-1, like the ZFN sys-
tem, successful delivery to all cells of the latent reservoir will be challenging without a known 
latency marker.

The CRISPR/Cas9 platform has recently been adapted to activate HIV transcription, akin to 
the “shock and kill” approach. This involves a mutation in the Cas9 catalytic domain which 
results in deactivated Cas9 (dCas9). The dCas9 can then be coupled to a strong transcription 
activation domain (AD) and targeted to the HIV-1 LTR can induce transcriptional activa-
tion via recruitment of transcription and chromatin modifying factors. One example of the 
dCas9-AD system is dCas9-VP64, which contains multiple copies of the herpes simplex virus 
(HSV) VP16-drived minimal AD and has been shown to activate HIV-1 promoter-driven 
gene expression. Interestingly, the most promising gRNA target in the HIV-1 5’LTR is single 
guide (sg)362F [84] and similar to the siPromA sequence described in the “block and lock” 
approach, targets the NF-κB binding motif.

6. Delivery

6.1. Ex vivo delivery by lentiviral vectors

Delivery of gene therapy to a specific target cell is another current challenge for an HIV cure. 
Viral vectors have become a regular method by which to deliver therapeutic genes and con-
structs [85]. There are multiple viable types of viral vectors that have been proven to be safe, 
relatively easy to construct and modify, and in the case of lentiviral vectors, these have the 
potential to transduce cells in a non-proliferative state [86]. Although the latter feature does 
not extend to non-proliferative leukocytes, due the presence of lentiviral restriction factors at 
and below the membrane.

One significant obstacle to the effective delivery of sufficient quantities viral vector is the abil-
ity to transduce sufficient quantities of target cells. To overcome this, apheresis is performed in 
order to concentrate the desired cells. Currently, gene therapy protocols for HIV first require 
the isolation of the desired cells to be modified, typically following apheresis [85]. Apheresis 
is the process of removing mononuclear cells from blood and returning neutrophils, plate-
lets, plasma and red blood cells to the donor. This process is performed in order to collect 
more of the desired cells of the blood than could be separated from a unit of whole blood of 
~550 mL. While CD4+ T cells are the main target for HIV infection, other cells such as dendritic 
cells, macrophages, monocytes and to a lesser extent, haematopoietic stem cells (HSC) have 
been found to be susceptible to HIV infection [87–89]. It is known that if HSC are transduced, or 
modified in any way, then a wide range of subsequent immune cells including macrophages, 
dendritic cells, CD4+ T cells and NK cells will carry that modification [90]. While transduction 
of CD4+ T cells will result in only CD4+ T cells being modified, the approach of transducing 
HSC provides protection from HIV to a broader range of cell-types, making it a highly desir-
able target for treatment/modification. Once a large volume of cells has been collected over 
several hours, they can then be transduced with the desired viral vector and reintroduced to 
the individual where the cells will migrate back to peripheral blood, lymph nodes, and bone 
marrow. This delivery method has been used in dozens of clinical trials and has become a 
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widely accepted method for delivering viral vectors to large numbers of cells, in particular to 
HSC in the bone marrow [85]. The ex vivo gene therapy process is depicted in Figure 4.

As HSC predominantly reside in the bone marrow, in order to increase the quantity of HSC 
in peripheral blood, it is common to use granulocyte colony stimulating factor (G-CSF) as a 
mobilising agent to encourage recirculation of HSC. This causes cells to migrate from the bone 
marrow and lymph tissue into the peripheral blood. The use of G-CSF or other stimulating 
factors is essential when HSC are to be transduced with the therapeutic gene/vector, with 
various trials showing that HSC cell counts in peripheral blood increase 20–50-fold over the 
course of G-CSF administration [91–93]. To aid with re-engraftment of HSC back into the 
bone marrow after transduction, a technique known as myeloablation has been utilised in 
some clinical trials prior to the reintroduction of HSC via infusion, in order to provide an 
immunological niche and improve engraftment of the gene-containing cells [94]. This pro-
cedure involves the eradication of resident HSC, thereby reducing the population of non-
transduced cells, and creating more space for the transduced cell population to reconstitute 
the bone marrow. A delay of the presence of newly ‘protected CD4+ T cell’ population would 

Figure 4. Gene therapy delivery strategies; ex vivo lentivirus transduction of isolated patient haematoepoetic stem cells 
(HSC) and/or CD4+ T cells to deliver the gene modification versus systemic, in vivo delivery of the gene therapy directly 
to the patient, which requires a cell specific moiety to ensure targeted cell delivery.
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Although CRISPR technology has proven successful in inactivating HIV-1, like the ZFN sys-
tem, successful delivery to all cells of the latent reservoir will be challenging without a known 
latency marker.

The CRISPR/Cas9 platform has recently been adapted to activate HIV transcription, akin to 
the “shock and kill” approach. This involves a mutation in the Cas9 catalytic domain which 
results in deactivated Cas9 (dCas9). The dCas9 can then be coupled to a strong transcription 
activation domain (AD) and targeted to the HIV-1 LTR can induce transcriptional activa-
tion via recruitment of transcription and chromatin modifying factors. One example of the 
dCas9-AD system is dCas9-VP64, which contains multiple copies of the herpes simplex virus 
(HSV) VP16-drived minimal AD and has been shown to activate HIV-1 promoter-driven 
gene expression. Interestingly, the most promising gRNA target in the HIV-1 5’LTR is single 
guide (sg)362F [84] and similar to the siPromA sequence described in the “block and lock” 
approach, targets the NF-κB binding motif.

6. Delivery

6.1. Ex vivo delivery by lentiviral vectors

Delivery of gene therapy to a specific target cell is another current challenge for an HIV cure. 
Viral vectors have become a regular method by which to deliver therapeutic genes and con-
structs [85]. There are multiple viable types of viral vectors that have been proven to be safe, 
relatively easy to construct and modify, and in the case of lentiviral vectors, these have the 
potential to transduce cells in a non-proliferative state [86]. Although the latter feature does 
not extend to non-proliferative leukocytes, due the presence of lentiviral restriction factors at 
and below the membrane.

One significant obstacle to the effective delivery of sufficient quantities viral vector is the abil-
ity to transduce sufficient quantities of target cells. To overcome this, apheresis is performed in 
order to concentrate the desired cells. Currently, gene therapy protocols for HIV first require 
the isolation of the desired cells to be modified, typically following apheresis [85]. Apheresis 
is the process of removing mononuclear cells from blood and returning neutrophils, plate-
lets, plasma and red blood cells to the donor. This process is performed in order to collect 
more of the desired cells of the blood than could be separated from a unit of whole blood of 
~550 mL. While CD4+ T cells are the main target for HIV infection, other cells such as dendritic 
cells, macrophages, monocytes and to a lesser extent, haematopoietic stem cells (HSC) have 
been found to be susceptible to HIV infection [87–89]. It is known that if HSC are transduced, or 
modified in any way, then a wide range of subsequent immune cells including macrophages, 
dendritic cells, CD4+ T cells and NK cells will carry that modification [90]. While transduction 
of CD4+ T cells will result in only CD4+ T cells being modified, the approach of transducing 
HSC provides protection from HIV to a broader range of cell-types, making it a highly desir-
able target for treatment/modification. Once a large volume of cells has been collected over 
several hours, they can then be transduced with the desired viral vector and reintroduced to 
the individual where the cells will migrate back to peripheral blood, lymph nodes, and bone 
marrow. This delivery method has been used in dozens of clinical trials and has become a 
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widely accepted method for delivering viral vectors to large numbers of cells, in particular to 
HSC in the bone marrow [85]. The ex vivo gene therapy process is depicted in Figure 4.

As HSC predominantly reside in the bone marrow, in order to increase the quantity of HSC 
in peripheral blood, it is common to use granulocyte colony stimulating factor (G-CSF) as a 
mobilising agent to encourage recirculation of HSC. This causes cells to migrate from the bone 
marrow and lymph tissue into the peripheral blood. The use of G-CSF or other stimulating 
factors is essential when HSC are to be transduced with the therapeutic gene/vector, with 
various trials showing that HSC cell counts in peripheral blood increase 20–50-fold over the 
course of G-CSF administration [91–93]. To aid with re-engraftment of HSC back into the 
bone marrow after transduction, a technique known as myeloablation has been utilised in 
some clinical trials prior to the reintroduction of HSC via infusion, in order to provide an 
immunological niche and improve engraftment of the gene-containing cells [94]. This pro-
cedure involves the eradication of resident HSC, thereby reducing the population of non-
transduced cells, and creating more space for the transduced cell population to reconstitute 
the bone marrow. A delay of the presence of newly ‘protected CD4+ T cell’ population would 

Figure 4. Gene therapy delivery strategies; ex vivo lentivirus transduction of isolated patient haematoepoetic stem cells 
(HSC) and/or CD4+ T cells to deliver the gene modification versus systemic, in vivo delivery of the gene therapy directly 
to the patient, which requires a cell specific moiety to ensure targeted cell delivery.
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be expected due to the required production of cells, thus delaying the effect of the therapeutic 
gene(s). Production of new CD4+ T lymphocytes from the thymus has been predicted to be at 
a rate of approximately 1.65 cells/μL of blood/day due to thymic function [95]. The resulting 
in the production of a stable population of protected cells would be expected to gradually 
create a positive impact on CD4+ T cell number and help suppress viral load.

While the modification of HSC has the benefit of long-lasting and broad-spectrum protection 
via the differentiation of stem cells, this approach still lacks the immediate benefit of targeting 
the existing CD4+ T cells population. The use of CD4+ T cells as a target for HIV gene therapy 
has been explored and assessed in several studies. Isolation and modification of CD4+ T cells 
is relatively simple, as they largely populate and consistently traffic through peripheral blood. 
Accordingly, no stimulatory factors (such as G-CSF) are required to mobilise them prior to col-
lection. This method has the benefits of providing an immediate benefit via the reintroduction of 
a protected population of the primary target cells for HIV infection [96]. This has been performed 
and shown to be both safe in treatment, and effective in delivery of the therapeutic gene [96, 97].

Lentiviral vectors are being increasingly used in clinical trials to treat a variety of diseases 
ranging from cancers, to genetic diseases such as haemophilia and sickle cell anaemia, as well 
as several trials treating HIV. The largest such trial in HIV gene therapy demonstrating the 
safety of lentiviral vectors was the Phase II trial whereby a Tat/Vpr specific anti-HIV ribozyme 
(OZ1) or placebo was delivered in autologous CD34+ haematopoietic progenitor cells. The 
trial involved 74 patients where there were no adverse events related to the vectors or infusion 
process [98].

As outlined above, present gene therapy efforts to target HIV are primarily defensive in 
approach, as they encode future HIV resistance and may not influence the HIV reservoir 
in the short-term. Given the success of CAR T cell therapy in various cancer trials, many 
investigators are now multiplexing HIV resistance alongside a CAR construct that can target 
HIV. As cellular markers for the HIV reservoir are often shared in various leukocyte niches, 
the equivalent to the anti-CD19 approach used in B cell leukaemia has yet to be determined. 
Rather, investigators have now turned to potent broadly neutralising antibodies, which have 
been screened and cloned from various HIV positive patients and target HIV envelope. In this 
setting, several pre-clinical studies are underway in non-human primates in the laboratories 
of Kiem and Jerome, where resistance afforded by C46 and shRNA is complexed with one 
of several CAR modules that incorporates the single variable change of well characterised 
broadly neutralising antibodies [99].

In contrast, work led by the Berger laboratory has taken a similar but different approach 
to CAR T cell development. Rather than incorporating a neutralising antibody, they have 
complexed the first Ig-Like domains of CD4 with the serum mannose binding lectin [100]. 
This approach enables global recognition of HIV envelope, as it engages the CD4 binding 
site and also the abundant glycosylation sites that decorate the antigenic silent face of HIV 
Env. In the CAR T cell context, CD8+ T cells are generated alongside HIV resistant CD4+ T 
cells to mediate attack on the HIV reservoir. The only problem with the latter approach is that 
the major HIV reservoir in vivo resides in the germinal centers of secondary lymphoid tissue 
and actively excludes CD8+ T cells, given they lack the germinal homing receptor CXCR5. 
Therefore, whilst CD4+ T cells may transverse the germinal center, CD8+ T cells will not. 
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To overcome this lack of secondary lymphoid targeting of CAR CD8+ T cells, the Skinner 
laboratory has recently developed a hybrid CAR construct that encompasses not only HIV 
targeting, but also the CXCR5 receptor [101]. In theory, this enables CD8+ T cells not only to 
target the HIV reservoir, but also transverse the site where the reservoir is located.

6.1.1. Cal-1 lentiviral vector

One vector of note that has been extensively studied is the Cal-1 vector, which uses both 
the maC46 fusion inhibitor and shRNA-CCR5. This construct has been extensively studied, 
consistently showing therapeutic benefits in vitro. Additionally, this construct has also shown 
its enhanced efficacy when compared against individual genes, as the effect is induced by the 
use of two therapeutic targets [102]. This has not only led to stronger protection from HIV 
infection, but also is likely to result in reduced risk of mutation resistance [102]. This has been 
examined in mouse studies and non-human primates, where it has shown safety, high levels 
of engraftment (including in CD34+ cells), and a selective growth advantage [102–105].

The Cal-1 therapeutic construct is currently undergoing Phase I/II clinical trials [106]. The 
study involves 12 HIV positive patients, which have undergone transduction of both HSC 
and CD4+ T cells with a lentiviral vector carrying both the shRNA-CCR5 and C46 fusion 
inhibitor. The patients were divided into 3 equal groups, group 1 received no busulfan pre-
conditioning, group 2 received 4 mg/kg busulfan, and group 3 received 2 doses to a total of 
6 mg/kg busulfan conditioning. This study is currently ongoing but will provide important 
data on the optimised conditioning treatment to guide future treatment studies.

6.1.2. Limitations of lentiviral vector delivery

Whilst we now have therapeutic approaches that can focus our efforts on a HIV cure, delivery 
of these components still presents a barrier. Lentiviral vectors have proven to be extremely 
useful in providing delivery of therapeutic genes, although there are still limitations. As men-
tioned, cells can only be modified ex vivo, thus requiring apheresis. Additionally, in the case of 
HIV, as ART will prevent uptake of the lentiviral vector, patients must first stop ART, thus rais-
ing various health concerns and ethical obstacles. Furthermore, current approved lentiviral 
platforms can only transduce T cells that are activated, as this over comes lentiviral restrictions 
at the membrane and underneath the membrane. The sum of these problems significantly 
increases the cost of the clinical approach. In the setting of CAR-T cells the estimates for treat-
ment of refractory B cell leukaemia is approximately $US400,000. Given this substantial cost, 
the accessibility of this type of therapeutic intervention is low. Thus, efforts are underway that 
will improve the process of this gene delivery pipeline. For instance, lentiviral vectors could 
be developed to target fresh leukocyte populations ex vivo, obviating the need for large scale 
apheresis. Additionally, lentiviral vectors could be modified to target leukocyte subsets, so the 
cells with the greatest stem-like attributes are re-infused and not diluted with cells that may 
not proceed down the differentiation pathway. This could potentially include a sub-popula-
tion of resting T cells (e.g. Stem T cells) being isolated, genetically modified and re-infused in a 
manner that may not require apheresis. However, whether re-infusion of a smaller population 
of stem T cell would result in the same outcome that maybe achieved with a large population 
of bulk T cells obtained by leukopheresis needs to be thoroughly investigated.
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be expected due to the required production of cells, thus delaying the effect of the therapeutic 
gene(s). Production of new CD4+ T lymphocytes from the thymus has been predicted to be at 
a rate of approximately 1.65 cells/μL of blood/day due to thymic function [95]. The resulting 
in the production of a stable population of protected cells would be expected to gradually 
create a positive impact on CD4+ T cell number and help suppress viral load.

While the modification of HSC has the benefit of long-lasting and broad-spectrum protection 
via the differentiation of stem cells, this approach still lacks the immediate benefit of targeting 
the existing CD4+ T cells population. The use of CD4+ T cells as a target for HIV gene therapy 
has been explored and assessed in several studies. Isolation and modification of CD4+ T cells 
is relatively simple, as they largely populate and consistently traffic through peripheral blood. 
Accordingly, no stimulatory factors (such as G-CSF) are required to mobilise them prior to col-
lection. This method has the benefits of providing an immediate benefit via the reintroduction of 
a protected population of the primary target cells for HIV infection [96]. This has been performed 
and shown to be both safe in treatment, and effective in delivery of the therapeutic gene [96, 97].

Lentiviral vectors are being increasingly used in clinical trials to treat a variety of diseases 
ranging from cancers, to genetic diseases such as haemophilia and sickle cell anaemia, as well 
as several trials treating HIV. The largest such trial in HIV gene therapy demonstrating the 
safety of lentiviral vectors was the Phase II trial whereby a Tat/Vpr specific anti-HIV ribozyme 
(OZ1) or placebo was delivered in autologous CD34+ haematopoietic progenitor cells. The 
trial involved 74 patients where there were no adverse events related to the vectors or infusion 
process [98].

As outlined above, present gene therapy efforts to target HIV are primarily defensive in 
approach, as they encode future HIV resistance and may not influence the HIV reservoir 
in the short-term. Given the success of CAR T cell therapy in various cancer trials, many 
investigators are now multiplexing HIV resistance alongside a CAR construct that can target 
HIV. As cellular markers for the HIV reservoir are often shared in various leukocyte niches, 
the equivalent to the anti-CD19 approach used in B cell leukaemia has yet to be determined. 
Rather, investigators have now turned to potent broadly neutralising antibodies, which have 
been screened and cloned from various HIV positive patients and target HIV envelope. In this 
setting, several pre-clinical studies are underway in non-human primates in the laboratories 
of Kiem and Jerome, where resistance afforded by C46 and shRNA is complexed with one 
of several CAR modules that incorporates the single variable change of well characterised 
broadly neutralising antibodies [99].

In contrast, work led by the Berger laboratory has taken a similar but different approach 
to CAR T cell development. Rather than incorporating a neutralising antibody, they have 
complexed the first Ig-Like domains of CD4 with the serum mannose binding lectin [100]. 
This approach enables global recognition of HIV envelope, as it engages the CD4 binding 
site and also the abundant glycosylation sites that decorate the antigenic silent face of HIV 
Env. In the CAR T cell context, CD8+ T cells are generated alongside HIV resistant CD4+ T 
cells to mediate attack on the HIV reservoir. The only problem with the latter approach is that 
the major HIV reservoir in vivo resides in the germinal centers of secondary lymphoid tissue 
and actively excludes CD8+ T cells, given they lack the germinal homing receptor CXCR5. 
Therefore, whilst CD4+ T cells may transverse the germinal center, CD8+ T cells will not. 
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To overcome this lack of secondary lymphoid targeting of CAR CD8+ T cells, the Skinner 
laboratory has recently developed a hybrid CAR construct that encompasses not only HIV 
targeting, but also the CXCR5 receptor [101]. In theory, this enables CD8+ T cells not only to 
target the HIV reservoir, but also transverse the site where the reservoir is located.

6.1.1. Cal-1 lentiviral vector

One vector of note that has been extensively studied is the Cal-1 vector, which uses both 
the maC46 fusion inhibitor and shRNA-CCR5. This construct has been extensively studied, 
consistently showing therapeutic benefits in vitro. Additionally, this construct has also shown 
its enhanced efficacy when compared against individual genes, as the effect is induced by the 
use of two therapeutic targets [102]. This has not only led to stronger protection from HIV 
infection, but also is likely to result in reduced risk of mutation resistance [102]. This has been 
examined in mouse studies and non-human primates, where it has shown safety, high levels 
of engraftment (including in CD34+ cells), and a selective growth advantage [102–105].

The Cal-1 therapeutic construct is currently undergoing Phase I/II clinical trials [106]. The 
study involves 12 HIV positive patients, which have undergone transduction of both HSC 
and CD4+ T cells with a lentiviral vector carrying both the shRNA-CCR5 and C46 fusion 
inhibitor. The patients were divided into 3 equal groups, group 1 received no busulfan pre-
conditioning, group 2 received 4 mg/kg busulfan, and group 3 received 2 doses to a total of 
6 mg/kg busulfan conditioning. This study is currently ongoing but will provide important 
data on the optimised conditioning treatment to guide future treatment studies.

6.1.2. Limitations of lentiviral vector delivery

Whilst we now have therapeutic approaches that can focus our efforts on a HIV cure, delivery 
of these components still presents a barrier. Lentiviral vectors have proven to be extremely 
useful in providing delivery of therapeutic genes, although there are still limitations. As men-
tioned, cells can only be modified ex vivo, thus requiring apheresis. Additionally, in the case of 
HIV, as ART will prevent uptake of the lentiviral vector, patients must first stop ART, thus rais-
ing various health concerns and ethical obstacles. Furthermore, current approved lentiviral 
platforms can only transduce T cells that are activated, as this over comes lentiviral restrictions 
at the membrane and underneath the membrane. The sum of these problems significantly 
increases the cost of the clinical approach. In the setting of CAR-T cells the estimates for treat-
ment of refractory B cell leukaemia is approximately $US400,000. Given this substantial cost, 
the accessibility of this type of therapeutic intervention is low. Thus, efforts are underway that 
will improve the process of this gene delivery pipeline. For instance, lentiviral vectors could 
be developed to target fresh leukocyte populations ex vivo, obviating the need for large scale 
apheresis. Additionally, lentiviral vectors could be modified to target leukocyte subsets, so the 
cells with the greatest stem-like attributes are re-infused and not diluted with cells that may 
not proceed down the differentiation pathway. This could potentially include a sub-popula-
tion of resting T cells (e.g. Stem T cells) being isolated, genetically modified and re-infused in a 
manner that may not require apheresis. However, whether re-infusion of a smaller population 
of stem T cell would result in the same outcome that maybe achieved with a large population 
of bulk T cells obtained by leukopheresis needs to be thoroughly investigated.
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6.2. In vivo delivery by nanoparticles

The ex vivo delivery of an HIV gene therapy treatment will only be achievable in developed 
countries with the appropriate resources to facilitate the approach and this will not be feasible 
in countries which currently have the largest burden of HIV, such as sub-Saharan Africa. 
We and others are working on an alternate and highly relevant systemic, in vivo approach, 
which may ultimately be accessible to all. This approach utilises nanotechnology to deliver 
the HIV therapeutic to target cells, ideally those of the latent reservoir. According to the 
Recommendation of the European Commission in 2011 the currently accepted definition of a 
nanoparticle (NP) is a particle where one or more external dimensions is in the size range of 
1 to 100 nm [107]. However, larger particles with sizes up 1000 and 2000 nanometres are com-
monly referred to as ‘nano’, especially since for medical purposes the size range of ≤100 nm 
is not always practical, as a larger surface can carry more drug on a single particle [108, 109]. 
However, to be able to be used in the human body, NPs must be biocompatible and without 
cytotoxic side effects [108, 109].

Concentrating on HIV drug delivery, NPs have the unique feature of being able to absorb 
and carry other compounds on their relatively large functional surface [109]. Using NPs as 
delivery agents has the potential advantages of highly specific and controlled drug delivery 
to a targeted tissue or cell, such as those of the latent reservoir, keeping non-target organs and 
cells free of the drug, thereby reducing toxicity. Further, by releasing the drug in a controlled 
manner at a predetermined rate, achieved through changes in the physiological environment 
like pH, temperature or enzymatic activity, the resulting therapeutic efficacy can be increased 
[108–110]. Importantly, nano-based delivery systems have been shown to transport therapeu-
tics across the blood-brain barrier, which is highly relevant for treating neuro-degenerative 
diseases and specifically the HIV reservoir in the central nervous system [111]. Prior to use 
of NPs in humans, the following basic prerequisites need to be known: drug incorporation 
and release, formulation stability and shelf life, biocompatibility, biodistribution and target-
ing, potential toxicities as well as functionality [109]. Another consideration are the possible 
adverse effects of residual material after drug delivery, therefore biodegradable NPs with a 
limited life span are optimal [109].

There are many types of NPs reported as delivery vehicles for HIV therapeutics, such as 
liposomes, micelles, polymer capsules, inorganic gold particles and dendrimers [112]. The 
number of different formulations of NPs being explored for HIV and other diseases is steadily 
increasing and a focused review on nanoparticle systems is provided by Pelaz et al. [112]. An 
example of the in vivo gene therapy process is depicted in Figure 4.

In the case of HIV, NPs have been used to deliver antiretroviral drugs or anti-HIV thera-
peutics, such as siRNAs. Inorganic gold particles delivering antiretrovirals have progressed 
through to in vivo delivery in mouse models, as have poly(amidoamine) PAMAM dendrimers 
and RNA-aptamer conjugates (as previously describes in Section 3.2.2.2), that deliver a com-
bination of anti-HIV siRNAs. The gold particles and PAMAM dendrimer nano-platforms will 
be discussed below to highlight the challenges of targeting the HIV latent reservoir.

The NP platforms delivering an antiretroviral drug were comprised of inorganic gold nanopar-
ticles particles (AuNPs) ~2–10 nanometers in diameter and were conjugated with an HIV inte-
grase inhibitor, raltegravir [113]. Modification of raltegravir was necessary to link the inhibitor 
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to the gold nanoparticle and involved incorporation of a thiol group to generate thiolated ralte-
gravir. Cellular uptake and toxicity of AuNps was assessed in three different cell types; PBMCs, 
macrophages and HBMECs and confocal microscopy showed AuNPs inside all three cell types 
24 hours post-delivery [113]. No toxicity was observed between 24 and 72 hours post-delivery. 
Importantly, the study investigated in vivo delivery of AuNPs and reported the presence of 
AuNPs in multiple sites, with the highest to lowest levels observed in spleen, liver, kidney, tail, 
heart, blood, lungs, muscle and brain of BALB mice 24 hours post-delivery [113]. Accumulation 
of AuNPs in the spleen and liver was attributed to reticuloendothelial system clearance, which 
is the bodies first line of defence for any in vivo delivered therapy. The lack of a specific marker 
for the latent reservoir is an ongoing challenge for targeting cells which harbour integrated 
HIV DNA and have the potential to reactivate and produce productive virus. Although this 
approach does successfully penetrate some cells of the latent reservoir, i.e. lymphocytes and 
macrophages, and to a modest degree cells in the brain, it is not a targeted approach and will 
most likely need further development of functional groups to penetrate the majority of cells of 
the latent reservoir. Due to the rarity of cells harbouring latent provirus, which is estimated to 
be 1 in every 106 cells, targeting these cells is the current challenge for an HIV cure.

The cationic PAMAM dendrimer NP system is comprised of highly branched, chemical poly-
mers with cationic primary amine groups on a spherical surface that form stable, uniform 
nanoscale complexes. The PAMAM dendrimer interacts electrostatically with negatively 
charged dicer substrate siRNAs (dsiRNAs). The combination of anti-HIV siRNAs in this 
study included tat/rev, as well as the siRNAs targeting the CD4 and TNP03 genes [114]. In 
this study, humanised Rag2−/−γc−/− mice were generated and infected with HIV-1NL4-3 12 weeks 
following engraftment, then dendrimer-siRNA complexes were delivered via i.v. injection 
using equal amounts of all three siRNAs. Injections were continued weekly for 4 weeks. A 
significant decrease in HIV viral load by 3 logs relative to controls was reported and persisted 
up to 3 weeks post-treatment, however virus rebound was observed in the majority of animals 
after this time point [114], as is the standard response in patients following ART cessation. The 
study then investigated redosing of the dendrimer-siRNA complexes 3 months following the 
last administration and observed a further virus suppression which persisted for 3 weeks past 
the additional treatment. Assessment of mRNA levels of the three targeted genes (HIV tat/rev, 
CD4 and TNPO3) showed reductions in mRNA levels relative to the controls corresponded 
to the dosing schedule and confirmed sequence-specific and efficient gene silencing [114]. 
The main challenge with this approach is the need for continual treatment, or alternately the 
further development of a sustained-release approach. Further, whether this approach will be 
able to target very rare cells harbouring the latent reservoir remains to be investigated.

7. Conclusion

The field of HIV gene therapy is rapidly evolving, with development of both novel anti-HIV 
therapeutics and delivery systems to ensure cell specific targeting. While an ex vivo gene 
therapy approach for HIV is well on the path to patient translation, further targeting of the 
latent reservoir will be necessary to achieve a systemic, in vivo gene therapy approach. This 
will require identification of biomarker/s for latently-infected cells and novel ways to incorpo-
rate them into viral vectors and/or nanoparticle platforms. Once achieved, the next challenge 
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6.2. In vivo delivery by nanoparticles
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1 to 100 nm [107]. However, larger particles with sizes up 1000 and 2000 nanometres are com-
monly referred to as ‘nano’, especially since for medical purposes the size range of ≤100 nm 
is not always practical, as a larger surface can carry more drug on a single particle [108, 109]. 
However, to be able to be used in the human body, NPs must be biocompatible and without 
cytotoxic side effects [108, 109].

Concentrating on HIV drug delivery, NPs have the unique feature of being able to absorb 
and carry other compounds on their relatively large functional surface [109]. Using NPs as 
delivery agents has the potential advantages of highly specific and controlled drug delivery 
to a targeted tissue or cell, such as those of the latent reservoir, keeping non-target organs and 
cells free of the drug, thereby reducing toxicity. Further, by releasing the drug in a controlled 
manner at a predetermined rate, achieved through changes in the physiological environment 
like pH, temperature or enzymatic activity, the resulting therapeutic efficacy can be increased 
[108–110]. Importantly, nano-based delivery systems have been shown to transport therapeu-
tics across the blood-brain barrier, which is highly relevant for treating neuro-degenerative 
diseases and specifically the HIV reservoir in the central nervous system [111]. Prior to use 
of NPs in humans, the following basic prerequisites need to be known: drug incorporation 
and release, formulation stability and shelf life, biocompatibility, biodistribution and target-
ing, potential toxicities as well as functionality [109]. Another consideration are the possible 
adverse effects of residual material after drug delivery, therefore biodegradable NPs with a 
limited life span are optimal [109].

There are many types of NPs reported as delivery vehicles for HIV therapeutics, such as 
liposomes, micelles, polymer capsules, inorganic gold particles and dendrimers [112]. The 
number of different formulations of NPs being explored for HIV and other diseases is steadily 
increasing and a focused review on nanoparticle systems is provided by Pelaz et al. [112]. An 
example of the in vivo gene therapy process is depicted in Figure 4.

In the case of HIV, NPs have been used to deliver antiretroviral drugs or anti-HIV thera-
peutics, such as siRNAs. Inorganic gold particles delivering antiretrovirals have progressed 
through to in vivo delivery in mouse models, as have poly(amidoamine) PAMAM dendrimers 
and RNA-aptamer conjugates (as previously describes in Section 3.2.2.2), that deliver a com-
bination of anti-HIV siRNAs. The gold particles and PAMAM dendrimer nano-platforms will 
be discussed below to highlight the challenges of targeting the HIV latent reservoir.

The NP platforms delivering an antiretroviral drug were comprised of inorganic gold nanopar-
ticles particles (AuNPs) ~2–10 nanometers in diameter and were conjugated with an HIV inte-
grase inhibitor, raltegravir [113]. Modification of raltegravir was necessary to link the inhibitor 
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to the gold nanoparticle and involved incorporation of a thiol group to generate thiolated ralte-
gravir. Cellular uptake and toxicity of AuNps was assessed in three different cell types; PBMCs, 
macrophages and HBMECs and confocal microscopy showed AuNPs inside all three cell types 
24 hours post-delivery [113]. No toxicity was observed between 24 and 72 hours post-delivery. 
Importantly, the study investigated in vivo delivery of AuNPs and reported the presence of 
AuNPs in multiple sites, with the highest to lowest levels observed in spleen, liver, kidney, tail, 
heart, blood, lungs, muscle and brain of BALB mice 24 hours post-delivery [113]. Accumulation 
of AuNPs in the spleen and liver was attributed to reticuloendothelial system clearance, which 
is the bodies first line of defence for any in vivo delivered therapy. The lack of a specific marker 
for the latent reservoir is an ongoing challenge for targeting cells which harbour integrated 
HIV DNA and have the potential to reactivate and produce productive virus. Although this 
approach does successfully penetrate some cells of the latent reservoir, i.e. lymphocytes and 
macrophages, and to a modest degree cells in the brain, it is not a targeted approach and will 
most likely need further development of functional groups to penetrate the majority of cells of 
the latent reservoir. Due to the rarity of cells harbouring latent provirus, which is estimated to 
be 1 in every 106 cells, targeting these cells is the current challenge for an HIV cure.

The cationic PAMAM dendrimer NP system is comprised of highly branched, chemical poly-
mers with cationic primary amine groups on a spherical surface that form stable, uniform 
nanoscale complexes. The PAMAM dendrimer interacts electrostatically with negatively 
charged dicer substrate siRNAs (dsiRNAs). The combination of anti-HIV siRNAs in this 
study included tat/rev, as well as the siRNAs targeting the CD4 and TNP03 genes [114]. In 
this study, humanised Rag2−/−γc−/− mice were generated and infected with HIV-1NL4-3 12 weeks 
following engraftment, then dendrimer-siRNA complexes were delivered via i.v. injection 
using equal amounts of all three siRNAs. Injections were continued weekly for 4 weeks. A 
significant decrease in HIV viral load by 3 logs relative to controls was reported and persisted 
up to 3 weeks post-treatment, however virus rebound was observed in the majority of animals 
after this time point [114], as is the standard response in patients following ART cessation. The 
study then investigated redosing of the dendrimer-siRNA complexes 3 months following the 
last administration and observed a further virus suppression which persisted for 3 weeks past 
the additional treatment. Assessment of mRNA levels of the three targeted genes (HIV tat/rev, 
CD4 and TNPO3) showed reductions in mRNA levels relative to the controls corresponded 
to the dosing schedule and confirmed sequence-specific and efficient gene silencing [114]. 
The main challenge with this approach is the need for continual treatment, or alternately the 
further development of a sustained-release approach. Further, whether this approach will be 
able to target very rare cells harbouring the latent reservoir remains to be investigated.

7. Conclusion

The field of HIV gene therapy is rapidly evolving, with development of both novel anti-HIV 
therapeutics and delivery systems to ensure cell specific targeting. While an ex vivo gene 
therapy approach for HIV is well on the path to patient translation, further targeting of the 
latent reservoir will be necessary to achieve a systemic, in vivo gene therapy approach. This 
will require identification of biomarker/s for latently-infected cells and novel ways to incorpo-
rate them into viral vectors and/or nanoparticle platforms. Once achieved, the next challenge 
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will be the cost of treatment, which is becoming a driving factor in the context of HIV, as the 
global burden of HIV is predominantly in sub-Saharan Africa. The cost of ex vivo gene therapy 
approaches is prohibitive in developing countries and in vivo nanoparticle approaches, whilst 
more cost effective, do not yet achieve sustained virus remission. Further optimisation and 
refinement of current delivery systems is required to enable wide scale application of a func-
tional HIV cure.
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Abstract

Diabetic retinopathy (DR) is a common cause of vision loss and blindness. Healthy CD34+
stem cells are capable of homing to vascular lesions and facilitating vascular repair.
However, many diabetic patients have dysfunctional CD34+ stem cells with no reparative
potential. CD34+ dysfunction is corrected by transiently inhibiting endogenous
transforming growth factor-β1 (TGF-β1) within the patient’s own dysfunctional CD34+
stem cells using phosphorodiamidate morpholino oligomers (PMOs). Antisense TGF-β1-
treated dysfunctional CD34+ stem cells are now functional, no longer require growth
factor stimulation to evade apoptosis, and are stable at 37�C ex vivo for >5 days. We
identified three markers of restored stem cell function: (1) upregulation of CXCR4 expres-
sion necessary for stem cell homing and adhesion, (2) SDF-1-mediated nitric oxide (NO)
production required for cell mobility, and (3) restoration of the ability of CD34+ cells to
migrate and repair vascular lesions. The antisense targets autocrine TGF-β expression,
whereas neutralizing antibodies do not. The PMO antisense triggers a cascade of hemato-
poietic proliferation and differentiation that paracrine TGF-β cannot alter. We describe
optimal PMO manipulation of CD34+ stem cells ex vivo for transplantation, screening
multiple gene targets leading to the identification of TGF-β1, and a lead TGF-β1 inhibitor
evaluated in clinical studies.

Keywords: diabetic retinopathy, stem cell therapy, transforming growth factor-β1
(TGF-β1), phosphorodiamidate morpholino oligomers (PMOs), transient antisense

1. Introduction

Hematopoietic stem cells (HSCs) are capable of self-replication and clonal expansion generat-
ing differentiated progenitors, which give rise to all blood cell lineages [1]. These cells
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co-express transforming growth factor-β (TGF-β) type I and type II receptors and one or more of
the three isoforms of the TGF-β ligand as a latent complex [2]. The three TGF-β ligands qualita-
tively and quantitatively differ in the responses they elicit with TGF-β1, a multifunctional
regulator of hematopoietic progenitors in vivo and in vitro, depending on cell differentiation,
growth factors, ligand concentration, and cell–cell contacts [3]. Autocrine signaling by TGF-β1
plays a critical role in lineage-specific reconstitution [4] and enables non-canonical signaling
involving mTOR, Ras, MAPK, PI3K, AKT, RhoA, and JNK [5]. TGF-β is an important part of
the stromal microenvironment that regulates several niche cells, which in turn regulate HSC.
Selective manipulation of endogenous TGF-β1 in HSC represents a therapeutic approach to
transplantation to maintain, enhance, and restore tissue viability and organ function.

Transient inhibition of TGF-β1 in HSC accelerates the engraftment of long-term repopulating
HSC (LTR-HSC), permits successful transplantation with as few as 60 LTR-HSCs to rescue
mice from lethal irradiation, and promotes the survival of LTR-HSC in the absence of growth
factors [6]. This permits LTR-HSC transplant without cell expansion ex vivo prior to trans-
plant. TGF-β1 regulates LTR-HSC entry into the cell cycle at G0 [7]. Conditional knock-out of
the TGF-β1 type II receptor in adult mice has increased stem cell cycling and reduced trans-
plantation ability [8]; likewise, the inhibition of TGF-β in normal HSC with neutralizing
antibodies releases cells into the cell cycle [9]. Inhibiting SMAD 4 signaling, key to TGF-β
signaling, decreased HSC self-renewal in vivo [10]. The rapid generation of donor neutrophils
that are the last cells to regenerate in bone marrow transplantation (BMT) is observed in
transplanted mice after LTR-HSCs were treated with an antisense TGF-β1 PMO [6].

Phosphorodiamidate morpholino oligomers (PMOs) resist degradation [11], enhance specific-
ity through a no-pucker six-membered morpholine ring in place of the five-membered ribose
or deoxyribose [12], and are net charge neutral with one non-bridging oxygen substituted with
a dimethylamine residue [13]. PMOs binds to the target RNA, forming a PMO:RNA heterodu-
plex that can inhibit translation [14] or pre-mRNA splicing [15]. The cellular internalization of
PMOs in different cell types is mixed and not robust unless entry is assisted by cell uptake
technologies [16]. Given the impressive safety profile for unmodified PMO [17–19], conjuga-
tion with delivery enhancements adds risk. An unmodified PMO represents the most specific
and least risk to the modulation of gene expression in HSC.

Antisense TGF-β will reverse HSC growth arrest induced by TGF-β ligand, informing the
reversibility of the ligand [20]. The antisense approach gains access to autocrine RNA expres-
sion over neutralizing antibodies, which targets protein. Transient antisense inhibition of
autocrine TGF-β1 in HSC triggers a cascade of hematopoietic proliferation and differentiation
that paracrine TGF-β cannot alter [21]. We report the kinetics of HSC internalization and efflux
of PMO essential to transient inhibition of TGF-β1.

2. Feasibility: PMO entry into CD34+ stem cells

Evidence for receptor-mediated internalization of DNA came from studies with leukocytes
over 30 years ago [22]. Uptake involves endocytosis based on chloroquine, a lysosomotropism
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agent, enhanced intracellular fluorescence, sodium azide inhibited internalization, and a punc-
tate pattern observed in the cytoplasm [23]. Scavenger receptors on rat liver endothelial cells
participate in uptake and play a prominent role in plasma clearance [24]. Many oligonucleo-
tide uptake pathways have been described, but the adaptor protein AP2 M1 is involved in
phosphorothioate oligonucleotide (PSO) uptake. siRNA targeting clathrin and caveolin had no
effect on antisense activity but did decrease the uptake of fluorescently labeled oligonucleo-
tides, highlighting multiple subcellular compartments that accumulate oligonucleotides but
not all are associated with antisense activity. Abasic oligomers, backbone and sugar without
nucleobase oligomers, were not transported into cells by the AP2 M1 pathway [25], pointing to
the nucleobase as a recognition site for uptake. The neutral charge of PMO compounds sets
them apart from ionic forms like PSO.

We explored techniques to deliver PMO into cells in culture to improve bioavailability and
efficacy including scrape loading [26], syringe loading [27], microinjection [28], osmotic load-
ing [29], and complexation with cationic lipids [30]. These techniques suffer from limited
efficiency and poor reproducibility and often leave residual biologically active carrier mole-
cules in the culture media. We then explored a variety of cationic peptides conjugated to the
PMO for an enhanced delivery including HIV-TAT [31] and a broad spectrum of arginine-rich
peptides [32–34]. At present, the optimal delivery peptide is still composed of multiple argi-
nines [35]. A concern for loading arginine into a stem cell was the role arginine plays in
generating NO, a complication in interpreting observations of CD34+ activation. Thus, we
examined unassisted entry in stem cells.

Earlier studies evaluating unassisted PMO entry into cultured cells revealed that primary cell
cultures are more efficient in uptake than established cell lines. Uptake is independent of PMO
sequence or the position of FITC conjugation (50 vs. 30 ends are equivalent) (Figure 1A) but
dependent on concentration (Figure 1B), time, and temperature. There is a direct relationship
between fluorescence intensity of CD34+ cells and PMO concentration. Localization to both
cytoplasmic and nuclear compartments is observed, so that both pre-mRNA and mRNA targets
are feasible. Uptake into hematopoietic lineages reveals that monocytes and dendritic cell uptake
are efficient, while entry into CD8+ T-cells, CD4+ T-cells, and B-cells is minimal [36]. Viral
infection activates some T-cell populations, resulting in permissive PMO uptake [37]. Current
understanding of mechanisms involved in activation associated with PMO uptake is limited.

The first evidence of unassisted PMO entry into CD34+ cells came from microscopic observa-
tion of cells in which the visible uptake of FITC-PMO came within 15 min. Stem cells are
unique in permissive unassisted PMO uptake. The maximal saturation of PMO uptake into
HSC occurs within 2 h (Figure 2). Optimal uptake in terms of activation of HSC occurs after
16 h of FITC-PMO incubation. Stem cell positivity after 16 h was observed at 37�C with
70 � 12% FITC-positive CD34+ cells (n = 6), room temperature incubation led to 56 � 8%
positive cells (n = 5), and 4�C incubation led to 30 � 19% positive cells (n = 6). The percent
FITC-PMO-positive CD34+ cells were mirrored by cellular fluorescence defined by mean
channel fluorescence with 112 � 47 at 37�C, 56 � 22 at room temperature, and 31 � 24 at 4�C
incubation. Negative controls included CD34+ cells incubated with no FITC-PMO at 4�C, RT,
and 37�C (n = 6) for each group, and no FITC-PMO-positive cells were observed.
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Figure 1. Concentration-dependent uptake of FITC-PMO into CD34+ human stem cells. A. Percent-positive CD34+
HSC on the ordinate and PMO concentration on the abscissa. B. Mean channel fluorescence of CD34+ HSC on the ordinate
and PMO concentration on the abscissa. The uptake of PMOs is not sequence specific: 20-mer PMOs have similar entry
kinetics, and percent-positive CD34+ cells are directly proportional to the PMO concentration in the medium. CD34+ cells
were isolated from the blood of healthy subjects by pre-enriching the CD34+ by a lineage negative selection followed by
FACS sorting of CD34+ CD45+ cells.

Figure 2. Time-dependent uptake of FITC-PMO into CD34+ human stem cells. After 3 h at 37�C at 150 μg/mL 144-F
(a FITC-control PMO), >95% of CD34+ cells became FITC-labeled. At 16 h in culture, the degree of FITC-144-F PMO was
the same as the 3-h point. CD34+ cells were isolated and FACS sorted from the blood of healthy subjects as described in
Figure 1.
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PMO uptake was found to be time and dose dependent. Uptake reached 100% FITC-PMO-
positive CD34+ cells between 1 and 6 h of incubation at 37�C. Uptake determined as percent-
positive CD34+ cells measured over time were linear (r2 0.94–0.94) (Table 1). Comparison of
CD34+ cells recovered from diabetic individuals to non-diabetic individuals reveals that uptake
is three to five times more rapid in non-diabetic CD34+ cells compared to those from diabetic
individuals (Table 1, Figure 3). No loss in cell viability has been observed in protocols involv-
ing a 6-h incubation sufficient for 100% PMO-positive cells. Preliminary data suggest that
treated stem cells will carry less than 5 μg PMO into the eye as a result of a combination of

Treatment group Rate percent pos./H (r2)c Ratios (expected) Time to 100% pos. Saturation ratio

Norma 40 μg (N = 2) 17.6 � 1.1 (0.95) 3.3 (N/D 40) 6 h 3.0 (D/N 40)

Diabb 40 μg (N = 1) 5.3 � 5.2 (0.95) 3.4 (D 160/40) [4] 18 h 3.6 (D 40/160) [4]

Norm 160 μg (N = 2) 98.0 � 7.3 (0.94) 5.6 (N 160/40) [4] 1 h 6.0 (N 40/160) [4]

Diab 160 μg (N = 1) 18.1 � 8.2 (0.94) 5.4 (N/D 160) 5 h 5.0 (D/N 160)

aCD34+ cells recovered from normal donors.
bCD34+ cells recovered from diabetic donors.
cCorrelation coefficient from linear regression analysis.

Table 1. PMO uptake kinetics in CD34+ cells.

Figure 3. The percent of blood-derived CD34+ cell taking up FITC-PMO. A. Percent-positive (black bar) and mean
channel fluorescence (gray bar) CD34+ cells from healthy donors. B. Percent-positive (black bar) and mean channel
fluorescence (gray bar) CD34+ cells from diabetic subjects. Uptake is not different in healthy and diabetic subjects, but
the rates of maximum saturation of FITC-PMO (measure by MEAN CHANNEL FLUORECENCE) are delayed in diabetic
CD34+ cells relative to non-diabetic cells. CD34+ cells were pre-enriched and FACS sorted as described above.
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efflux out of the cell, and tissue half-life will quickly lead to undetectable PMO and a transient
inhibition of TGF-β in the stem cells. The overall exposure of PMO will be below 100,000 times
the reported no observed adverse effect level (NOAEL) for a similar PMO in GLP toxicology
studies [38, 39]. The use of PMO-treated CD34+ stem cells to treat patients with diabetic
retinopathy is expected to be safe and feasible.

3. Optimal TGF-β PMO inhibitors in human Lin-CD34+ CD45+ HSC

TGF-β is a family of multifunctional peptide cytokines with the capacity to regulate prolifera-
tion, differentiation, adhesion, migration, and other functions in many cell types. TGF-β
receptors are found on most cells, and their signal transduction positively and negatively
regulates many other growth factors. Secreted TGF-β is cleaved into a latency-associated
peptide (LAP) and a mature TGF-β1 protein. TGF-β is latent in the form of a TGF-β1
homodimer, a LAP homodimer, and a latent TGF-β1-binding protein (LTBP). However,
TGF-β1 homodimer can be active, and the mature protein may also form heterodimers with
other TGF-β family members.

The HSC is pluripotent immature cell that can generate daughter cells committed to all nine
types of mature blood cells, including trillions of white blood cells, red blood cells, and
platelets. HSCs are found in the bone marrow and also circulate in the peripheral blood. HSC
possesses two key properties: (1) the ability to self-renew (generating HSC replicates) and (2)
the ability to generate daughter cells that differentiate into fully functional blood cells (namely,
asymmetrical HSC division in which one daughter cell remains a HSC and the other daughter
cells are destined to mature).

When the most primitive HSCs self-replicate, they produce daughter cells with a long (possi-
bly unlimited) clonal life span. When HSC replication leads to differentiation divisions, they
lose their multi-lineage potential and the corresponding lineage commitment accompanied by
a progressive reduction in clonal life span. Previous studies have shown that ex vivo prolifera-
tion of HSC favors differentiation divisions at the expense of self-replication, resulting in a
complete loss of HSC.

4. TGF-β is an optimal stem cell target for CD34+ stem cells

An inhibitor of c-myc was identified based on antiproliferative effects in differentiated cells
that block translation as well as create a dominant-negative variant of c-myc [40]. This inhibi-
tor was effective in preventing coronary restenosis [41], preventing cyst growth in kidneys of
polycystic kidney disease models [42], and reducing tumor growth [43]. We investigated the c-
myc inhibitor in c-kit+/sca-1+ cells incubated with IL-3, IL-6, and SCF to drive cell proliferation
of the stem cells. Incubation of these cells with saline was associated with a cell doubling half-
life of 2.66 days, a scrambled sequence PMO (5’-GCTATTACCTTAACCCAG-30) had a dou-
bling half-life of 2.554 days, and the c-myc inhibitor (5’-ACGTTGAGGGGCATCGTCGC-30)
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had a doubling half-life of 2.53 days. Unlike differentiated cells, the stem cells show no
difference in cell proliferation when c-myc was inhibited. While inhibiting, c-myc did not
influence proliferation rate; however, it did enhance stem cell differentiation as high prolifera-
tion potential (HPP) colony forming counts (CFC) rose from 3.8 HPP CFC in controls to 8.0
HPP-CFC in c-myc-inhibited cultures. This surprising observation suggested that c-myc inhibi-
tion stimulates stem cell differentiation and regulates self-renewal inspired studies to look at
upstream signaling pathways in these stem cells. We studied the inhibition of ecotropic virus
insertion-1 (EVI-1), which inserts in the DNA of murine stem cells and c-Kit, a stem cell marker
along with c-myc and found that PMO-antisense treatment in vitro decreased LTR-HSC
repopulating ability (Figure 4). Furthermore, the intra-peritoneal administration of PMO anti-
c-myc reduces HSC-repopulating ability in vivo (Figure 5). These results represent an excellent
functional control for PMO-TGF-β1 since these PMO antisense treatments do not promote
HSC engraftment while PMO-TGF-β1 does.

ID11, a neutralizing monoclonal antibody to three isoforms of TGF- β (TGF- β1, 2, 3), added to
stem cell cultures can replace growth factors and prevent apoptosis in mouse HSC [7]. Adding
100 c-kit+/sca-1+ cells to 96-well plates with no IL-3, IL-6, or SCF led to no cells observed after
5 days in culture. Adding ID11 to those cultures led to 37 � 7 cells, confirming that the
antibody could replace growth factors. Further, the addition of the PMO targeting c-myc led
to 10 � 3 cells at 5 days in culture, leading us to conclude that c-myc expression is required for
the loss of TGF-β phenotype. It became apparent that ID11 effectively blocks extracellular
TGF-β, but a PMO (5’-GCA CTG CCG AGA GCG CGA ACA-30) inhibitor of TGF-β translation
could have the advantage of blocking autocrine signaling. Inhibiting TGF-β with either anti-
body or antisense PMO enhances HPP-CFC from progenitor cells [7, 20, 21] and can enhance
hematopoietic reconstitution following bone marrow transplantation [6, 44, 45]. Importantly,

Figure 4. PMO targeting of c-myc, c-kit, and EVI-1 in ex vivo cultures of highly purified murine LTR-HSC. LTR-HSCs
were isolated as previously described, then 25 cells per well were incubated for 5 days with PMO and hematopoietic
growth factors followed by intravenous transplant into lethally (950 rads) irradiated mice. CD45.2 congenic LTR-HSCs
were transplanted into CD45.1 recipients, so that donor LTR-HSC could be detected by monoclonal antibodies. Signifi-
cantly fewer (p < 0.05) LTR-HSCs were observed in cultures treated with c-kit, EVI-1, and c-myc PMO compared to control,
c-myc scramble, and c-kit scramble PMO after 3 months post-transplant.
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efflux out of the cell, and tissue half-life will quickly lead to undetectable PMO and a transient
inhibition of TGF-β in the stem cells. The overall exposure of PMO will be below 100,000 times
the reported no observed adverse effect level (NOAEL) for a similar PMO in GLP toxicology
studies [38, 39]. The use of PMO-treated CD34+ stem cells to treat patients with diabetic
retinopathy is expected to be safe and feasible.
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polycystic kidney disease models [42], and reducing tumor growth [43]. We investigated the c-
myc inhibitor in c-kit+/sca-1+ cells incubated with IL-3, IL-6, and SCF to drive cell proliferation
of the stem cells. Incubation of these cells with saline was associated with a cell doubling half-
life of 2.66 days, a scrambled sequence PMO (5’-GCTATTACCTTAACCCAG-30) had a dou-
bling half-life of 2.554 days, and the c-myc inhibitor (5’-ACGTTGAGGGGCATCGTCGC-30)
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had a doubling half-life of 2.53 days. Unlike differentiated cells, the stem cells show no
difference in cell proliferation when c-myc was inhibited. While inhibiting, c-myc did not
influence proliferation rate; however, it did enhance stem cell differentiation as high prolifera-
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upstream signaling pathways in these stem cells. We studied the inhibition of ecotropic virus
insertion-1 (EVI-1), which inserts in the DNA of murine stem cells and c-Kit, a stem cell marker
along with c-myc and found that PMO-antisense treatment in vitro decreased LTR-HSC
repopulating ability (Figure 4). Furthermore, the intra-peritoneal administration of PMO anti-
c-myc reduces HSC-repopulating ability in vivo (Figure 5). These results represent an excellent
functional control for PMO-TGF-β1 since these PMO antisense treatments do not promote
HSC engraftment while PMO-TGF-β1 does.

ID11, a neutralizing monoclonal antibody to three isoforms of TGF- β (TGF- β1, 2, 3), added to
stem cell cultures can replace growth factors and prevent apoptosis in mouse HSC [7]. Adding
100 c-kit+/sca-1+ cells to 96-well plates with no IL-3, IL-6, or SCF led to no cells observed after
5 days in culture. Adding ID11 to those cultures led to 37 � 7 cells, confirming that the
antibody could replace growth factors. Further, the addition of the PMO targeting c-myc led
to 10 � 3 cells at 5 days in culture, leading us to conclude that c-myc expression is required for
the loss of TGF-β phenotype. It became apparent that ID11 effectively blocks extracellular
TGF-β, but a PMO (5’-GCA CTG CCG AGA GCG CGA ACA-30) inhibitor of TGF-β translation
could have the advantage of blocking autocrine signaling. Inhibiting TGF-β with either anti-
body or antisense PMO enhances HPP-CFC from progenitor cells [7, 20, 21] and can enhance
hematopoietic reconstitution following bone marrow transplantation [6, 44, 45]. Importantly,

Figure 4. PMO targeting of c-myc, c-kit, and EVI-1 in ex vivo cultures of highly purified murine LTR-HSC. LTR-HSCs
were isolated as previously described, then 25 cells per well were incubated for 5 days with PMO and hematopoietic
growth factors followed by intravenous transplant into lethally (950 rads) irradiated mice. CD45.2 congenic LTR-HSCs
were transplanted into CD45.1 recipients, so that donor LTR-HSC could be detected by monoclonal antibodies. Signifi-
cantly fewer (p < 0.05) LTR-HSCs were observed in cultures treated with c-kit, EVI-1, and c-myc PMO compared to control,
c-myc scramble, and c-kit scramble PMO after 3 months post-transplant.
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Figure 5. In vivo activity of PMO targeting c-myc in short-term and long-term hematopoietic stem cells. Mice were
treated with c-myc-PMO in vivo (intraperitoneal injection) for 2 or 11 days. At each time point, mice were sacrificed, and
the femoral marrow was assayed for HSC levels using a murine transplantation model. Significant reductions in
repopulating HSC (p < 0.05) were observed in mice treated with c-myc PMO compared to normal bone marrow.

Figure 6. Targeting stem cell pathways. Studies were conducted targeting c-myc, SMAD4, EVI-1, c-kit, TGF-βRI, TGF-
βRII, and TGF-β1 with PMOs designed to inhibit expression in HSC. Regulation of transcription factors by TGF-β1 is
linked to stem cell homing through CXCR4 interaction with SDF-1 and release of nitric oxide and elevated migration. The
MAP kinase pathway signaling reveals the potential mechanism for the prevention of apoptosis with TGF-β1 inhibition.
The upstream regulation of c-myc and p53 by TGF-β1 inhibition allows stem cells to proliferate. Inhibition of TGF-β1 is
the optimal target resulting in stem cell proliferation, homing, and migration of all favorable properties for autologous
transplantation.
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the transplantation of Tfgβ1�/� bone marrow into lethally radiated TGF-β1+/+ recipients recon-
stitutes all hematopoietic lineages [46]. Taken together, these studies encouraged further exam-
ination of the TGF-β1-signaling pathway.

We investigated PMO inhibitors of TGF-β receptor I (5’CAT GGT CCC TGC AGA GAG GA-30)
and TGF-β receptor II (5’-GAC CCA TGG CAG CCC CCG TCG-30) to reveal the same pheno-
type to the TGF-β1 ligand inhibitor. Subsequent studies targeting SMAD 4 (50-AAT CATACT
CAT CCT TCA CCA TCA T-30) also led to the TGF-β-inhibited phenotype in CD34+ cells,
confirming that the signal transduction pathway is responsible for the phenotype, while
blocking other pathways did not (Figure 6). We focused on the TGF-β1 ligand due to the short
half-life, enabling rapid onset and transient inhibition properties of the treatment.

5. The optimal TGF-β1 inhibitor

We investigated the use of an antisense PMO targeting the AUG translation start site for
efficacy in inhibiting TGF-β1 expression by hybrid arrest of translation. One possible outcome
of a PMO at AUG1 will be for translation slippage to a translation initiation start site at amino
acid 38, AUG38 (Figure 7). The resulting protein will not have the signal peptide, leading to
the loss of appropriate subcellular localization, altered autocrine regulation, and possibly a
protein with a shorter half-life. The diminished protein product fails to provide a negative
feedback to the promoter, so enhanced transcription is expected. To test this hypothesis, we
evaluated six oligomers targeting translation and two scrambled control sequences (Table 2).

The compounds were evaluated in an in vitro translation assay using rabbit reticulocyte lysate
and a luciferase fusion transcript with TGF-β1 mRNA. Each of the antisense PMOs effectively
inhibited translation, and the scrambled control oligomers did not inhibit, confirming PMO
sequence specificity. The TGF-β1 PMO included 13 guanines (G) in the 20-mer and presented
water solubility limitations and reduced synthetic yield concerns. Replacing guanine with
inosine improved both water solubility and synthetic yield. However, inosine pairing with
cytosine involves two hydrogen bonds in contrast to the three hydrogen bonds between
guanine and cytosine. The hypothesis is that the more inosine replacement of guanine in the
oligomer will result in a lower binding energy between PMO and target RNA and subsequent

Figure 7. Optimal antisense strategy. Multiple PMOs were developed to inhibit translation initiation at the AUG site as
well as targeting each exon at both splice donor and splice acceptor sites (black bars). Skipping exons 2, 3, 5, and 6 results
in out-of-frame reading, and a nonsense-mediated decay (NMD) of the transcript is expected (X circles).
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Figure 5. In vivo activity of PMO targeting c-myc in short-term and long-term hematopoietic stem cells. Mice were
treated with c-myc-PMO in vivo (intraperitoneal injection) for 2 or 11 days. At each time point, mice were sacrificed, and
the femoral marrow was assayed for HSC levels using a murine transplantation model. Significant reductions in
repopulating HSC (p < 0.05) were observed in mice treated with c-myc PMO compared to normal bone marrow.

Figure 6. Targeting stem cell pathways. Studies were conducted targeting c-myc, SMAD4, EVI-1, c-kit, TGF-βRI, TGF-
βRII, and TGF-β1 with PMOs designed to inhibit expression in HSC. Regulation of transcription factors by TGF-β1 is
linked to stem cell homing through CXCR4 interaction with SDF-1 and release of nitric oxide and elevated migration. The
MAP kinase pathway signaling reveals the potential mechanism for the prevention of apoptosis with TGF-β1 inhibition.
The upstream regulation of c-myc and p53 by TGF-β1 inhibition allows stem cells to proliferate. Inhibition of TGF-β1 is
the optimal target resulting in stem cell proliferation, homing, and migration of all favorable properties for autologous
transplantation.
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the transplantation of Tfgβ1�/� bone marrow into lethally radiated TGF-β1+/+ recipients recon-
stitutes all hematopoietic lineages [46]. Taken together, these studies encouraged further exam-
ination of the TGF-β1-signaling pathway.

We investigated PMO inhibitors of TGF-β receptor I (5’CAT GGT CCC TGC AGA GAG GA-30)
and TGF-β receptor II (5’-GAC CCA TGG CAG CCC CCG TCG-30) to reveal the same pheno-
type to the TGF-β1 ligand inhibitor. Subsequent studies targeting SMAD 4 (50-AAT CATACT
CAT CCT TCA CCA TCA T-30) also led to the TGF-β-inhibited phenotype in CD34+ cells,
confirming that the signal transduction pathway is responsible for the phenotype, while
blocking other pathways did not (Figure 6). We focused on the TGF-β1 ligand due to the short
half-life, enabling rapid onset and transient inhibition properties of the treatment.

5. The optimal TGF-β1 inhibitor

We investigated the use of an antisense PMO targeting the AUG translation start site for
efficacy in inhibiting TGF-β1 expression by hybrid arrest of translation. One possible outcome
of a PMO at AUG1 will be for translation slippage to a translation initiation start site at amino
acid 38, AUG38 (Figure 7). The resulting protein will not have the signal peptide, leading to
the loss of appropriate subcellular localization, altered autocrine regulation, and possibly a
protein with a shorter half-life. The diminished protein product fails to provide a negative
feedback to the promoter, so enhanced transcription is expected. To test this hypothesis, we
evaluated six oligomers targeting translation and two scrambled control sequences (Table 2).

The compounds were evaluated in an in vitro translation assay using rabbit reticulocyte lysate
and a luciferase fusion transcript with TGF-β1 mRNA. Each of the antisense PMOs effectively
inhibited translation, and the scrambled control oligomers did not inhibit, confirming PMO
sequence specificity. The TGF-β1 PMO included 13 guanines (G) in the 20-mer and presented
water solubility limitations and reduced synthetic yield concerns. Replacing guanine with
inosine improved both water solubility and synthetic yield. However, inosine pairing with
cytosine involves two hydrogen bonds in contrast to the three hydrogen bonds between
guanine and cytosine. The hypothesis is that the more inosine replacement of guanine in the
oligomer will result in a lower binding energy between PMO and target RNA and subsequent

Figure 7. Optimal antisense strategy. Multiple PMOs were developed to inhibit translation initiation at the AUG site as
well as targeting each exon at both splice donor and splice acceptor sites (black bars). Skipping exons 2, 3, 5, and 6 results
in out-of-frame reading, and a nonsense-mediated decay (NMD) of the transcript is expected (X circles).
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diminished inhibition of translation. By contrast, the PMO with three inosines, TGF-β1 3-I
(1067), inhibited translation more effectively than PMOs with all guanine or PMOs in which
one or two guanines were replaced by inosine (data not shown).

TGF-β1 has seven exons transcribed into eight variant mRNAs, five alternately spliced variants
and three unspliced forms (Figure 7). A small signal peptide (29 amino acids) is encoded in
exon 1; the precursor LAP is encoded in exons 1 through 5; the active TGF-β1 is encoded in
exons 6 and 7. The LTBP is encoded by a separate gene and binds directly to the LAP in the
latent TGF-β complex prior to secretion. The amino terminus of LTBP binds to the extracellular
matrix followed by proteolytic cleavage by a serine protease, plasmin, releasing the latent
complex. A urokinase plasminogen activator (uPA) protease cuts the 391-amino acid TGF-β1
propeptide liberating the active 112 amino acid TGF-β1, which forms a homodimer ligand for
the TGF-β receptors [47].

The TGF-β N terminal domain is present in a variety of proteins, which include TGF-β,
decapentaplegic peptides, and bone morphogenetic proteins. The N-terminal domain
expressed on the decapentaplegic protein acts as an extracellular morphogen guiding: (1) the
proper development of the embryonic dorsal hypoderm, (2) viability of larvae, and (3) cell
viability of the epithelial cells in the imaginal disks. When the N terminal domain is expressed
on the bone morphogenetic protein (BMP), it induces cartilage and bone formation, possibly
for epithelial osteogenesis. TGF-β1 is a protein composed of 112 amino acid residues liberated
by proteolytic cleavage from the C-terminal of a precursor protein. A number of proteins are
related to TGF-β1. The TGF-beta family is only active as homo- or heterodimers, the two chains
being linked by a disulphide bond. X-ray studies of TGF-β2 reveal that all the other cysteines
are involved in intrachain disulphide bonds. The four disulphide bonds in TGF-β and in the
inhibin beta chains distinguish function from the other members of this family that lack the
first bond. Concern has been noted as TGF-β not only exerts tumor-suppressive effects but also
modulates cell invasion and immune regulation such that dysregulation of the TGF-β signal-
ing pathway can result in tumor development.

Name Sequence 50 ! 30 Mol Wt.

GT Control CCTCCTACCTCAGTTACAATTTATA —

144 Control AGTCTCGACTTGCTACCTCA 7020

TGF-β1 GT GCACTGCCGAGAGCGCGAACA 7642

TGF-β1 GAGGGCGGCATGGGGGAGGC 7175

TGF-β1 1-I* GAGGGCGGCATGG I GGAGGC 7160

TGF-β1 3-I (1067) GAGGGCGGCATG III GAGGC 7130

TGF-β1 2-I GAG I GCGGCATGG I GGAGGC 7145

TGF-β1 4-I GAG I GCGGCATG III GAGGC 7115

*I refers to inosine, a strategy to limit “purine clash.”

Table 2. Oligomer sequences employed to inhibit TGF-β1 translation.
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In order to demonstrate PMO inhibition, THP-1 cells, which are human monocytes that
express TGF-β, were studied. THP-1 grows equally well in RPMI supplemented with 10% fetal
bovine serum and serum-free media. When grown in serum-free media, TGF-β is not secreted
into the media (ELISA = 0 pg./mL). Media supplemented with 50 ng/mL PMA lead to TGF-β
secretion (ELISA = 92 pg./mL). The addition of 10 μM atorvastatin (Lipitor) enhances TGF-β
secretion by fivefold (ELISA >500 pg./mL) following 72 h of incubation.

The evaluation of mRNA from splice altering PMOs is shown (Table 3). The control fragment
appears at the correct size. Cells treated with PMOs targeting SD Ex2, SD Ex4, and AUG show
no variation in transcript size and thus no evidence of exon skipping. The AUG signal appears
to be enhanced relative to the untreated control, possibly indicating a rebound induction of
transcription. This may be anticipated as the translation start site inhibitor will lead to sup-
pression of the propeptide including LAP, which may lead to loss of the negative feedback
mechanism for TGF-β1 transcription. Cells treated with PMOs targeting SD Ex5 and SD Ex6
reveal smaller transcripts in addition to faint bands at the correct size. The SD Ex5 smaller
transcript is consistent in size with the loss of exon 4 (74 bp), which would leave the mature
mRNA in frame. Those transcripts skipping exon 5 would be smaller yet (148 bp) and are
expected to be degraded by a nonsense-mediated decay (NMD), so that the product would not
be observed. The SD Ex6 smaller fragment is approximately 800 bp in size, which is 300 bp
smaller than the expected full-length transcript and consistent with loss of both exons 5
(148 bp) and 6 (156 bp), which would be 304 bp smaller than the full-length transcript.

Treatment
(5 μM 96 h)

Hu TGF-β1 protein
(pg/mL)

Mu TGF-β1 protein
(pg/mL) 5 μM 65 h

Cell viability
(% control)

No PMO 520 � 2 — 100

Scr Ctr 502 � 15 1700 � 10 88

SD Ex1* 385 � 7 — —

SA Ex2 387 � 5 — —

SD Ex2 BLD 1320 � 30 93

SA Ex3 594 � 21 — —

SD Ex3 222 � 3 — —

SA Ex4 465 � 12 — —

SD Ex4 23 � 2 520 � 20 66

SA Ex5 — —

SD Ex5 BLD 120 � 10 79

SA Ex6 404 � 18 — —

SD Ex6 BLD 330 � 10 79

SA Ex7 101 � 1 — 91

*SD refers to the splice donor site of the exon (Ex) and SA refers to the splice acceptor site.

Table 3. Exon skipping in THP-1 cells stimulated to secrete TGF-β1.

Functional Activation of Autologous Human Diabetic Stem Cells for Cell Therapy
http://dx.doi.org/10.5772/intechopen.79650

79In Vivo and Ex Vivo Gene Therapy for Inherited and Non-Inherited Disorders



diminished inhibition of translation. By contrast, the PMO with three inosines, TGF-β1 3-I
(1067), inhibited translation more effectively than PMOs with all guanine or PMOs in which
one or two guanines were replaced by inosine (data not shown).
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exon 1; the precursor LAP is encoded in exons 1 through 5; the active TGF-β1 is encoded in
exons 6 and 7. The LTBP is encoded by a separate gene and binds directly to the LAP in the
latent TGF-β complex prior to secretion. The amino terminus of LTBP binds to the extracellular
matrix followed by proteolytic cleavage by a serine protease, plasmin, releasing the latent
complex. A urokinase plasminogen activator (uPA) protease cuts the 391-amino acid TGF-β1
propeptide liberating the active 112 amino acid TGF-β1, which forms a homodimer ligand for
the TGF-β receptors [47].

The TGF-β N terminal domain is present in a variety of proteins, which include TGF-β,
decapentaplegic peptides, and bone morphogenetic proteins. The N-terminal domain
expressed on the decapentaplegic protein acts as an extracellular morphogen guiding: (1) the
proper development of the embryonic dorsal hypoderm, (2) viability of larvae, and (3) cell
viability of the epithelial cells in the imaginal disks. When the N terminal domain is expressed
on the bone morphogenetic protein (BMP), it induces cartilage and bone formation, possibly
for epithelial osteogenesis. TGF-β1 is a protein composed of 112 amino acid residues liberated
by proteolytic cleavage from the C-terminal of a precursor protein. A number of proteins are
related to TGF-β1. The TGF-beta family is only active as homo- or heterodimers, the two chains
being linked by a disulphide bond. X-ray studies of TGF-β2 reveal that all the other cysteines
are involved in intrachain disulphide bonds. The four disulphide bonds in TGF-β and in the
inhibin beta chains distinguish function from the other members of this family that lack the
first bond. Concern has been noted as TGF-β not only exerts tumor-suppressive effects but also
modulates cell invasion and immune regulation such that dysregulation of the TGF-β signal-
ing pathway can result in tumor development.
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GT Control CCTCCTACCTCAGTTACAATTTATA —

144 Control AGTCTCGACTTGCTACCTCA 7020

TGF-β1 GT GCACTGCCGAGAGCGCGAACA 7642

TGF-β1 GAGGGCGGCATGGGGGAGGC 7175
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*I refers to inosine, a strategy to limit “purine clash.”
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In order to demonstrate PMO inhibition, THP-1 cells, which are human monocytes that
express TGF-β, were studied. THP-1 grows equally well in RPMI supplemented with 10% fetal
bovine serum and serum-free media. When grown in serum-free media, TGF-β is not secreted
into the media (ELISA = 0 pg./mL). Media supplemented with 50 ng/mL PMA lead to TGF-β
secretion (ELISA = 92 pg./mL). The addition of 10 μM atorvastatin (Lipitor) enhances TGF-β
secretion by fivefold (ELISA >500 pg./mL) following 72 h of incubation.

The evaluation of mRNA from splice altering PMOs is shown (Table 3). The control fragment
appears at the correct size. Cells treated with PMOs targeting SD Ex2, SD Ex4, and AUG show
no variation in transcript size and thus no evidence of exon skipping. The AUG signal appears
to be enhanced relative to the untreated control, possibly indicating a rebound induction of
transcription. This may be anticipated as the translation start site inhibitor will lead to sup-
pression of the propeptide including LAP, which may lead to loss of the negative feedback
mechanism for TGF-β1 transcription. Cells treated with PMOs targeting SD Ex5 and SD Ex6
reveal smaller transcripts in addition to faint bands at the correct size. The SD Ex5 smaller
transcript is consistent in size with the loss of exon 4 (74 bp), which would leave the mature
mRNA in frame. Those transcripts skipping exon 5 would be smaller yet (148 bp) and are
expected to be degraded by a nonsense-mediated decay (NMD), so that the product would not
be observed. The SD Ex6 smaller fragment is approximately 800 bp in size, which is 300 bp
smaller than the expected full-length transcript and consistent with loss of both exons 5
(148 bp) and 6 (156 bp), which would be 304 bp smaller than the full-length transcript.
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Hu TGF-β1 protein
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Mu TGF-β1 protein
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Skipping exon 6 alone or exon 5 alone would be degraded by NMD, and those transcripts
would not be observed. Skipping exons 5 and 6 will also remain in frame.

The exercise to identify an optimal inhibitor of TGF-β1 involved screening multiple gene
targets and dozens of PMO inhibitors. Qualitative differences between splice-altering strate-
gies and translation inhibitors involve the preservation of feedback inhibition of the promoter.
Translation inhibitors and splice-altering targets that induce a nonsense-mediated decay
(NMD) prevent the synthesis of the negative feedback, resulting in compensatory transcription
followed by rebound translation of TGF-β1. By contrast, skipping of exons 5 and 6 leads to
translation products with altered function but includes the LAP portion of the translated
product, resulting in a prolonged inhibition of TGF-β1. Transient inhibition of TGF-β1 is
desired [48], so the optimal approach favors the AUG and NMD PMO over exon skipping
and ligand-neutralizing antibodies. Translation inhibition is preferred over NMD because
NMD responses may be less reliable.

6. Stem cell therapy for diabetic retinopathy

The Centers for Disease Control and Prevention report that 4.2 million (28.5%) of US diabetics
aged ≥40 years have diabetic retinopathy (DR) or damage to the small blood vessels in the
retina that may result in loss of vision [49]. The direct costs for DR in the US were over $4.5
billion, and the indirect economic impact was an additional $5 billion. Retinopathy occurs in
almost all patients with type 1 diabetes and 75% of patients with type 2 diabetes within
15 years of the manifestation of diabetes [50]. Over 12,000 diabetic patients become blind each
year due to ocular complications [51]. Current therapy addresses the end stages of DR includ-
ing laser photocoagulation, intravitreal antivascular endothelial growth factor (VEGF) agents
such as Bevacizumab and Aflibercept, intravitreal corticosteroids such as Triamcinolone, and
vitreoretinal surgery. CD34+ stem cells from diabetic patients cannot generate endothelial cells
to repair the vasculature, instead generating more inflammatory monocytes [52]. The CD34+
stem cell therapy described here exploits the ability of these cells to differentiate into a wide
variety of cell types to stimulate both vascular and neural regeneration to treat early stages of DR.

CD34+ cells are capable of homing to vascular lesions in the eye, mediating vascular repair
[53]. The use of autologous CD34+ cells eliminates the significant complication of transplant
rejection. However, diabetic CD34+ cells are dysfunctional, contributing to the diabetic com-
plication of DR [54]. While CD34+ cells from healthy subjects could repair retinal capillaries in
streptozotocin-induced diabetic mice, spontaneously diabetic obese BBZDR/Wor rats and neo-
natal mouse oxygen-induced retinopathy animal models CD34+ cells from diabetic mice could
not [55]. The approach described here restores function to dysfunctional diabetic CD34+ cells.

TGF-β1 is overexpressed and may cause dysfunction in diabetic CD34+ cells, and correction of
this overexpression can restore the regenerative ability of those cells in diabetics. TGF-β1 is the
major regulator of the balance between CD34+ proliferation, differentiation, and quiescence.
Transient inhibition of TGF-β1 with an optimal PMO (1) activates human CD34+ proliferation,
whereas ID11 antibody does not, (2) enhances CXCR4 cell surface expression and effective stem
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cell homing to SDF-1 ligand, (3) increases nitric oxide (NO) release, stimulating stem cell migra-
tion, and (4) increases vascular repair by the activated diabetic CD34+ cells. The transient TGF-β1
inhibition approach holds potential to impact other diabetic microvascular complications and
improve current bone marrow transplantation processes used in the treatment of blood cancers.

The transient inhibition of TGF-β1 in autologous diabetic CD34+ cells with an antisense PMO
ex vivo represents a feasible approach that poses minimal potential for adverse events and has
potential benefit to the patient with diabetic retinopathy. Challenges remain in development
such as the selection of animal models that adequately predict the human response to treat-
ment. Numerous features including the genetic basis of the retinal disease, anatomical differ-
ences in the eye, and the genesis of retinal damage limit the utility of animal models.
Substantial differences in diabetic subpopulations, the presence of comorbidities, patient age,
and diabetes severity will influence the success of our proposed therapy. A detailed under-
standing of the natural history of diabetic retinopathy deserves in-depth investigation, so that
patient enrollment can be refined, and clinical trials will examine optimal patient populations
and appropriate stage of disease. Current efforts are ongoing to address these limitations as
our protocol advances to the clinic.

7. Conclusions

Damaged retinal vessels are repaired by HSC in individuals throughout their life. Diabetic
HSC function is impaired, leading to the development of numerous clinically important con-
ditions including diabetic retinopathy. Selective ex vivo manipulation of TGF-β1 in diabetic
HSC represents a therapeutic approach to maintain, enhance, and restore vascular viability in
the retina. The PMO offers transcript selective binding and transient interference with transla-
tion of TGF-β1. The PMO offers a feasible technology in which they enter HSC, can inhibit
autocrine TGF-β1 signaling in HSC, and have an excellent safety profile. We presented the
process of selecting TGF-β1 as an optimal transcript and the optimal PMO sequence targeting
TGF-β1 mRNA. Our studies identified a transient interference with the translation of TGF-β1
in diabetic CD34+ HSC with an antisense PMO that will (1) upregulate the expression of
CXCR4, enabling stem cell homing and adhesion to sites of vascular injury in the retina, (2)
stimulation of nitric oxide production, enabling stem cell mobility, and (3) the release of cell
cycle checkpoints, enabling stem cell proliferation and differentiation required for the repair of
vascular lesions. The manipulated stem cell treatment strategy is making the transition from
discovery to preparation for clinical evaluation.
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streptozotocin-induced diabetic mice, spontaneously diabetic obese BBZDR/Wor rats and neo-
natal mouse oxygen-induced retinopathy animal models CD34+ cells from diabetic mice could
not [55]. The approach described here restores function to dysfunctional diabetic CD34+ cells.

TGF-β1 is overexpressed and may cause dysfunction in diabetic CD34+ cells, and correction of
this overexpression can restore the regenerative ability of those cells in diabetics. TGF-β1 is the
major regulator of the balance between CD34+ proliferation, differentiation, and quiescence.
Transient inhibition of TGF-β1 with an optimal PMO (1) activates human CD34+ proliferation,
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cell homing to SDF-1 ligand, (3) increases nitric oxide (NO) release, stimulating stem cell migra-
tion, and (4) increases vascular repair by the activated diabetic CD34+ cells. The transient TGF-β1
inhibition approach holds potential to impact other diabetic microvascular complications and
improve current bone marrow transplantation processes used in the treatment of blood cancers.

The transient inhibition of TGF-β1 in autologous diabetic CD34+ cells with an antisense PMO
ex vivo represents a feasible approach that poses minimal potential for adverse events and has
potential benefit to the patient with diabetic retinopathy. Challenges remain in development
such as the selection of animal models that adequately predict the human response to treat-
ment. Numerous features including the genetic basis of the retinal disease, anatomical differ-
ences in the eye, and the genesis of retinal damage limit the utility of animal models.
Substantial differences in diabetic subpopulations, the presence of comorbidities, patient age,
and diabetes severity will influence the success of our proposed therapy. A detailed under-
standing of the natural history of diabetic retinopathy deserves in-depth investigation, so that
patient enrollment can be refined, and clinical trials will examine optimal patient populations
and appropriate stage of disease. Current efforts are ongoing to address these limitations as
our protocol advances to the clinic.

7. Conclusions

Damaged retinal vessels are repaired by HSC in individuals throughout their life. Diabetic
HSC function is impaired, leading to the development of numerous clinically important con-
ditions including diabetic retinopathy. Selective ex vivo manipulation of TGF-β1 in diabetic
HSC represents a therapeutic approach to maintain, enhance, and restore vascular viability in
the retina. The PMO offers transcript selective binding and transient interference with transla-
tion of TGF-β1. The PMO offers a feasible technology in which they enter HSC, can inhibit
autocrine TGF-β1 signaling in HSC, and have an excellent safety profile. We presented the
process of selecting TGF-β1 as an optimal transcript and the optimal PMO sequence targeting
TGF-β1 mRNA. Our studies identified a transient interference with the translation of TGF-β1
in diabetic CD34+ HSC with an antisense PMO that will (1) upregulate the expression of
CXCR4, enabling stem cell homing and adhesion to sites of vascular injury in the retina, (2)
stimulation of nitric oxide production, enabling stem cell mobility, and (3) the release of cell
cycle checkpoints, enabling stem cell proliferation and differentiation required for the repair of
vascular lesions. The manipulated stem cell treatment strategy is making the transition from
discovery to preparation for clinical evaluation.
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Abstract

Immunotherapy of cancer has deservedly gained much attention in the past few years 
and is likely to continue to advance and become a fundamental cancer treatment. While 
vaccines, chimeric antigen receptor (CAR) T cells and checkpoint blockade have received 
the lion’s share of the attention, an important direct role for gene transfer as an immuno-
therapy is emerging. For example, oncolytic viruses induce immunogenic cell death, thus 
liberating both antigens and the signals that are necessary for the activation of antigen-
presenting cells, ensuring stimulation of an adaptive response. In another example, trans-
fer of prodrug converting enzymes, such as the herpes simplex virus-thymidine kinase 
(HSV-tk) gene or the cytosine deaminase gene, has been shown to promote an immune 
response, thus functioning as immunotherapies. Alternatively, our own work involves 
the use of nonreplicating viral vectors for the simultaneous delivery of gene combina-
tions that promote both cell death and an immune response. In fact, our gene transfer 
approach has been applied as a vaccine, immunotherapy or in situ gene therapy, result-
ing in immunogenic cell death and the induction of a protective immune response. Here, 
we highlight the development of these approaches both in terms of technical advances 
and clinical experience.
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1. Introduction

The idea that the immune system acts as one of the barriers to the emergence and progression 
of tumors was conceived more than a 100 years ago [1]. Frank Macfarlane Burnet proposed 
the concept of “antitumor surveillance,” which postulated that the immune system acted as 
a sentinel that controls and eliminates malignant cells [2]. This hypothesis was much debated 
and the lack of experimental evidence due to the technological limitations of the time gen-
erated a heated debate [3]. However, extensive data presented in the literature have since 
strengthened and expanded this concept [4–8].

The elaboration of appropriate immune responses must include the detection of the “self” 
and “nonself” antigens. For this, the immune system must not react to self-antigens and, at 
the same time, must detect threats to the organism, whether internal or exogenous. Tumors 
are particularly complex since these unwanted cells arise from the body’s own tissues. Thus, 
upon detection of tumor cells, the immune system must strike a fine balance between activa-
tion of effector responses and tolerance. The immune system exploits the tenuous differences 
between normal cells in homeostasis and intrinsically related tumor cells.

Considering the high rate of mutation in tumors, the newly formed protein variants gener-
ate neoepitopes that may serve as targets for the detection and elimination of these aberrant 
and decontextualized cells by the immune system. These neoantigens can be, for example, 
the result of mutations caused by dysfunctional chromosomal recombination, such as the 
Philadelphia chromosome, generating a BCR-ABL gene fusion that did not previously exist 
in the body. This is a classic example of tumor-specific antigen (TSA), as seen in Table 1. 
Among the solid tumors, melanoma has the highest mutation rate (0.5 to >100 mutations 
per megabase), which reinforces the hypothesis that it is a highly immunogenic tumor [9]. 
Another characteristic of tumor cells is that they can express, or overexpress, genes outside 
the homeostatic context of their microenvironment, such tumor-associated antigens (TAAs) 
include oncofetal genes (linked to embryogenesis) or tissue markers, such as in melanoma 
(MAGE) or in breast cancer (HER2) [10]. These neoantigens and deregulated/overexpressed 
proteins are important targets for immunotherapeutic approaches.

Human tumor Antigenic protein

Melanoma, esophageal and liver carcinoma MAGE

Melanoma Tyrosinase

Breast and ovarian carcinomas HER2/Neu

Prostate carcinoma Prostate-specific antigen (PSA)

Head-and-neck carcinoma Caspase 8

Chronic myelogenous leukemia (CML) BCR-ABL

Colon carcinoma Carcinoembryonic antigen (CEA)

Table 1. Examples of TAA and TSA recognized by T cells.
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Although antitumor immune responses do occur, tumors often develop elaborate strategies 
of evasion. This fundamental hallmark of cancer encompasses a wide variety of mechanisms 
and appears to exploit multiple levels and different cell types in the immune system, acting 
like a network. These mechanisms include (i) immunoediting, where the selection of variants 
of nonimmunogenic tumor cells (a phenomenon also known as immunoselection) is due to 
low expression of immunogenic molecules (like TAA) and/or major histocompatibility com-
plex-I (MHC-I) molecules, and (ii) immuno-subversion, where immune suppressor signals 
are generated, thus disarming antitumor defenses [5, 7, 11].

These antitumor immune responses rely on innate and adaptive mechanisms. NK (natural 
killer) cells, part of the innate immune response, recognize MHC-I molecules (through 
the NKG2D receptor) and eliminate cells that have null or low expression. In addition, 
danger-associated molecular patterns (DAMPs) and stress-signaling proteins (MICA, 
MICB, ULBP4) signal an NK attack on cells that have suffered damage and that should be 
eliminated. Conditions such as irreparable levels of mutations and viral infections natu-
rally trigger this signaling. However, the neoplastic cells can downregulate the expression 
of these stress markers and MHC-I or may secrete soluble MICA, thus avoiding NK cell 
attack [12].

Adaptive immunity also undergoes profound changes during tumor progression. Suppressive 
immune responses include the formation and recruitment of regulatory T lymphocytes (Treg), 
which, under normal conditions, inhibit the immune system’s response to self-antigens [11]. 
In the tumor context, this mechanism is subverted to suppress antitumor immune responses, 
generating tolerance to tumor antigens [13–15]. These infiltrating Tregs contribute to the 
establishment of a tumor microenvironment abundant in immunosuppressive factors (IL-10, 
TGF-β, Arg1 and IDO) that influence many different cellular types, including the inhibition 
of effector T lymphocytes (Teff), generation of myeloid-derived suppressor cells (MDSC) and 
impairment of the proper function of dendritic cells (DCs) for presenting antigens [7].

The immunosuppressive tumor microenvironment also influences the immune checkpoint 
status, promoting the expression of inhibitory checkpoint molecules (CTLA-4, PD-1, IDO, 
LAG3, TIM3 and KIR) to the detriment of stimulatory checkpoint molecules (OX40, CD27, 
CD28, CD40, CD122 and ICOS) [16]. On the other hand, understanding this phenomenon 
brings interesting perspectives for immunotherapies as discussed below.

2. Immune interventions promoting active responses against tumor 
cells

Therapeutic strategies that target immune activation have shown significantly increased 
survival and quality of life for cancer patients [17]. Cancer immunotherapy comprises a vari-
ety of treatment approaches and combinations, incorporating the specificity of the adaptive 
immune response (T cells and antibodies) as well as the diverse and potent cytotoxic weap-
onry of both adaptive and innate immunity [18]. In this section, we provide an overview of 
key immunotherapeutic approaches.
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Some of these strategies involve the application of soluble antibody molecules that specifi-
cally recognize and bind TAAs, resulting in blocked receptor signaling and/or passive immu-
notherapy. In particular, targeting tumor cells by engaging surface antigens differentially 
expressed in cancers has been widely used. For example, rituximab targets CD20 in non-
Hodgkin B cell lymphoma. At least nine monoclonal antibodies (mAbs) targeting six TAAs 
(HER2/Neu, EGFR, VEGF, CD20, CD52 and CD33) are approved for the treatment of solid 
and hematological malignancies [19].

Approved by the Food and Drug Administration (FDA) in 2011, ipilimumab is a mAb against 
cytotoxic T lymphocyte–associated protein 4 (CTLA-4), a negative checkpoint of T cell func-
tion. Thus, checkpoint blockade with ipilimumab releases the brakes of the immune system, 
promoting T cells to combat cancer cells, and has already benefited thousands of patients with 
advanced melanoma, a disease that typically kills in less than a year [20]. Additional targets 
of immune checkpoint therapy include programmed cell death protein 1 (PD1) and its ligand 
PD-L1, which are even more effective and have fewer side effects as compared to anti-CTLA4 
[21]. Moreover, checkpoint inhibitors may be used in combination with each other or with 
other therapies resulting in the induction of sustained antitumor responses in a wide variety 
of tumors [22–25]. Checkpoint blockade has undoubtedly been one of the most impressive 
advancements in cancer therapeutics in recent years, prolonging and saving the lives of many 
cancer patients. Even so, this approach does not directly induce a de novo immune response 
but releases experienced T cells from inhibitory signaling.

Vaccines are strategies to activate effector immune cells upon stimulation with tumor anti-
gens, promoting the patient’s own immune system to mount an immune response against 
neoplastic cells. Numerous vaccine approaches have been attempted and share the goal of 
providing effective target antigens while reverting, perhaps, the immunosuppressive tumor 
microenvironment and activating the ability of DCs to present these antigens. One example 
is GVAX (Cell Genesys, Inc., South San Francisco, CA), a polyvalent vaccine derived from 
a cultured cancer cell line expressing a plurality of shared tumor antigens. In addition, the 
cells have been genetically modified to secrete granulocyte-macrophage colony-stimulating 
factor (GM-CSF), an immune-modulatory cytokine that can activate antigen-presenting cells 
(APCs) locally at the vaccine site. Indeed, autologous and/or allogeneic GM-CSF-secreting 
tumor cell vaccines have demonstrated evidence of immunologic responses in patients with 
various types of cancers, for example, chronic myeloid leukemia [26], melanoma [27], pancre-
atic adenocarcinoma [28] and prostate cancer [29].

Oncolytic virotherapy (OV) is a novel form of cancer therapy that employs native or engi-
neered viruses that selectively replicate in and kill cancer cells. OVs act as immunothera-
pies, promoting antitumor responses due to the viral infection of tumor cells and their acute 
lysis. An example of this therapy is an intralesional injection with talimogene laherparepvec 
(Imlygic, T-VEC, Amgen, Thousand Oaks, CA), a genetically engineered oncolytic HSV (her-
pes simplex virus), with mutations in infectious cell proteins (ICPs) 34.5 and 47, and express-
ing US11 and GM-CSF [30].

Alternatively, the patient’s own T cells or NK cells may be used as a therapeutic agent. Such 
adoptive cell therapy (ACT) involves the recovery and ex vivo expansion of the patient’s cells, 
providing the opportunity for selection and activation of tumor-specific populations, before 
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they are infused in the patient [31]. One of the most advanced ACTs in clinical use is called 
CAR (chimeric antigen receptor) T cell therapy, which involves genetic modification of the 
patient’s T cells to enhance their ability to recognize and attack cancer cells [32]. CAR-T cells 
have been engineered to express multiple CARs that recognize several tumor antigens. This 
technology has been successfully applied in clinical trials for hematological malignancies, 
with durable and complete remission in acute lymphoblastic leukemia [33], chronic lympho-
cytic leukemia [34] and B-cell lymphomas [35]. Another interesting application is the intro-
duction of CARs targeting negative regulatory receptors, such as PD-1, resulting in reversal 
of immunosuppression in the tumor [36].

While cancer immunotherapies continue to evolve, the recurring role for gene transfer as 
a fundamental component of many of these approaches is quite evident. Here, we explore 
several immunotherapy approaches that rely on some aspects of gene transfer, highlighting 
both clinical and technological advances, especially as related to virotherapy, suicide genes, 
vaccines and CAR-T cells.

3. Cancer vaccines

Genetic instability intrinsic to cancer generates innumerable missense mutations in tumor 
cells and thus generates specific targets for T cell immunity [37]. Since these neoantigens are 
not expressed in normal somatic cells, they are inviting targets for the development of cancer 
vaccines and rational combinations of immunotherapies [38].

Although the term vaccine initially referred to the use of prophylactic immunizations for bacte-
rial or viral infections, there are vaccines for therapeutic purposes, especially when we refer to 
cancer. This strategy has been gaining prominence lately as it offers the opportunity for a lasting 
effector response and with far fewer side effects than established traditional treatments, such as 
chemotherapy. In general terms, cancer vaccines seek to restore the ability of the immune system 
to recognize and eliminate neoplastic cells. In addition, the possibility of generating memory T 
cells favors long-lasting protective effects, including the prevention of metastasis after primary 
remission, which would greatly increase the survival and quality of life of these patients.

One of the earliest reports of cancer immunotherapy was conducted by William B. Coley. After 
observing that established tumors associated with fever or infection generally had higher 
rates of spontaneous regression, Streptococcus (Coley’s toxin) was injected into an inoperable 
bone tumor. Despite generating data with difficult interpretation, it sparked a debate and 
numerous other fronts of investigation [39]. Corroborating this hypothesis, Lamm et al. dem-
onstrated that Bacillus Calmette-Guerin (BCG) could be used to activate the immune system 
and thus enable the treatment of bladder cancer. This therapy, approved by the FDA, is still 
in clinical use [40].

3.1. Improving vaccine efficacy

In both of the pioneering works described above, bacterial components having immunostim-
ulatory properties were used. It is now clear that the formulation of vaccines should include 
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Some of these strategies involve the application of soluble antibody molecules that specifi-
cally recognize and bind TAAs, resulting in blocked receptor signaling and/or passive immu-
notherapy. In particular, targeting tumor cells by engaging surface antigens differentially 
expressed in cancers has been widely used. For example, rituximab targets CD20 in non-
Hodgkin B cell lymphoma. At least nine monoclonal antibodies (mAbs) targeting six TAAs 
(HER2/Neu, EGFR, VEGF, CD20, CD52 and CD33) are approved for the treatment of solid 
and hematological malignancies [19].

Approved by the Food and Drug Administration (FDA) in 2011, ipilimumab is a mAb against 
cytotoxic T lymphocyte–associated protein 4 (CTLA-4), a negative checkpoint of T cell func-
tion. Thus, checkpoint blockade with ipilimumab releases the brakes of the immune system, 
promoting T cells to combat cancer cells, and has already benefited thousands of patients with 
advanced melanoma, a disease that typically kills in less than a year [20]. Additional targets 
of immune checkpoint therapy include programmed cell death protein 1 (PD1) and its ligand 
PD-L1, which are even more effective and have fewer side effects as compared to anti-CTLA4 
[21]. Moreover, checkpoint inhibitors may be used in combination with each other or with 
other therapies resulting in the induction of sustained antitumor responses in a wide variety 
of tumors [22–25]. Checkpoint blockade has undoubtedly been one of the most impressive 
advancements in cancer therapeutics in recent years, prolonging and saving the lives of many 
cancer patients. Even so, this approach does not directly induce a de novo immune response 
but releases experienced T cells from inhibitory signaling.

Vaccines are strategies to activate effector immune cells upon stimulation with tumor anti-
gens, promoting the patient’s own immune system to mount an immune response against 
neoplastic cells. Numerous vaccine approaches have been attempted and share the goal of 
providing effective target antigens while reverting, perhaps, the immunosuppressive tumor 
microenvironment and activating the ability of DCs to present these antigens. One example 
is GVAX (Cell Genesys, Inc., South San Francisco, CA), a polyvalent vaccine derived from 
a cultured cancer cell line expressing a plurality of shared tumor antigens. In addition, the 
cells have been genetically modified to secrete granulocyte-macrophage colony-stimulating 
factor (GM-CSF), an immune-modulatory cytokine that can activate antigen-presenting cells 
(APCs) locally at the vaccine site. Indeed, autologous and/or allogeneic GM-CSF-secreting 
tumor cell vaccines have demonstrated evidence of immunologic responses in patients with 
various types of cancers, for example, chronic myeloid leukemia [26], melanoma [27], pancre-
atic adenocarcinoma [28] and prostate cancer [29].

Oncolytic virotherapy (OV) is a novel form of cancer therapy that employs native or engi-
neered viruses that selectively replicate in and kill cancer cells. OVs act as immunothera-
pies, promoting antitumor responses due to the viral infection of tumor cells and their acute 
lysis. An example of this therapy is an intralesional injection with talimogene laherparepvec 
(Imlygic, T-VEC, Amgen, Thousand Oaks, CA), a genetically engineered oncolytic HSV (her-
pes simplex virus), with mutations in infectious cell proteins (ICPs) 34.5 and 47, and express-
ing US11 and GM-CSF [30].

Alternatively, the patient’s own T cells or NK cells may be used as a therapeutic agent. Such 
adoptive cell therapy (ACT) involves the recovery and ex vivo expansion of the patient’s cells, 
providing the opportunity for selection and activation of tumor-specific populations, before 

In Vivo and Ex Vivo Gene Therapy for Inherited and Non-Inherited Disorders92

they are infused in the patient [31]. One of the most advanced ACTs in clinical use is called 
CAR (chimeric antigen receptor) T cell therapy, which involves genetic modification of the 
patient’s T cells to enhance their ability to recognize and attack cancer cells [32]. CAR-T cells 
have been engineered to express multiple CARs that recognize several tumor antigens. This 
technology has been successfully applied in clinical trials for hematological malignancies, 
with durable and complete remission in acute lymphoblastic leukemia [33], chronic lympho-
cytic leukemia [34] and B-cell lymphomas [35]. Another interesting application is the intro-
duction of CARs targeting negative regulatory receptors, such as PD-1, resulting in reversal 
of immunosuppression in the tumor [36].

While cancer immunotherapies continue to evolve, the recurring role for gene transfer as 
a fundamental component of many of these approaches is quite evident. Here, we explore 
several immunotherapy approaches that rely on some aspects of gene transfer, highlighting 
both clinical and technological advances, especially as related to virotherapy, suicide genes, 
vaccines and CAR-T cells.

3. Cancer vaccines

Genetic instability intrinsic to cancer generates innumerable missense mutations in tumor 
cells and thus generates specific targets for T cell immunity [37]. Since these neoantigens are 
not expressed in normal somatic cells, they are inviting targets for the development of cancer 
vaccines and rational combinations of immunotherapies [38].

Although the term vaccine initially referred to the use of prophylactic immunizations for bacte-
rial or viral infections, there are vaccines for therapeutic purposes, especially when we refer to 
cancer. This strategy has been gaining prominence lately as it offers the opportunity for a lasting 
effector response and with far fewer side effects than established traditional treatments, such as 
chemotherapy. In general terms, cancer vaccines seek to restore the ability of the immune system 
to recognize and eliminate neoplastic cells. In addition, the possibility of generating memory T 
cells favors long-lasting protective effects, including the prevention of metastasis after primary 
remission, which would greatly increase the survival and quality of life of these patients.

One of the earliest reports of cancer immunotherapy was conducted by William B. Coley. After 
observing that established tumors associated with fever or infection generally had higher 
rates of spontaneous regression, Streptococcus (Coley’s toxin) was injected into an inoperable 
bone tumor. Despite generating data with difficult interpretation, it sparked a debate and 
numerous other fronts of investigation [39]. Corroborating this hypothesis, Lamm et al. dem-
onstrated that Bacillus Calmette-Guerin (BCG) could be used to activate the immune system 
and thus enable the treatment of bladder cancer. This therapy, approved by the FDA, is still 
in clinical use [40].

3.1. Improving vaccine efficacy

In both of the pioneering works described above, bacterial components having immunostim-
ulatory properties were used. It is now clear that the formulation of vaccines should include 
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adjuvants, important components for immunomodulatory actions or acting as delivery sys-
tems for vaccine antigens [41–43]. The adjuvants’ property of modulating the immune system 
is in part due to their interaction with the receptors of pathogen-associated molecular patterns 
(PAMPs). Toll-like receptor (TLR) and the Nod-like (nucleotide oligomerization domain) 
receptor families, for example, mediate the cellular response to PAMPs [44, 45]. Different 
classes of TLRs each recognize a specific molecular pattern. Briefly, TLRs 1, 2, 4, 5 and 6 
recognize molecular patterns associated with bacteria. On the other hand, TLRs 3 and 7 are 
specialized in the recognition of molecular patterns associated with viral dsRNA and ssRNA, 
respectively. While TLRs 8, 9 and 13 recognize patterns of viruses and bacteria concomitantly, 
associated with ssRNA, DNA CpG patterns and ribosomal RNA sequences, respectively  
[46, 47]. The possibility of synergy when different innate receptors are stimulated may further 
enhance the adaptive immune response [48].

Several vaccine strategies may be employed for delivery of tumor antigens, adjuvants and 
modulators of the immune response (Table 2). Each strategy has its strengths and weaknesses. 
Even when meticulously planned, the actual response seen in clinical trials is often unpredict-
able. The vaccine regimen, number of doses, dosage, route of administration and adjuvant 
employed are variables that directly influence the type and intensity of the immune response 
generated. Another important point to be weighed is the mechanism of action, including (i) 
passive therapies based on the transfer of molecules (such as antibody or cytokine thera-
pies) or mature immune effector cells for example transfer of adoptive T cells, or even CAR-T 
cell–based therapy; or, (ii) active therapies including classical therapeutic vaccines and those 
based on DCs to establish effector immune responses against tumors.

Protein-based immunotherapy combines peptides and/or proteins, aiming to activate antitu-
mor immune responses. This strategy has been particularly effective in preventing oncogenic 
virus infection, as has been seen with Gardasil and Cervarix, which block HPV-associated 
cervical cancer [49]. The immune responses to structural proteins or viral oncoproteins are 
likely to be more effective since these antigens are foreign in the body. However, cancer-asso-
ciated proteins or epitopes, being self-antigens, are naturally less immunogenic and typically 
associated with immune tolerance; consequently, they are less effective in eliciting immune 
responses in preclinical cancer models. In this way, delivery systems involving peptides, pro-
teins and DNA/RNA vaccines, although classically used, may be poorly immunogenic and 
require appropriate pairing with adjuvants [50–52].

On the other hand, delivery systems based on viral vectors can be used for this purpose and 
may offer greater immunogenicity. Considering that many viral vectors come from patho-
genic viruses such as lentivirus, retroviruses and adenoviruses, there is already a line of 
defense against these “intruders” that can be raised during immunotherapy. This strategy 
has inherent advantages, such as the possibility of activating innate immune responses due 
to a variety of viral molecular patterns that are agonists of TLRs, attracting and helping to 
mature cells of the adaptive immune response. As for the safety of these vectors, genetic engi-
neering techniques allow the removal of specific genes related to pathogenicity, making them 
innocuous and safe for human use [53, 54]. In the last few years, several virus-driven thera-
pies have been approved for human use, showing substantial progress in the field of gene 
therapy. Such approaches include Glybera for lipoprotein lipase deficiency and the oncolytic 
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virotherapy Imlygic [55, 56], CAR-T cell immunotherapies Kymriah and Yescarta [57], as well 
as Strimvelis for the treatment of ADA-SCID (severe combined immunodeficiency due to 
adenosine deaminase deficiency) [58] and Luxturna for the treatment of Leber’s congenital 
amaurosis [59].

The efficiency of immunotherapies may be increased by applying combinations of different 
strategies. The combination of antibody therapy, cytokine therapy and checkpoint blockade 
with other immunotherapeutic strategies has been shown to increase antitumor activity 
[60–62]. Antibody therapy often targets tumor antigens and/or tumor-promoting proteins. 
Some antibodies act as blockers of the function of their targets, while others may act as ago-
nists. Additionally, the binding of these antibodies to their targets may direct opsonization or 

Type Generic mechanism Clinical 
trialsa

FDA approved

Protein based

Peptides/proteins Provide epitopes for specific antitumor 
immune responses.

446/278 Gardasil

Cytokine therapy Modulate positively antitumor immunity. 721 Proleukin (IL2r)

Antibody therapy Selectively target dysfunctional or 
overexpressed proteins in tumors.

4187 Rituximab, bevacizumab, 
ipilimumab, pembrolizumab

Gene based

DNA/RNA vaccines Provide epitopes for select antitumor 
immune responses.

142/80 –

Recombinant virus based

Adenovirus Gene transfer, including TK, CD and 
cytokines, among other transgenes.

193 –

Oncolytic virus Selective infection in tumors promoting 
cell death.

74 Imlygic

Cell based

Tumor cells Provide wide range of epitopes for select 
antitumor immune responses.

78 –

Dendritic cells Provide mature, activated and antigen-
loaded dendritic cells for the correct 
antigen presentation, and consequent 
generation of effector T cells against the 
tumors.

574 Sipuleucel-T

Transfer of adoptive T 
cells

To provide T lymphocytes with lithic 
capacity directed at tumor cells.

77 –

CAR-T T lymphocytes engineered in vitro that 
recognizes proteins/tumor epitopes, being 
endowed with lytic capacity independent 
of costimulatory molecules.

342 Kymriah

aclinicaltrials.gov, search performed April, 2018.

Table 2. Type of gene transfer used in vaccines and immunotherapy against cancer.
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adjuvants, important components for immunomodulatory actions or acting as delivery sys-
tems for vaccine antigens [41–43]. The adjuvants’ property of modulating the immune system 
is in part due to their interaction with the receptors of pathogen-associated molecular patterns 
(PAMPs). Toll-like receptor (TLR) and the Nod-like (nucleotide oligomerization domain) 
receptor families, for example, mediate the cellular response to PAMPs [44, 45]. Different 
classes of TLRs each recognize a specific molecular pattern. Briefly, TLRs 1, 2, 4, 5 and 6 
recognize molecular patterns associated with bacteria. On the other hand, TLRs 3 and 7 are 
specialized in the recognition of molecular patterns associated with viral dsRNA and ssRNA, 
respectively. While TLRs 8, 9 and 13 recognize patterns of viruses and bacteria concomitantly, 
associated with ssRNA, DNA CpG patterns and ribosomal RNA sequences, respectively  
[46, 47]. The possibility of synergy when different innate receptors are stimulated may further 
enhance the adaptive immune response [48].

Several vaccine strategies may be employed for delivery of tumor antigens, adjuvants and 
modulators of the immune response (Table 2). Each strategy has its strengths and weaknesses. 
Even when meticulously planned, the actual response seen in clinical trials is often unpredict-
able. The vaccine regimen, number of doses, dosage, route of administration and adjuvant 
employed are variables that directly influence the type and intensity of the immune response 
generated. Another important point to be weighed is the mechanism of action, including (i) 
passive therapies based on the transfer of molecules (such as antibody or cytokine thera-
pies) or mature immune effector cells for example transfer of adoptive T cells, or even CAR-T 
cell–based therapy; or, (ii) active therapies including classical therapeutic vaccines and those 
based on DCs to establish effector immune responses against tumors.

Protein-based immunotherapy combines peptides and/or proteins, aiming to activate antitu-
mor immune responses. This strategy has been particularly effective in preventing oncogenic 
virus infection, as has been seen with Gardasil and Cervarix, which block HPV-associated 
cervical cancer [49]. The immune responses to structural proteins or viral oncoproteins are 
likely to be more effective since these antigens are foreign in the body. However, cancer-asso-
ciated proteins or epitopes, being self-antigens, are naturally less immunogenic and typically 
associated with immune tolerance; consequently, they are less effective in eliciting immune 
responses in preclinical cancer models. In this way, delivery systems involving peptides, pro-
teins and DNA/RNA vaccines, although classically used, may be poorly immunogenic and 
require appropriate pairing with adjuvants [50–52].

On the other hand, delivery systems based on viral vectors can be used for this purpose and 
may offer greater immunogenicity. Considering that many viral vectors come from patho-
genic viruses such as lentivirus, retroviruses and adenoviruses, there is already a line of 
defense against these “intruders” that can be raised during immunotherapy. This strategy 
has inherent advantages, such as the possibility of activating innate immune responses due 
to a variety of viral molecular patterns that are agonists of TLRs, attracting and helping to 
mature cells of the adaptive immune response. As for the safety of these vectors, genetic engi-
neering techniques allow the removal of specific genes related to pathogenicity, making them 
innocuous and safe for human use [53, 54]. In the last few years, several virus-driven thera-
pies have been approved for human use, showing substantial progress in the field of gene 
therapy. Such approaches include Glybera for lipoprotein lipase deficiency and the oncolytic 
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virotherapy Imlygic [55, 56], CAR-T cell immunotherapies Kymriah and Yescarta [57], as well 
as Strimvelis for the treatment of ADA-SCID (severe combined immunodeficiency due to 
adenosine deaminase deficiency) [58] and Luxturna for the treatment of Leber’s congenital 
amaurosis [59].

The efficiency of immunotherapies may be increased by applying combinations of different 
strategies. The combination of antibody therapy, cytokine therapy and checkpoint blockade 
with other immunotherapeutic strategies has been shown to increase antitumor activity 
[60–62]. Antibody therapy often targets tumor antigens and/or tumor-promoting proteins. 
Some antibodies act as blockers of the function of their targets, while others may act as ago-
nists. Additionally, the binding of these antibodies to their targets may direct opsonization or 
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complement-mediated lysis and thereby contribute to the elimination of tumor cells. Another 
aspect of passive immune therapies is the use of recombinant cytokines, such as IL-2, IL-12 
and interferon-α, β and γ [63]. Although both strategies can modulate the immune system to 
bring improvements, their action is temporary and can only be palliative, requiring successive 
doses and may provoke serious adverse effects [64, 65]. Checkpoint blockade has been gain-
ing prominence recently and also encompasses the use of monoclonal antibody inhibitors of 
negative modulators of immune function, such as anti-PD-1, PDL1 and CTLA4 [66–68].

3.2. Modified dendritic cells as therapeutic vaccines

The presentation of antigens is a crucial event in the genesis of adaptive immune responses. 
Antigen-presenting cells (APCs) capture proteins in peripheral tissues, process them by pro-
teolytic digestion and, after migrating to secondary lymphoid organs, present them to T lym-
phocytes in the context of class I or II MHC molecules [69]. In addition to the MHC molecules 
(HLA in humans), a number of costimulators (such as CD80, CD86, CD40, CD83 and CD14) 
are also required, important for the complementation of the biochemical signals necessary 
for the activation of T lymphocytes upon recognition of the presented antigens [70–72]. The 
maturation of cytotoxic T lymphocytes is central to the generation of adaptive immunity and, 
in turn, is one of the major antitumor defenses.

Autologous dendritic cell vaccines can be prepared from the patient’s peripheral blood, with 
isolation of CD14+ cells and in vitro treatment with GM-CSF and IL-4 for differentiation and 
maturation of monocyte-derived DCs (Mo-DCs). Next, different techniques can be used to 
“load” the tumor antigens into the DCs, such as peptides, proteins, DNA or RNA transfec-
tion, exosomes or exposure to tumor cell lysates [73, 74]. In addition to the changes that occur 
in the tumor microenvironment, the tumor is also capable of inducing systemic changes in 
the host’s immune system, so that the monocytes from cancer patients may result in DCs 
with altered phenotype and cytokine production, negatively impacting immunotherapy [15]. 
Thus, immunotherapy with allogeneic DCs represents an interesting alternative. In addition 
to offering greater availability of DCs (since healthy donors have higher monocyte counts), 
tissue rejection by antigenic determinants (HLA) may function as an adjuvant.

Barbuto et al. used an interesting strategy for the construction of DC-based therapeutic vac-
cines for cancer. Healthy donor monocytes are differentiated and matured ex vivo and are sub-
sequently fused to tumor cells by electrical shock, resulting in a hybrid cell. These hybrids are 
gamma irradiated, to prevent replication, and then administered back to the patient, seeking 
the generation of immune responses against neoplasms. Although the hybrids were shown 
to offer limited improvement of mortality rates, longer survival of the treated patients was 
achieved [75, 76]. Another phase I study in melanoma patients employed immunotherapy 
using plasmacytoid and myeloid DCs (pDC and mDC, respectively). The results were prom-
ising and indicated a survival time of more than 2 years in most of their patients [77, 78].

Currently, more than 500 clinical trials using dendritic cells are being conducted for the 
treatment of various forms of cancer in different countries. Most of these (324) are in the US, 
followed by the European Union (120) and China (72) [79]. Although results are very hetero-
geneous, there is a consensus that the use of these therapies in humans does not present risks 
or serious side effects.
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Sipuleucel-T (Provenge), a dendritic cell-based vaccine for the treatment of metastatic castra-
tion-resistant prostate cancer, is the only example approved for use in humans. Its manufac-
ture is done in a personalized manner, which involves the extraction of the patient’s peripheral 
blood mononuclear cells (PBMCs) by leukapheresis, transport of the cells to Dendreon’s facil-
ity (New Jersey, USA) for in vitro culture, maturation of DCs and loading with PA2024 (hybrid 
protein of GM-CSF and prostate-specific prostatic acid phosphatase, PAP) before returning 
the cells to the hospital where they will be administered to the patient [80].

Three phase 3 clinical trials supported the approval of sipuleucel-T by the FDA [81–83]. These 
studies have demonstrated that sipuleucel-T extended the survival of treated patients by 
4.1 months when compared to the control group that received cells processed in a manner 
similar to sipuleucel-T, however, without activation due to the absence of the recombinant 
protein. Although this gain in survival seems promising, none of these studies showed sig-
nificant increase in time to disease progression [84]. However, no side effects were observed 
in most cases, and T-lymphocyte proliferation was also detected, factors contributing to FDA 
approval [84]. In practice, the logistics of sending temperature- and time-sensitive material 
from widely distributed health care institutions to and from a single processing center made 
this immunotherapeutic strategy cumbersome and relatively expensive, since the total cost of 
treatment with sipuleucel-T has been reported to be $93,000 to $140,000.00 [80, 85]. Despite 
the prolonged survival and increased quality of life, this therapeutic option was not sustained 
and was discontinued.

4. Suicide gene therapy

In cancer gene therapy, different approaches can be used to kill tumor cells. Suicide gene 
therapy (also called gene-directed enzyme prodrug therapy) is one example where a viral or 
bacterial gene is introduced in the cancer cell such that it can convert a nontoxic prodrug into 
its lethal form. The most famous system used in this strategy is herpes simplex virus thymi-
dine kinase gene (HSV-tk) and ganciclovir (GCV) as the prodrug. Expression of the HSV-tk 
gene leads to production of the enzyme that turns GCV into GCV monophosphate. After this 
first conversion, cellular kinases metabolize GCV monophosphate into GCV triphosphate, 
which is an analogue of deoxyguanosine triphosphate. GCV triphosphate causes tumor cell 
death upon its incorporation into DNA and consequent inhibition of DNA replication [86]. 
Another example of a suicide gene is the cytosine deaminase gene (CD) of Escherichia coli that 
catalyzes the hydrolytic deamination of cytosine into uracil, converting the nontoxic antifun-
gal agent 5-fluorocytosine (5-FC) into 5-fluorouracil (5-FU). This process causes cell death 
by three main pathways: thymidylate synthase inhibition, formation of (5-FU) RNA and of 
(5-FU) DNA complexes [86]. More recent systems were developed, including an engineered 
version of human thymidylate kinase (TMPK) and the prodrug azidothymidine (AZT), which 
was first tested in leukemia model in vitro and in vivo. Native TMPK catalyzes AZT into AZT 
monophosphate, the toxic compound, only very slowly, so the engineering of TMPK allows 
it to act more robustly [87, 88]. In another example, the iCas9 system consists of inducible 
expression of the caspase-9 gene and administration of the small molecule chemical inducer 
of dimerization (CID) that leads to caspase-9 dimerization, thus promoting apoptosis [86].
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complement-mediated lysis and thereby contribute to the elimination of tumor cells. Another 
aspect of passive immune therapies is the use of recombinant cytokines, such as IL-2, IL-12 
and interferon-α, β and γ [63]. Although both strategies can modulate the immune system to 
bring improvements, their action is temporary and can only be palliative, requiring successive 
doses and may provoke serious adverse effects [64, 65]. Checkpoint blockade has been gain-
ing prominence recently and also encompasses the use of monoclonal antibody inhibitors of 
negative modulators of immune function, such as anti-PD-1, PDL1 and CTLA4 [66–68].

3.2. Modified dendritic cells as therapeutic vaccines

The presentation of antigens is a crucial event in the genesis of adaptive immune responses. 
Antigen-presenting cells (APCs) capture proteins in peripheral tissues, process them by pro-
teolytic digestion and, after migrating to secondary lymphoid organs, present them to T lym-
phocytes in the context of class I or II MHC molecules [69]. In addition to the MHC molecules 
(HLA in humans), a number of costimulators (such as CD80, CD86, CD40, CD83 and CD14) 
are also required, important for the complementation of the biochemical signals necessary 
for the activation of T lymphocytes upon recognition of the presented antigens [70–72]. The 
maturation of cytotoxic T lymphocytes is central to the generation of adaptive immunity and, 
in turn, is one of the major antitumor defenses.

Autologous dendritic cell vaccines can be prepared from the patient’s peripheral blood, with 
isolation of CD14+ cells and in vitro treatment with GM-CSF and IL-4 for differentiation and 
maturation of monocyte-derived DCs (Mo-DCs). Next, different techniques can be used to 
“load” the tumor antigens into the DCs, such as peptides, proteins, DNA or RNA transfec-
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Sipuleucel-T (Provenge), a dendritic cell-based vaccine for the treatment of metastatic castra-
tion-resistant prostate cancer, is the only example approved for use in humans. Its manufac-
ture is done in a personalized manner, which involves the extraction of the patient’s peripheral 
blood mononuclear cells (PBMCs) by leukapheresis, transport of the cells to Dendreon’s facil-
ity (New Jersey, USA) for in vitro culture, maturation of DCs and loading with PA2024 (hybrid 
protein of GM-CSF and prostate-specific prostatic acid phosphatase, PAP) before returning 
the cells to the hospital where they will be administered to the patient [80].

Three phase 3 clinical trials supported the approval of sipuleucel-T by the FDA [81–83]. These 
studies have demonstrated that sipuleucel-T extended the survival of treated patients by 
4.1 months when compared to the control group that received cells processed in a manner 
similar to sipuleucel-T, however, without activation due to the absence of the recombinant 
protein. Although this gain in survival seems promising, none of these studies showed sig-
nificant increase in time to disease progression [84]. However, no side effects were observed 
in most cases, and T-lymphocyte proliferation was also detected, factors contributing to FDA 
approval [84]. In practice, the logistics of sending temperature- and time-sensitive material 
from widely distributed health care institutions to and from a single processing center made 
this immunotherapeutic strategy cumbersome and relatively expensive, since the total cost of 
treatment with sipuleucel-T has been reported to be $93,000 to $140,000.00 [80, 85]. Despite 
the prolonged survival and increased quality of life, this therapeutic option was not sustained 
and was discontinued.

4. Suicide gene therapy

In cancer gene therapy, different approaches can be used to kill tumor cells. Suicide gene 
therapy (also called gene-directed enzyme prodrug therapy) is one example where a viral or 
bacterial gene is introduced in the cancer cell such that it can convert a nontoxic prodrug into 
its lethal form. The most famous system used in this strategy is herpes simplex virus thymi-
dine kinase gene (HSV-tk) and ganciclovir (GCV) as the prodrug. Expression of the HSV-tk 
gene leads to production of the enzyme that turns GCV into GCV monophosphate. After this 
first conversion, cellular kinases metabolize GCV monophosphate into GCV triphosphate, 
which is an analogue of deoxyguanosine triphosphate. GCV triphosphate causes tumor cell 
death upon its incorporation into DNA and consequent inhibition of DNA replication [86]. 
Another example of a suicide gene is the cytosine deaminase gene (CD) of Escherichia coli that 
catalyzes the hydrolytic deamination of cytosine into uracil, converting the nontoxic antifun-
gal agent 5-fluorocytosine (5-FC) into 5-fluorouracil (5-FU). This process causes cell death 
by three main pathways: thymidylate synthase inhibition, formation of (5-FU) RNA and of 
(5-FU) DNA complexes [86]. More recent systems were developed, including an engineered 
version of human thymidylate kinase (TMPK) and the prodrug azidothymidine (AZT), which 
was first tested in leukemia model in vitro and in vivo. Native TMPK catalyzes AZT into AZT 
monophosphate, the toxic compound, only very slowly, so the engineering of TMPK allows 
it to act more robustly [87, 88]. In another example, the iCas9 system consists of inducible 
expression of the caspase-9 gene and administration of the small molecule chemical inducer 
of dimerization (CID) that leads to caspase-9 dimerization, thus promoting apoptosis [86].
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One of the advantages of the suicide gene approach is the bystander effect that consists of 
a functional effect that may be seen even when only a small percent of cells has been trans-
duced, and thus, tumor regression can occur. The most accepted hypotheses for this phenom-
enon of killing nontransduced tumor cells are passive diffusion of the drug, passage of the 
drug through gap junctions and release of soluble factors, forming a local bystander effect 
[89]. A different approach that relies on the bystander effect involves the use of mesenchymal 
stem cells (MSCs) to deliver drugs or vectors. The advantage in this case is that HSV-tk–
modified MSCs could be effectively delivered to the area of interest and GCV could then be 
safely administrated systemically. HSV-tk–bearing MSCs home to and infiltrate the tumor 
region. Consequently, only tumor cells will be affected, while adjacent areas should remain 
unharmed [90].

Alternatively, the bystander effect may be a consequence of an immune response initiated 
by suicide gene therapy in vivo, also known as a distant bystander effect. Several articles in 
the literature have demonstrated a relationship between HSV-tk and immune response. Also 
called gene-mediated cytotoxic immunotherapy, treatment with HSV-tk promotes innate 
immune stimulation and infiltration of T cells in tumors [89]. In a clinical trial treating pros-
tate cancer, Ayala and collaborators used an adenoviral vector encoding HSV-tk. In addition 
to increased apoptosis and decreased microvessel density, they found circulating and acti-
vated CD8+ cells and increased IL-12, an important mediator of immune response to tumor 
cells and viral infection. They also found intratumor CD8+ cells, suggesting the occurrence of 
both local and systemic responses [91]. Combining suicide and immune gene therapy in an 
aggressive melanoma model, together HSV-tk and GM-CSF induced a meaningful systemic 
immune response that was stronger as compared to GM-CSF alone [92]. The induction of an 
immune response upon CD/5-FC may be less well known [93] but has also been reported [94, 
95]. Adenoviral delivery of HSV-tk was tested in a phase III trial, showing increased time to 
death in patients with high-grade glioma, but it did not increase overall survival [96]; perhaps 
combining suicide gene therapy with an additional immunotherapy approach could improve 
response. For example, a current trial is testing the combination of HSV-tk with FMS-like 
tyrosine kinase 3 ligand (FLT3L) carried by adenoviral vectors in order to promote both tumor 
cell death and DC activity [97].

Applied as a safety mechanism, HSV-tk is also used to control CAR-T cells. As described 
in more detail below, the successful clinical experience of engineered CAR-T cells is also 
associated with serious adverse events where the massive cell killing results in tumor lysis 
syndrome, an extreme elevation of plasma IL-6 concentrations that can lead to hypotension 
and respiratory distress in severe cases [98]. Accordingly, suicide gene therapy can be used 
to kill the CAR-T cells and thus stop the cytokine release syndrome [99]. In a myeloid leuke-
mia model, Casucci and collaborators associated HSV-tk/GCV with CAR-T cells targeting the 
CD44v6 receptor and compared this approach with the use of the nonimmunogenic suicide 
gene iCas9 in an attempt to avoid an unwanted immune response, revealing that the second 
approach was more effective in containing the cytokine release syndrome [100]. At least three 
clinical trials utilizing iCas9 to control cell fate upon adoptive T cell transfer have been initi-
ated for the treatment of leukemia and lymphoma [79, 101].
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In summary, suicide gene therapy is an approach that involves death mechanisms and immu-
notherapy. The strategy is still evolving from the initial trials and may be an interesting option 
against cancer and for the improved safety of CAR-T cell therapy.

5. Turning gene therapy into immunotherapy: adenovirus-carrying 
ARF and interferon-beta

Our own research has focused on the use of nonreplicating viral vectors for the transfer of 
tumor suppressor genes in combination with an immune-modulating gene (Figure 1). The 
goal is to induce both cell death and an immune response, thus overcoming the immunosup-
pressive tumor microenvironment and initiating the cancer immunity cycle. To this end, we 
have developed an improved vector system that promotes cooperation between gene function 
and vector performance.

We have constructed a series of viral vectors where transgene expression is controlled by the 
tumor suppressor p53, a powerful transcriptional regulator [54, 102, 103]. Moreover, plac-
ing the p53 cDNA under the control of the p53-responsive promoter (PGTxβ, or simply PG) 

Figure 1. Schematic representation of our immunotherapy approach. (1) The adenoviral vectors encode either 
interferon-β (IFNβ) or p19ARF (alternate reading frame, p19ARF in mice and p14ARF in humans) where expression of 
the cDNA is controlled by a p53 responsive promoter, termed PG. (2) The combination of IFNβ + ARF induces tumor cell 
death by necroptosis and is associated with the release of immunogenic factors (such as HMGB1, ATP and calreticulin). 
(3) Immune cells are recruited and activated to attack the tumor.
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syndrome, an extreme elevation of plasma IL-6 concentrations that can lead to hypotension 
and respiratory distress in severe cases [98]. Accordingly, suicide gene therapy can be used 
to kill the CAR-T cells and thus stop the cytokine release syndrome [99]. In a myeloid leuke-
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establishes an autoregulatory, positive feedback mechanism that was shown to outperform 
vectors employing a constitutive promoter to express p53. That is, gene expression and cell 
killing in vitro and in vivo were superior when using our modified vectors to express p53 
[104–106]. We have also looked to p19ARF (alternate reading frame, p19ARF in mice and 
p14ARF in humans), a functional partner of p53, to serve as the death-promoting factor in our 
approach and have observed that it is effectively expressed from our p53-responsive vectors 
in tumor cells that harbor wild type p53, resulting in activation of p53-mediated cell killing in 
vitro and in vivo [107]. Admittedly, cell killing mediated by the p53/ARF pathway alone has a 
limited, but recognized, role in promoting an antitumor immune response [108].

In order to activate the immune response against the tumor, we have added interferon-β 
(IFNβ) to our therapeutic approach since it is a central player in innate and adaptive immu-
nity [109]. Indeed, the combination of p19Arf and IFNβ is better able to induce melanoma 
cell death both in vitro and in vivo [110, 111]. Strikingly, the mechanism of cell death involves 
necroptosis with liberation of the classic markers of immunogenic cell death [111]. In a mouse 
model of melanoma, we have confirmed the induction of an antitumor immune response in 
vaccine and immunotherapy settings, with critical involvement of NK cells, CD4+ and CD8+ T 
cells [112]. In a mouse model of lung carcinoma, we have shown that in situ gene therapy can 
bring about an antitumor immune response with critical involvement of neutrophils [113]. 
Together these studies show that our gene transfer approach is an effective immunotherapy 
[114, 115]. The results to date are promising and research will continue to evolve, with criti-
cal development using clinically relevant models, such as testing with patient-derived tumor 
samples as well as alternative animal models, including canines [116].

6. Oncolytic virotherapy

In 1892, viruses were first noted by humans and it took only a few years for researchers to 
raise the possibility that some viral infections may interfere in the clinical outcomes of some 
patients with different types of cancers. In 1904, a transitory spontaneous remission of acute 
leukemia in a patient after infection with influenza was reported, prompting the observation 
of additional occurrences of this type and paving the way for the concept of virotherapy 
[117]. One of the first reports of viruses being deliberately applied as a therapeutic approach 
for cancer dates back to 1949, when Herman A. Hoster and colleagues evaluated the clinical 
outcome of 21 Hodgkin’s disease patients after intentional exposure to Hepatitis B virus [118]. 
Some years after that, Newman and Southam evaluated the use of several different viruses 
(vaccinia, mumps, West Nile, dengue, among others) for the treatment of advanced cancer in 
57 patients, though no remarkable clinical outcome was observed [119].

Concomitant with the expansion of knowledge in the field of virology, additional protocols 
describing novel attempts to establish cancer virotherapy were reported, including the use of 
an array of different virus species, such as adenovirus, Coxsackie, and Epstein-Barr. Despite 
the new investigations in the 1970s, the threshold of “transitory response” could not be sur-
passed due to adverse events, such as neurotoxicity, possibly associated with technological 
limits related to the handling of viruses, for example, the lack of genetic engineering tools 
needed for the development and testing of more effective and safer versions [120].
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With the advances in molecular and cellular biology as well as animal models for cancer 
research, the perspective of taking oncolytic virotherapy (OV) from bench to the bedside 
became feasible. For example, a report in 1991 described the construction of a modified herpes 
simplex virus (HSV-1), which was thymidine kinase-negative and attenuated for neurotoxic-
ity [121]; thus, a critical step was taken to advance the technology of OV.

By definition, OV encompasses native or genetically engineered viruses whose replication 
is restricted to tumor cells. As per the immunotherapy trend, OV is increasingly gaining 
attention due to its performance in clinical trials where it is used to treat several types of 
cancers. With the 2015 approval of Imlygic (talimogene laherparepvec, OncoVex, T-VEC, an 
HSV-based oncolytic virus) by the FDA and the EMA (European Medicines Agency) for the 
treatment of unresectable melanoma, the principle of taking advantage of viral replication in 
order to treat cancer is now an established therapeutic approach.

6.1. Targeting and mechanism of OV

Even in the absence of tools to genetically modify viruses in order to make them safer, in 
the 1950s, Alice Moore observed that it was possible to generate virus strains with higher 
oncolytic capacity and more tumor specificity through adaptation. In particular, the oncolytic 
features of Russian encephalitis virus were enhanced after 20–30 passages in the Sarcoma 180 
cell line as compared to the original strain, leading to the idea that the tumor cells could exert 
an evolutionary pressure upon the virus, favoring those particles adapted to replicate in the 
tumor [122].

After the development of techniques for the manipulation of DNA, these tools were used 
to break down the barriers for the development of virotherapy. Thus, undesirable virulence 
could be mitigated by eliminating key genes from the viral genome, generating attenuated 
viruses. The viral genome often codes important proteins that regulate its replication in post-
mitotic cells. For example, the thymidine kinase (TK) gene is associated with DNA synthesis 
and cell cycle progression [123]. Taking advantage of this information, Martuza and collabo-
rators showed that HSV lacking the gene coding for TK could replicate in dividing cells, but 
replication was hampered in quiescent cells, in line with the need for selective replication in 
tumor cells. In an animal model of glioma, locally administrated mutant HSV led to inhibition 
of tumor growth and showed decreased neurotoxicity [121]. Alternatively, the viral life cycle 
may be guided by cellular or virus-encoded microRNAs that alter the level of expression of 
cell-specific proteins [124].

In addition to the aforementioned approaches, tumor selectivity may be achieved by direct-
ing the interactions between the virus particle and the target cell. The retargeting of the viral 
particles can be achieved in different ways, such as the genetic modification of viral pro-
teins so that they gain specificity for a particular cell surface protein. Alternatively, the use of 
bispecific adapters mediates the interaction of native capsid proteins with a specific cellular 
receptor. The virus may also be detargeted, that is, modified so that it no longer interacts with 
nontumor cells [125].

Besides the transductional targeting, the tropism can be also altered at the transcriptional 
level by using a tissue-specific promoter to regulate the expression of genes critical for viral 
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replication. As an example, in order to produce adenovirus whose replication is restricted to 
prostate cancer cells, expression of the E1A adenoviral gene (essential for regulating adenovi-
ral replication) was placed under the control of the prostate-specific antigen (PSA) promoter, 
leading to an adenovirus that is only able to replicate in prostate cells [126].

Viruses themselves are entities capable of subverting the cell replication machinery and mak-
ing a favorable environment for their own replication, which occasionally leads to cell death 
by lysis when the new viral particles are released and the infection cycle continues, increasing 
the initial quantity of viral particles that is then only limited by the decreased number of 
target cell as well as by the direct action of the immune system through an antiviral response. 
In addition to lysis due to viral replication, some viruses can produce proteins that trigger 
molecular pathways that lead to cell death, as is the case for adenovirus, whose E3-11.6 K 
transcript is found to be important for the lysis of infected cells [127, 128]. However, more 
recently, it was found that the immune system, concomitant to the intrinsic effect of oncolytic 
infection, plays an important role.

After infection, more precisely after cell lysis, the release of intracellular content partici-
pates in the activation of both innate and adaptive immune responses against tumor- and 
virus-associated antigens, potentially reverting the intrinsic immune tolerance of the tumor 
microenvironment [129]. After rupture of the cellular membrane by the virions, the following 
release of PAMPs and DAMPs induces the activation of type I interferon, Toll-like recep-
tor–mediated molecular pathways and the production of cytokines, which culminate in the 
recruitment and activation of antigen-presenting cells (APCs) and the subsequent establish-
ment of a memory immune response [130].

6.2. Oncolytic virotherapy makes its mark: oncolytics with regulatory approval for 
the treatment of cancer

In 2005, Oncorine (H101, Onyx-015), an adenovirus-based oncolytic developed by Shanghai 
Sunway Biotech, was approved by State Food and Drug Administration, China (SFDA), for 
the treatment of head and neck squamous cell carcinoma [131]. Oncorine is a modified adeno-
virus whose E1B and E3 genes are deleted, leading to a virus that, it was originally thought, 
should only replicate in cells that lack p53 activity, mainly tumor cells [132, 133], though other 
mechanisms have been proposed for Oncorine’s tumor selectivity [134]. Its precursor, Onyx-
15, showed good performance in clinical trials, especially when combined with additional 
therapeutic approaches, and was well tolerated and safe [135], with no therapy-associated 
severe adverse events when administered intratumorally in gliomas [136]. In addition to its 
safety profile, Onyx-15 administration may be associated with some clinical improvement 
for patients with metastatic colorectal cancer who failed the first-line therapy [137] and those 
with hepatobiliary tumors not eligible for surgical resection [138].

In 2015, the FDA and the EMA approved an OV based on a modified herpes simplex virus 
(HSV-1) for the treatment of melanoma. Imlygic (OncoVex, T-VEC, talimogene laherparepvec) 
expresses granulocyte-macrophage colony-stimulating factor (GM-CSF), while viral genes 
ICP34.5 and ICP47 were deleted, modifications that conferred better replication in tumor cells 
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and stimulation of an antitumor immune response [30]. After showing safety and antitumor 
activity in experimental models [30], Imlygic was then administered in a phase I clinical 
trial, in patients with cutaneous or subcutaneous metastases from refractory head and neck 
carcinoma, melanoma, breast and gastrointestinal adenocarcinoma, being well tolerated and 
provoking only mild adverse events (local erythema and fever) [139]. Encouraged by these 
results, efficacy was assessed in a phase II clinical trial carried out with 50 stages III and 
IV melanoma patients. In this study, mild adverse events were observed and there was a 
26% Response Evaluation Criteria in Solid Tumors (RECIST) response rate, including 8 com-
plete and 5 partial responses [140]. Based on these positive results, an open-label phase III 
study was carried out where therapy with Imlygic was compared to treatment with GM-CSF, 
revealing high tolerance to the treatment, and a higher durable response rate (DRR) and also 
overall survival compared to the GM-CSF treatment, results that culminated in the first FDA 
and EMA approval of an OV [141].

7. CAR-T cells

An emerging and exciting subject in cellular therapies relies on the engineering of cytotoxic 
T cells and natural killer cells so they can recognize specific antigens on the cell membrane 
and induce cell death without reliance on MHC or costimulator expression. Even though 
infiltrating T cells may recognize tumor antigens, they may be unable to induce a cytotoxic 
response due to a strong inhibitory microenvironment [142]. The modification of patients’ T 
cells to express a chimeric antigen receptor (CAR) creates the opportunity to induce a strong 
cytotoxic response against the tumor even in the face of negative signals [143].

Transmembrane CAR receptors have two main functions: the first is to recognize a specific 
antigen present only in the membrane of tumor cells. The second is to induce signal trans-
duction independently of other costimulatory signals, culminating in the release of cytotoxic 
signals and T cell proliferation [144]. Physiologically, the activation of a cytotoxic T cell is 
mediated by a T cell receptor (TCR) in an MHC-dependent context. Though this antigen-
receptor interaction is insufficient to bring about cell killing, it is imperative that other trans-
membrane receptors interact, authorizing T cells to exert their cytotoxic function. Moreover, 
the tumor has several mechanisms to evade T cell responses, from losing the MHC complex to 
expressing inhibitory molecules that induce T cell exhaustion and anergy. Therefore, modify-
ing the TCR so they do not depend upon other authorizing signals has proven an exciting 
strategy [142].

Structurally, a CAR has an extracellular component responsible for recognizing the antigen 
of interest, comprised of a single-chain variable fragment (scFv), followed by a spacer region 
whose length may vary, a transmembrane region (TM), and an intracellular domain composed 
of one or more signaling components associated with T cell activation. The first generation 
included, on the intracellular domain, the ζ-chain, a portion of the T cell receptor responsible 
for its activity. Improved understanding of the complementary signals needed for activation 
lead to the development of second-generation CARs, which include a CD28 costimulatory 
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replication. As an example, in order to produce adenovirus whose replication is restricted to 
prostate cancer cells, expression of the E1A adenoviral gene (essential for regulating adenovi-
ral replication) was placed under the control of the prostate-specific antigen (PSA) promoter, 
leading to an adenovirus that is only able to replicate in prostate cells [126].

Viruses themselves are entities capable of subverting the cell replication machinery and mak-
ing a favorable environment for their own replication, which occasionally leads to cell death 
by lysis when the new viral particles are released and the infection cycle continues, increasing 
the initial quantity of viral particles that is then only limited by the decreased number of 
target cell as well as by the direct action of the immune system through an antiviral response. 
In addition to lysis due to viral replication, some viruses can produce proteins that trigger 
molecular pathways that lead to cell death, as is the case for adenovirus, whose E3-11.6 K 
transcript is found to be important for the lysis of infected cells [127, 128]. However, more 
recently, it was found that the immune system, concomitant to the intrinsic effect of oncolytic 
infection, plays an important role.

After infection, more precisely after cell lysis, the release of intracellular content partici-
pates in the activation of both innate and adaptive immune responses against tumor- and 
virus-associated antigens, potentially reverting the intrinsic immune tolerance of the tumor 
microenvironment [129]. After rupture of the cellular membrane by the virions, the following 
release of PAMPs and DAMPs induces the activation of type I interferon, Toll-like recep-
tor–mediated molecular pathways and the production of cytokines, which culminate in the 
recruitment and activation of antigen-presenting cells (APCs) and the subsequent establish-
ment of a memory immune response [130].

6.2. Oncolytic virotherapy makes its mark: oncolytics with regulatory approval for 
the treatment of cancer

In 2005, Oncorine (H101, Onyx-015), an adenovirus-based oncolytic developed by Shanghai 
Sunway Biotech, was approved by State Food and Drug Administration, China (SFDA), for 
the treatment of head and neck squamous cell carcinoma [131]. Oncorine is a modified adeno-
virus whose E1B and E3 genes are deleted, leading to a virus that, it was originally thought, 
should only replicate in cells that lack p53 activity, mainly tumor cells [132, 133], though other 
mechanisms have been proposed for Oncorine’s tumor selectivity [134]. Its precursor, Onyx-
15, showed good performance in clinical trials, especially when combined with additional 
therapeutic approaches, and was well tolerated and safe [135], with no therapy-associated 
severe adverse events when administered intratumorally in gliomas [136]. In addition to its 
safety profile, Onyx-15 administration may be associated with some clinical improvement 
for patients with metastatic colorectal cancer who failed the first-line therapy [137] and those 
with hepatobiliary tumors not eligible for surgical resection [138].

In 2015, the FDA and the EMA approved an OV based on a modified herpes simplex virus 
(HSV-1) for the treatment of melanoma. Imlygic (OncoVex, T-VEC, talimogene laherparepvec) 
expresses granulocyte-macrophage colony-stimulating factor (GM-CSF), while viral genes 
ICP34.5 and ICP47 were deleted, modifications that conferred better replication in tumor cells 
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and stimulation of an antitumor immune response [30]. After showing safety and antitumor 
activity in experimental models [30], Imlygic was then administered in a phase I clinical 
trial, in patients with cutaneous or subcutaneous metastases from refractory head and neck 
carcinoma, melanoma, breast and gastrointestinal adenocarcinoma, being well tolerated and 
provoking only mild adverse events (local erythema and fever) [139]. Encouraged by these 
results, efficacy was assessed in a phase II clinical trial carried out with 50 stages III and 
IV melanoma patients. In this study, mild adverse events were observed and there was a 
26% Response Evaluation Criteria in Solid Tumors (RECIST) response rate, including 8 com-
plete and 5 partial responses [140]. Based on these positive results, an open-label phase III 
study was carried out where therapy with Imlygic was compared to treatment with GM-CSF, 
revealing high tolerance to the treatment, and a higher durable response rate (DRR) and also 
overall survival compared to the GM-CSF treatment, results that culminated in the first FDA 
and EMA approval of an OV [141].

7. CAR-T cells

An emerging and exciting subject in cellular therapies relies on the engineering of cytotoxic 
T cells and natural killer cells so they can recognize specific antigens on the cell membrane 
and induce cell death without reliance on MHC or costimulator expression. Even though 
infiltrating T cells may recognize tumor antigens, they may be unable to induce a cytotoxic 
response due to a strong inhibitory microenvironment [142]. The modification of patients’ T 
cells to express a chimeric antigen receptor (CAR) creates the opportunity to induce a strong 
cytotoxic response against the tumor even in the face of negative signals [143].

Transmembrane CAR receptors have two main functions: the first is to recognize a specific 
antigen present only in the membrane of tumor cells. The second is to induce signal trans-
duction independently of other costimulatory signals, culminating in the release of cytotoxic 
signals and T cell proliferation [144]. Physiologically, the activation of a cytotoxic T cell is 
mediated by a T cell receptor (TCR) in an MHC-dependent context. Though this antigen-
receptor interaction is insufficient to bring about cell killing, it is imperative that other trans-
membrane receptors interact, authorizing T cells to exert their cytotoxic function. Moreover, 
the tumor has several mechanisms to evade T cell responses, from losing the MHC complex to 
expressing inhibitory molecules that induce T cell exhaustion and anergy. Therefore, modify-
ing the TCR so they do not depend upon other authorizing signals has proven an exciting 
strategy [142].

Structurally, a CAR has an extracellular component responsible for recognizing the antigen 
of interest, comprised of a single-chain variable fragment (scFv), followed by a spacer region 
whose length may vary, a transmembrane region (TM), and an intracellular domain composed 
of one or more signaling components associated with T cell activation. The first generation 
included, on the intracellular domain, the ζ-chain, a portion of the T cell receptor responsible 
for its activity. Improved understanding of the complementary signals needed for activation 
lead to the development of second-generation CARs, which include a CD28 costimulatory 
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domain, thus ensuring full activation of the T cell. The third generation included other trans-
duction signaling domains, preferentially originating from transmembrane proteins derived 
from the TNF superfamily, such as CD27, 4-1BB and OX40. All of them can transduce signals 
resulting in survival, proliferation and maintenance of T cells. The fourth generation uses a 
vector to deliver, in addition to CAR, cytokine genes, such as IL-2 or IL-12, whose expression 
changes the tumor microenvironment in favor of T cell activity [144].

The first insight into the development of a chimeric transmembrane receptor that could acti-
vate cytotoxic T cells came in 1989 by Gross and colleagues. And in 2017, the FDA approved 
the first two CAR-T cell therapies in rapid succession. These CARs target CD19, a molecule 
expressed only in B-lymphocytes, an approach shown to be a powerful second-line treatment 
against B cell acute lymphoblastic leukemia (B-ALL) (Kymriah—tisagenlecleucel, August 
2017 [145]) and certain B cell lymphomas (Yescarta—axicabtagene ciloleucel, September 2017 
[146]). While both present a scFv against CD19, Kymriah uses the 4-1BB whereas Yescarta 
uses CD28 as costimulatory domains. The success in clinical trials ranged from 70 to 94%, 
making these treatments a breakthrough in gene and immunotherapy [144]. However, there 
are cytotoxic effects that in some cases can be intense, caused by the killing of large numbers 
of cancer cells that release cytokines and waste products, leading to harmful consequences in 
the patients. Thus, much more is needed to understand and manage the side effects of these 
new and promising therapies, such as the inclusion of a suicide gene to eliminate overactive 
CAR-T cells [147].

Despite the incredible potential of this therapeutic strategy, CAR-T cells have some limita-
tions that prevent their effective use in the fight against a wide range of tumors. Among 
them, the most troubling is the lack of a perfect antigen present only in tumor cells but not in 
other tissues. Tandem CAR and inhibitory chimeric antigen receptors (iCAR) are some of the 
strategies with the greatest potential to overcome this barrier. Tandem CAR consists of two 
chimeric receptors designed to provide costimulatory signals in response to the recognition 
of two different antigens [144]. Only after the recognition of both signals are the tandem CAR 
cells activated. On the other hand, iCAR aims to inhibit T cell activity as soon as the second 
specific antigen is recognized [144].This second antigen does not exist in tumor cells, so when 
the iCAR-T cells find it, they are inhibited and leave nontumor cells unscathed.

In some studies, the inhibitory molecules used in the construction of iCAR-T cells are derived 
from the intracellular domains of proteins often expressed by tumors and whose function is 
to evade the immune system. Well-known examples are the receptors CTLA-4 and PD-1 that 
reduce the potency of TCR signaling. The fusion of their intracellular domain to a CAR also 
inhibits signaling, resulting in decreased cytokine production, limited lymphocyte motility 
and reduced target cell lysis [144].

Another hindrance to the application of CAR cell therapies is their large-scale production. 
The usual steps to produce CAR cells are based on extraction of cells from the patient, genetic 
engineering of NK or T cells, expansion and infusion in the patient. Due to the laborious 
process, few health care institutions are prepared to produce CAR cells. And off-site prepara-
tion of the CAR cells presents extensive logistical challenges. Thus, the production of the CAR 
cells is one of the principle factors that promote the high cost of this therapy. In a remarkable 
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research conducted by Smith and colleagues [148], they have developed an approach that 
may show a way around this problem. In a mouse model, they have modified the circulating 
T cells within the animal’s own body. The strategy is based on the transfection of the CAR 
gene using β-amino-ester–based nanoparticles. For this, nanocarriers were coated with CD3, 
a lymphocyte surface antigen. The recognition of this antigen induces the endocytosis of the 
nanocarriers by the lymphocytes. Furthermore, peptides containing microtubule-associated 
sequences (MTAS) and nuclear localization signals (NLS) were added to the polymer, facilitat-
ing the rapid import of its genetic load through microtubule transport machinery. Alternative 
approaches include the use of viral vectors and the use of transposon/transposase systems, 
such as sleeping beauty, that promote integration of the CAR sequence in the host DNA [148].

Instead of a complicated scenario of transporting of patients’ cells to and from specialized 
facilities, methodology enabling in situ modification of T cells implies that nanoparticles, 
virus and other vectors containing the CAR sequence can be produced in a central location, 
packaged and shipped to any hospital. All that is needed is a syringe to inject the vector into 
the bloodstream of the patient. As the nanoparticles are stable, this enables long-term storage, 
reducing the cost of this medical technology and permitting the sale of CAR cell therapies at 
more affordable prices.

8. Conclusions

Clearly, cancer immunotherapy can be achieved by a variety of interventions that share the 
common goal of boosting the antitumor immune response. These modalities may target dis-
tinct points along the cancer immunity cycle, from inducing immunogenic cell death, pro-
moting antigen presentation and culminating in activation of innate and adaptive responses, 
including cytolytic T cell activity, which can then further promote antitumor immunity since 
tumor cell killing would reinitiate and propagate the cycle [149]. Moreover, distinct points in 
the cancer immunity cycle may be targeted simultaneously, enhancing even more the antitu-
mor response.

As shown here, gene transfer plays a critical role in several key cancer immunotherapies. 
Vaccines, suicide gene therapy, simultaneous induction of cell death and immune response, 
OV and CAR-T cells all benefit from gene transfer. While the gene transfer technology will 
continue to evolve, the therapeutic benefit of genetically modifying cells in order to alter their 
function will certainly continue to be a central theme in cancer immunotherapy. The approval 
of Imlygic (FDA and EMA), Yescarta and Kymriah (FDA and EMA), as well as the commer-
cialization of Oncorine (China) show that immunotherapies involving some component of 
gene transfer are now well established.

In addition, we expect that future approaches will rely on multiple immunotherapies that 
work in harmony. For example, checkpoint blockade along with the gene transfer interven-
tions should bring about strategic combinations of inducing cell death, tumor-specific immune 
response and maintenance of cytolytic T cell activity. Challenges remain to be addressed, such 
as avoiding adverse effects, proper monitoring criteria, identification of adequate biomarkers 
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domain, thus ensuring full activation of the T cell. The third generation included other trans-
duction signaling domains, preferentially originating from transmembrane proteins derived 
from the TNF superfamily, such as CD27, 4-1BB and OX40. All of them can transduce signals 
resulting in survival, proliferation and maintenance of T cells. The fourth generation uses a 
vector to deliver, in addition to CAR, cytokine genes, such as IL-2 or IL-12, whose expression 
changes the tumor microenvironment in favor of T cell activity [144].

The first insight into the development of a chimeric transmembrane receptor that could acti-
vate cytotoxic T cells came in 1989 by Gross and colleagues. And in 2017, the FDA approved 
the first two CAR-T cell therapies in rapid succession. These CARs target CD19, a molecule 
expressed only in B-lymphocytes, an approach shown to be a powerful second-line treatment 
against B cell acute lymphoblastic leukemia (B-ALL) (Kymriah—tisagenlecleucel, August 
2017 [145]) and certain B cell lymphomas (Yescarta—axicabtagene ciloleucel, September 2017 
[146]). While both present a scFv against CD19, Kymriah uses the 4-1BB whereas Yescarta 
uses CD28 as costimulatory domains. The success in clinical trials ranged from 70 to 94%, 
making these treatments a breakthrough in gene and immunotherapy [144]. However, there 
are cytotoxic effects that in some cases can be intense, caused by the killing of large numbers 
of cancer cells that release cytokines and waste products, leading to harmful consequences in 
the patients. Thus, much more is needed to understand and manage the side effects of these 
new and promising therapies, such as the inclusion of a suicide gene to eliminate overactive 
CAR-T cells [147].

Despite the incredible potential of this therapeutic strategy, CAR-T cells have some limita-
tions that prevent their effective use in the fight against a wide range of tumors. Among 
them, the most troubling is the lack of a perfect antigen present only in tumor cells but not in 
other tissues. Tandem CAR and inhibitory chimeric antigen receptors (iCAR) are some of the 
strategies with the greatest potential to overcome this barrier. Tandem CAR consists of two 
chimeric receptors designed to provide costimulatory signals in response to the recognition 
of two different antigens [144]. Only after the recognition of both signals are the tandem CAR 
cells activated. On the other hand, iCAR aims to inhibit T cell activity as soon as the second 
specific antigen is recognized [144].This second antigen does not exist in tumor cells, so when 
the iCAR-T cells find it, they are inhibited and leave nontumor cells unscathed.

In some studies, the inhibitory molecules used in the construction of iCAR-T cells are derived 
from the intracellular domains of proteins often expressed by tumors and whose function is 
to evade the immune system. Well-known examples are the receptors CTLA-4 and PD-1 that 
reduce the potency of TCR signaling. The fusion of their intracellular domain to a CAR also 
inhibits signaling, resulting in decreased cytokine production, limited lymphocyte motility 
and reduced target cell lysis [144].

Another hindrance to the application of CAR cell therapies is their large-scale production. 
The usual steps to produce CAR cells are based on extraction of cells from the patient, genetic 
engineering of NK or T cells, expansion and infusion in the patient. Due to the laborious 
process, few health care institutions are prepared to produce CAR cells. And off-site prepara-
tion of the CAR cells presents extensive logistical challenges. Thus, the production of the CAR 
cells is one of the principle factors that promote the high cost of this therapy. In a remarkable 
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research conducted by Smith and colleagues [148], they have developed an approach that 
may show a way around this problem. In a mouse model, they have modified the circulating 
T cells within the animal’s own body. The strategy is based on the transfection of the CAR 
gene using β-amino-ester–based nanoparticles. For this, nanocarriers were coated with CD3, 
a lymphocyte surface antigen. The recognition of this antigen induces the endocytosis of the 
nanocarriers by the lymphocytes. Furthermore, peptides containing microtubule-associated 
sequences (MTAS) and nuclear localization signals (NLS) were added to the polymer, facilitat-
ing the rapid import of its genetic load through microtubule transport machinery. Alternative 
approaches include the use of viral vectors and the use of transposon/transposase systems, 
such as sleeping beauty, that promote integration of the CAR sequence in the host DNA [148].

Instead of a complicated scenario of transporting of patients’ cells to and from specialized 
facilities, methodology enabling in situ modification of T cells implies that nanoparticles, 
virus and other vectors containing the CAR sequence can be produced in a central location, 
packaged and shipped to any hospital. All that is needed is a syringe to inject the vector into 
the bloodstream of the patient. As the nanoparticles are stable, this enables long-term storage, 
reducing the cost of this medical technology and permitting the sale of CAR cell therapies at 
more affordable prices.

8. Conclusions

Clearly, cancer immunotherapy can be achieved by a variety of interventions that share the 
common goal of boosting the antitumor immune response. These modalities may target dis-
tinct points along the cancer immunity cycle, from inducing immunogenic cell death, pro-
moting antigen presentation and culminating in activation of innate and adaptive responses, 
including cytolytic T cell activity, which can then further promote antitumor immunity since 
tumor cell killing would reinitiate and propagate the cycle [149]. Moreover, distinct points in 
the cancer immunity cycle may be targeted simultaneously, enhancing even more the antitu-
mor response.

As shown here, gene transfer plays a critical role in several key cancer immunotherapies. 
Vaccines, suicide gene therapy, simultaneous induction of cell death and immune response, 
OV and CAR-T cells all benefit from gene transfer. While the gene transfer technology will 
continue to evolve, the therapeutic benefit of genetically modifying cells in order to alter their 
function will certainly continue to be a central theme in cancer immunotherapy. The approval 
of Imlygic (FDA and EMA), Yescarta and Kymriah (FDA and EMA), as well as the commer-
cialization of Oncorine (China) show that immunotherapies involving some component of 
gene transfer are now well established.

In addition, we expect that future approaches will rely on multiple immunotherapies that 
work in harmony. For example, checkpoint blockade along with the gene transfer interven-
tions should bring about strategic combinations of inducing cell death, tumor-specific immune 
response and maintenance of cytolytic T cell activity. Challenges remain to be addressed, such 
as avoiding adverse effects, proper monitoring criteria, identification of adequate biomarkers 
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and definition of a reasonable price tag for cutting edge, personalized interventions. Thus, 
immunotherapies require further study. As such future developments unfold, gene transfer 
technologies are expected to remain as crucial components of cancer immunotherapy.
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Abstract

Variations in the Crumbs homolog-1 (CRB1) gene lead to autosomal recessive retinal dys-
trophies such as early-onset retinitis pigmentosa (RP) and Leber congenital amaurosis 
(LCA). No treatment is yet available for these patients. Adeno-associated virus (AAV) 
mediated gene therapy for hereditary retinal diseases holds great promise proven by the 
large number of active clinical trials. We here summarized the knowledge about the local-
ization and function of CRB1 in the retina and the main pathological features resulting 
from loss of CRB1 function in humans and in rodents. This know-how is being applied 
to design and develop AAV gene therapy vectors for the treatment of CRB1-Hereditary 
retinopathies. Knowing which cell types express the CRB proteins, the possible redun-
dancy of function between CRB1 and CRB2, and the AAV tropism in the human retina, 
will allow us to rationalize about the AAV capsid, promoter and route of administration 
that should be used in the AAV vector in order to efficiently and specifically deliver CRB1 
or CRB2 into the human retina.

Keywords: crumbs homolog-1 (CRB1), retinitis pigmentosa, Leber congenital 
amaurosis, gene therapy, adeno-associated virus (AAV)

1. Introduction

A new generation of medicines emerged in 2012 with the first ever European market autho-
rization of Glybera (alipogene tiparvovec), an adeno-associated virus (AAV) gene therapy 
medicine for the treatment of a rare inherited autosomal recessive lipid disorder, lipoprotein 
lipase deficiency. Five years later the company did not seek for renewal of the marketing 
authorization for Glybera due to patient’s lack of demand [1]. Despite the marketing failure 
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Targeted 
disease

AAV serotype Promoter Gene Delivery 
route

Volume 
injected

Dosage ClinicalTrials.
gov Identifier

Ref.

LCA AAV4 RPE65 hRPE65 Subretinal 400 or 
800 μL

1.22 × 1010 
vg

4.8 × 1010 vg

NCT01496040 [17]

AAV2 CBA hRPE65 Subretinal 450 μL 1.8 × 1011 vg

6 × 1011 vg

NCT00749957 [18, 
19]

AAV2 hRPE65 hRPE65 Subretinal up to 
1 mL

up to 
3 × 1012 vg

NCT00643747 [4, 
20]

AAV2 CBSB hRPE65 Subretinal 150–
300 μL

8.94 × 109

3.58 × 1010 
vg

NCT00481546 [21]

AAV2 CBA hRPE65v2 Subretinal 150 μL 1.5 × 1010 vg

4.8 × 1010 vg

1.5 × 1011 vg

NCT00999609 [22]

Choroideremia AAV2 CBA REP1 Subretinal 60–100  
μL

1010–1011 vg NCT01461213 
NCT02407678 
NCT02077361

[5]

AAV2 NR hCHM Subretinal NR NR NCT02341807 NR

RP (RLBP1) AAV8 sRLBP1 
CPK850

hRLBP1 Subretinal NR NR NCT03374657 [23]

RP (PDE6B) AAV5 RK hPDE6B Subretinal NR NR NCT03328130 [24]

RP (MERTK) AAV2 VMD2 hMERTK Subretinal NR NR NCT01482195 [25]

X-linked RP NR NR RPGR Subretinal NR NR NCT03116113 NR

AAV2tYF GRK1 RPGR Subretinal NR NR NCT03316560 [26, 
27]

Achromatopsia AAV8 NRx hCNGA3 Subretinal NR 1 × 1010 vg

5 × 1010 vg

1 × 1011 vg

NCT02610582 NR

AAV8 hCAR CNGB3 Subretinal NR NR NCT03001310 NR

AAV2tYF PR1.7 CNGA3 Subretinal NR NR NCT02935517 [28]

AAV2tYF PR1.7 CNGB3 Subretinal NR NR NCT02599922 [29]

X-linked 
retinoschisis

AAV8 scRS/
IRBP

shRS Intravitreal NR NR NCT02317887 [30, 
31]

AAV2tYF CB hRS1 Intravitreal NR NR NCT02416622 [32]

Leber 
hereditary 
optic 
neuropathy 
(LHON)

scAAV2 
(Y444,500,730F)

CMV/
CBA

P1ND4v2 Intravitreal 200 μL 5.00 × 109 
vg

2.46 × 1010 
vg

1.0 × 1011 vg

NCT02161380 [8, 
33]

AAV2 CMV ND4 Intravitreal 90 μL 3 × 1010 vg

9 × x1010 vg

1.8 × 1011 vg

NCT02064569

NCT02652767

NCT02652780

NCT03293524

[34, 
35]
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of Glybera, the use of AAV gene therapy in the eye is very attractive since the marketing 
prospects look better for the small amounts of AAV medicine to be transferred into the retinal 
tissue or retinal pigment epithelium. The eye is well accessible for surgery and allows direct 
observation, in vivo, of the retinal tissue in microscopic detail. Moreover, the eye is considered 
an immune-privileged tissue. Therefore, the risks of an immune response against the virus 
and/or the transgene itself are reduced. The local application in the “compartmentalized” eye 
of low amounts of AAV drug will minimize side effects expected if systemically applied at 
high doses [2]. But most importantly, potential drug efficacy for retinal orphan diseases can 
be efficiently proven thanks to a plethora of non-invasive retinal investigation techniques.

At the end of 2017, Luxturna (voretigene neparvovec-rzyl) became the first FDA-approved 
AAV gene therapy medicine for patients with hereditary retinal disease caused by biallelic 
RPE65 gene mutations [3, 4]. The market approvals of the first gene therapy medicines in 
Europa and in the USA paved the road to similar programs, reflected on the large num-
ber of clinical trials registered on the ClinicalTrials.gov website using AAVs as a delivery 
strategy to treat hereditary retinal diseases such as choroideremia (CHM or REP-1) [5], 
achromatopsia (CNGA3) [6], wet age-related macular degeneration (AMD) (VEGFR1/FLT 
and a gene encoding soluble anti-VEGF protein) [7], Leber hereditary optic neuropathy 
(LHON) (ND4) [8], autosomal recessive retinitis pigmentosa (arRP) (MERTK) [9], X-linked 
RP (RPGR) [10], RP (PDE6B) [11] and (RLBP1) [12] and X-linked Retinoschisis (RS1) [13, 14] 
(Table 1). Developing an AAV gene therapy to treat patients with mutations in the Crumbs 
homolog-1 (CRB1) gene was particularly challenging due to its large cDNA (4.2 kb) which 
approached the packaging limit of the AAV genome (~4.7–4.9 kb). Thus, to build an AAV 
vector that allowed efficient packaging of the human CRB1 cDNA, the use of a short pro-
moter (<350 bp) and a short synthetic polyadenylation sequence was required to efficiently 
express the CRB1 protein in vivo. Codon optimization of the CRB1 cDNA was used to 
achieve sufficient levels of expression [15]. A second strategy that implied the replacement 
of CRB1 by its structural and functional family member CRB2 was used to overcome the 
size limitation and potential toxicity due to expression of CRB1. CRB2 cDNA was only 

Targeted 
disease

AAV serotype Promoter Gene Delivery 
route

Volume 
injected

Dosage ClinicalTrials.
gov Identifier

Ref.

Age-Related 
Macular 
Degeneration 
(AMD)

AAV2 CMV sFLT01 Intravitreal 100 μL 2 × 108 vg

2 × 109 vg

6 × 109 vg

2 × 1010 vg

NCT01024998 [36]

AAV8 NR soluble 
anti-VEGF

Subretinal NR 3 × 109 vg

1 × 1010 vg

6 × 1010 vg

NCT03066258 NR

CBA: chicken β-actin promoter (CBA); CBSB: Hybrid modified short cytomegalovirus (CMV) enhancer and chicken 
β-actin promoter (CBA); GRK1: G protein-coupled receptor kinase; hCAR: human cone arrestin; NR: not reported; PR1.7: 
1.7-kb L-opsin promoter; REF: References; RK: Rhodopsin kinase; scRS/IRBP: Retinoschisin/interphotoreceptor retinoid 
binding protein; VMD2: Vitelliform macular dystrophy-2.

Table 1. Summary of the clinical trials for retinopathies using AAV as delivery system registered on ClinicalTrials.gov 
database.
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3.85 kb in size and gave more flexibility to design the AAV gene therapy vector in terms 
of promoter sequence size, polyadenylation sequence and other optimized sequences that 
stabilized the transcript [16].

2. CRB1-Hereditary retinopathies

More than 240 different mutations in the CRB1 gene have been described so far (http://
www.LOVD.nl/CRB1). These gene variations are associated with a wide variety of retinal 
dystrophies, including autosomal recessive retinitis pigmentosa (RP), Leber congenital 
amaurosis (LCA), cone-rod dystrophy, isolated macular dystrophy and foveal retinoschisis 
[37]. Furthermore, mutations in CRB1 are responsible for 7–17% of all the LCA cases and 
for approximately 3–9% of all cases of RP [38, 39]. Retinitis pigmentosa type 12 (RP12) due 
to mutations in the CRB1 gene was initially characterized by RP with preservation of para-
arteriolar retinal pigment epithelium (PPRPE), progressive visual field loss starting from the 
first decades of life, and early macular involvement. Later on it became clear that RP12 com-
monly presents early-onset retinitis pigmentosa, hyperopia and optic disc drusen, with or 
without PPRPE [37, 40, 41]. Leber congenital amaurosis type 8, due to mutation in the CRB1 
gene (LCA8), is a severe form of retinal dystrophy characterized by roving eye movements or 
nystagmus, nonrecordable or severely reduced cone and rod electroretinography amplitudes 
and severe loss of vision within the first years of life. Retinas of LCA8 patients with CRB1 
mutations are about 1.5 times thicker than normal retinas, while retinas of patients with LCA 
due to mutations in other genes such as RPE65 or GUCY2D are thinner [42]. In addition, LCA8 
retinas showed abnormal retinal architecture suggesting that loss of CRB1 function might 
interrupt the naturally occurring process of proliferation, apoptosis and cell migration during 
retinal development [42–44].

No treatment is yet available for CRB1-associated retinal dystrophies. We achieved proof-
of-concept for retinal CRB1 gene therapy, using an AAV9-CMV-hCRB2 vector in two mouse 
models. A first model lacked CRB1 and had reduced levels of CRB2 in Müller glial cells and 
photoreceptors, and a second model lacked CRB2 from Müller glial cells and photoreceptors 
[16]. These two pre-clinical studies opened the perspective for therapeutic trials for human 
CRB1-associated dystrophies.

Intriguingly, there is no clear genotype–phenotype correlation for CRB1 mutations [45]. This 
fact associated with the large spectrum of retinal dystrophies observed in patients with muta-
tions in the CRB1 gene [37], reinforced the need to study in detail the clinical features and 
natural disease progression of CRB1-associated retinal dystrophies before moving towards 
a clinical trial. This knowledge is required to establish patient eligibility criteria and clinical 
outcomes for the forthcoming clinical trial.

2.1. The CRB1-complex in the retina

In the developing mouse retina, the retinal neuroepithelium is composed of multipotent reti-
nal progenitor cells that differentiate in a time-dependent manner, giving rise to six major 
types of neuronal and one type of glial cells. The first cell type to be generated from the 
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progenitors are the ganglion cells, followed in overlapping sequential phases by horizontal 
cells, cone photoreceptors, amacrine cells, rod photoreceptors, bipolar cells and the Müller 
glial cells. The seven retinal cell types organize or “laminate” in three orderly distinct nuclear 
layers divided by two plexiform layers [46]. The CRB complex plays a crucial role during 
retinogenesis by the establishment of polarity, adhesion, retinal lamination and restricting 
proliferation and apoptosis of progenitors and the number of late born cells such as rod pho-
toreceptors, bipolar cells, late-born amacrine cells and Müller glial cells [47–52].

The CRB family in mammals consists of three members CRB1, CRB2 and CRB3. Both the CRB1 
and CRB2 have a large extracellular domain with epidermal growth factor-like and laminin-
A globular domains, a single transmembrane domain and a short intracellular C-terminal 
domain. The C-terminal domain of 37 amino acids has a single FERM-protein-binding motif 
juxtaposed to the transmembrane domain and a single C-terminal PDZ protein-binding motif 
[53–55]. While CRB3, the third family member, contains the transmembrane and C-terminal 
domain but is very short in length since it lacks the large extracellular domain. The C-terminal 
PDZ motifs of CRB proteins bind to the PDZ domain of PALS1 (also called MPP5). PALS1 
binds via its N-terminal L27 domain to the L27 domain of the multiple PDZ proteins PATJ 
and MUPP1 [56]. The multi-adapter protein PALS1 recruits MPP3 and MPP4 to the subapical 
protein complex at the so called subapical region adjacent to adherens junctions at the outer 
limiting membrane [57, 58]. Loss of the CRB1, CRB2, PALS1, or MPP3 but not MPP4 resulted in 
disruption of adhesion between photoreceptors and Müller glial cells. In summary, the core of 
the retinal CRB-complex is composed of CRB1, CRB2, PALS1, PATJ, MUPP1, and MPP3 [52, 59].

In the embryonic mouse retina, CRB1, CRB2, PALS1, PATJ and MUPP1 are expressed at the 
subapical region adjacent to the adherens junctions of the retinal progenitor cells [49]. In the 
adult mouse retina, CRB2 is present at the subapical region in photoreceptors and Müller glial 
cells. The mouse Crb1 gene transcript is expressed in photoreceptors and Müller glial cells but 
expression of the CRB1 protein is limited to the subapical region of Müller glial cells [60, 61]. 
CRB3 has a broader expression pattern being located at the subapical region in both photore-
ceptors and Müller glial cells [52, 60], at the photoreceptor inner segments and photoreceptor 
synaptic terminals and at sub-populations of amacrine and bipolar cells in the inner plexiform 
layer [62]. The expression patterns of CRB1 and CRB2 observed in the mouse retina do in part 
match with the ones observed in the human retina. In the first trimester human fetal retina, 
CRB2 but not CRB1 is expressed at the subapical region. While in the second trimester CRB1, 
CRB2 and PALS1 localize at the subapical region. A similar expression pattern is observed in 
early (differentiation day 28) versus late (differentiation day 160) human induced pluripo-
tent stem cells (iPSCs)-derived retinas [63]. Immunoelectron microscopic protein localization 
studies performed on adult human retinas, collected at two to 3 days post-mortem, showed 
CRB1 and CRB2 localization at the subapical region of Müller glial cells as found in the mouse 
retina. Human CRB1 localized also at the subapical region in photoreceptor cells, whereas 
human CRB2 localized at vesicles in the photoreceptor inner segments some distance away 
from the subapical region [52, 60] (Figure 1).

Interestingly, the overexpression of human CRB2 protein specifically in mouse photoreceptors 
that lacked endogenous mouse CRB2 in photoreceptors and Müller glial cells, caused aber-
rant localization of human CRB2 predominantly at vesicles in photoreceptor inner segments 
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3.85 kb in size and gave more flexibility to design the AAV gene therapy vector in terms 
of promoter sequence size, polyadenylation sequence and other optimized sequences that 
stabilized the transcript [16].

2. CRB1-Hereditary retinopathies

More than 240 different mutations in the CRB1 gene have been described so far (http://
www.LOVD.nl/CRB1). These gene variations are associated with a wide variety of retinal 
dystrophies, including autosomal recessive retinitis pigmentosa (RP), Leber congenital 
amaurosis (LCA), cone-rod dystrophy, isolated macular dystrophy and foveal retinoschisis 
[37]. Furthermore, mutations in CRB1 are responsible for 7–17% of all the LCA cases and 
for approximately 3–9% of all cases of RP [38, 39]. Retinitis pigmentosa type 12 (RP12) due 
to mutations in the CRB1 gene was initially characterized by RP with preservation of para-
arteriolar retinal pigment epithelium (PPRPE), progressive visual field loss starting from the 
first decades of life, and early macular involvement. Later on it became clear that RP12 com-
monly presents early-onset retinitis pigmentosa, hyperopia and optic disc drusen, with or 
without PPRPE [37, 40, 41]. Leber congenital amaurosis type 8, due to mutation in the CRB1 
gene (LCA8), is a severe form of retinal dystrophy characterized by roving eye movements or 
nystagmus, nonrecordable or severely reduced cone and rod electroretinography amplitudes 
and severe loss of vision within the first years of life. Retinas of LCA8 patients with CRB1 
mutations are about 1.5 times thicker than normal retinas, while retinas of patients with LCA 
due to mutations in other genes such as RPE65 or GUCY2D are thinner [42]. In addition, LCA8 
retinas showed abnormal retinal architecture suggesting that loss of CRB1 function might 
interrupt the naturally occurring process of proliferation, apoptosis and cell migration during 
retinal development [42–44].

No treatment is yet available for CRB1-associated retinal dystrophies. We achieved proof-
of-concept for retinal CRB1 gene therapy, using an AAV9-CMV-hCRB2 vector in two mouse 
models. A first model lacked CRB1 and had reduced levels of CRB2 in Müller glial cells and 
photoreceptors, and a second model lacked CRB2 from Müller glial cells and photoreceptors 
[16]. These two pre-clinical studies opened the perspective for therapeutic trials for human 
CRB1-associated dystrophies.

Intriguingly, there is no clear genotype–phenotype correlation for CRB1 mutations [45]. This 
fact associated with the large spectrum of retinal dystrophies observed in patients with muta-
tions in the CRB1 gene [37], reinforced the need to study in detail the clinical features and 
natural disease progression of CRB1-associated retinal dystrophies before moving towards 
a clinical trial. This knowledge is required to establish patient eligibility criteria and clinical 
outcomes for the forthcoming clinical trial.

2.1. The CRB1-complex in the retina

In the developing mouse retina, the retinal neuroepithelium is composed of multipotent reti-
nal progenitor cells that differentiate in a time-dependent manner, giving rise to six major 
types of neuronal and one type of glial cells. The first cell type to be generated from the 
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progenitors are the ganglion cells, followed in overlapping sequential phases by horizontal 
cells, cone photoreceptors, amacrine cells, rod photoreceptors, bipolar cells and the Müller 
glial cells. The seven retinal cell types organize or “laminate” in three orderly distinct nuclear 
layers divided by two plexiform layers [46]. The CRB complex plays a crucial role during 
retinogenesis by the establishment of polarity, adhesion, retinal lamination and restricting 
proliferation and apoptosis of progenitors and the number of late born cells such as rod pho-
toreceptors, bipolar cells, late-born amacrine cells and Müller glial cells [47–52].

The CRB family in mammals consists of three members CRB1, CRB2 and CRB3. Both the CRB1 
and CRB2 have a large extracellular domain with epidermal growth factor-like and laminin-
A globular domains, a single transmembrane domain and a short intracellular C-terminal 
domain. The C-terminal domain of 37 amino acids has a single FERM-protein-binding motif 
juxtaposed to the transmembrane domain and a single C-terminal PDZ protein-binding motif 
[53–55]. While CRB3, the third family member, contains the transmembrane and C-terminal 
domain but is very short in length since it lacks the large extracellular domain. The C-terminal 
PDZ motifs of CRB proteins bind to the PDZ domain of PALS1 (also called MPP5). PALS1 
binds via its N-terminal L27 domain to the L27 domain of the multiple PDZ proteins PATJ 
and MUPP1 [56]. The multi-adapter protein PALS1 recruits MPP3 and MPP4 to the subapical 
protein complex at the so called subapical region adjacent to adherens junctions at the outer 
limiting membrane [57, 58]. Loss of the CRB1, CRB2, PALS1, or MPP3 but not MPP4 resulted in 
disruption of adhesion between photoreceptors and Müller glial cells. In summary, the core of 
the retinal CRB-complex is composed of CRB1, CRB2, PALS1, PATJ, MUPP1, and MPP3 [52, 59].

In the embryonic mouse retina, CRB1, CRB2, PALS1, PATJ and MUPP1 are expressed at the 
subapical region adjacent to the adherens junctions of the retinal progenitor cells [49]. In the 
adult mouse retina, CRB2 is present at the subapical region in photoreceptors and Müller glial 
cells. The mouse Crb1 gene transcript is expressed in photoreceptors and Müller glial cells but 
expression of the CRB1 protein is limited to the subapical region of Müller glial cells [60, 61]. 
CRB3 has a broader expression pattern being located at the subapical region in both photore-
ceptors and Müller glial cells [52, 60], at the photoreceptor inner segments and photoreceptor 
synaptic terminals and at sub-populations of amacrine and bipolar cells in the inner plexiform 
layer [62]. The expression patterns of CRB1 and CRB2 observed in the mouse retina do in part 
match with the ones observed in the human retina. In the first trimester human fetal retina, 
CRB2 but not CRB1 is expressed at the subapical region. While in the second trimester CRB1, 
CRB2 and PALS1 localize at the subapical region. A similar expression pattern is observed in 
early (differentiation day 28) versus late (differentiation day 160) human induced pluripo-
tent stem cells (iPSCs)-derived retinas [63]. Immunoelectron microscopic protein localization 
studies performed on adult human retinas, collected at two to 3 days post-mortem, showed 
CRB1 and CRB2 localization at the subapical region of Müller glial cells as found in the mouse 
retina. Human CRB1 localized also at the subapical region in photoreceptor cells, whereas 
human CRB2 localized at vesicles in the photoreceptor inner segments some distance away 
from the subapical region [52, 60] (Figure 1).

Interestingly, the overexpression of human CRB2 protein specifically in mouse photoreceptors 
that lacked endogenous mouse CRB2 in photoreceptors and Müller glial cells, caused aber-
rant localization of human CRB2 predominantly at vesicles in photoreceptor inner segments 
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at a distance from the subapical region. However, when expressed in both photoreceptors 
and Müller glial cells, human CRB2 localization was restricted to the subapical region, which 
suggested that expression of CRB2 in both cells types might be required for proper protein 
localization and function [16].

2.2. Animal models for CRB1-retinopathies

Animal models able to recapitulate features of the CRB1-retinopathies are of value to under-
stand the molecular mechanism behind retinopathies and to test new AAV gene therapy 
vectors. Over the recent years several rodent models were described in the literature. The 
retinal phenotypes observed in these animals mimic the wide spectrum of clinical features as 
described in CRB1-patients, including early and late onset RP, LCA and telangiectasia [44, 49, 
50, 52, 64–67]. The onset and severity of the phenotype observed in these animal models seem 
closely associated with the total levels of the CRB proteins in the different cell compartments. 
The available models can be grouped into three major categories:

a. late onset-RP: homozygous knockout Crb1 [52], hemizygous knockin Crb1C249W/− [67] and 
homozygous naturally occurring mutant Crb1rd8 [66] mice showed, at foci, loss of integrity 
of the outer limiting membrane, with protrusions of rows of photoreceptor nuclei into the 
inner- and outer segments layer and ingression of photoreceptor nuclei into the photore-
ceptor synaptic layer. Microglial cell infiltration and upregulation of glial fibrillary acidic 
protein (GFAP) were observed at the foci of photoreceptor dysplasia. Conditional abla-
tion of Crb2 specifically in Müller glial cells resulted in disruptions at the outer limiting 

Figure 1. Model depicting the localization of CRB1 and CRB2 proteins in the human retina at 2 days post-mortem. 
CRB proteins are present at the subapical region above the adherens junctions between Müller glial cells, between 
photoreceptor and Müller glial cells and between photoreceptor cells. CRB1 is located in both Müller glial cells and cone 
and rod photoreceptor cells at the subapical region. CRB2 is located in Müller glial cells at the subapical region, and in 
photoreceptors at vesicles in the inner segments at a distance from the subapical region.
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membrane and ectopic photoreceptor nuclei in the inner- and outer segment layer [50]. 
The morphological abnormalities observed in all these models do not lead to a decrease in 
electrical retinal function.

b. early onset-RP: ablation of Crb2 from retinal progenitor cells, and consequent loss of 
CRB2 in cone and rod photoreceptors and Müller glial cells [47, 49] or ablation of Crb2 
specifically in immature photoreceptors [50] leads to disruptions at the outer limiting 
membrane during late-stage embryonic development resulting in abnormalities in retinal 
lamination, severe retinal degeneration and early loss of retinal function. More recently, 
a naturally occurring substrain of Brown Norway rats (BN-J) was described as a model 
for retinal telangiectasia due to homozygous variations in the Crb1 gene. Interestingly the 
retinal phenotype observed in this Crb1 rat strain differs from the phenotype observed in 
the Crb1 knockout mice. The Crb1 rat displays retinal dysplasia at early postnatal days, 
leading to early-onset disruption of photoreceptor synapses and subsequent loss of reti-
nal function at 1 month of age and near to complete photoreceptor cell death at 6 months 
of age [64].

c. LCA: mouse retinas with loss of CRB1 and CRB2 proteins from retinal progenitor cells 
showed lack of a proper retinal lamination with loss of a photoreceptor synaptic layer, 
intermingling of photoreceptor nuclei with the nuclei of inner nuclear layer cells, and 
early loss of retinal function [44].

The lack of a genotype–phenotype correlation in humans might correlate with the different 
retinal phenotypes as observed in mice with lowered levels of CRB1 and/or CRB2 in retinal 
progenitors, photoreceptors and Müller glial cells. Cumulative data suggest that not only the 
levels of CRB1 are important for the pathogenesis observed in humans but also the total levels 
of CRB1 and CRB2 proteins. Or that the levels of functional CRB2 variants in retinal progeni-
tors, photoreceptors or Müller glial cells might play a role in determining the severity of the 
retinal dystrophy caused by mutations in the CRB1 gene.

3. Adeno-associated virus (AAV) biology

Adeno-associated virus belongs to the parvovirus family, but is placed in the genus 
Dependovirus since it is dependent on co-infection with other viruses, mainly adenoviruses, 
in order to replicate. AAV is a small, non-enveloped single-stranded DNA virus. The genome 
of the AAV is approximately 4.7 kb and has three open reading frames to express the rep 
(Replication), cap (Capsid) and assembly activating protein (aap) (Assembly) genes, flanked 
by two 145 nucleotide-long inverted terminal repeats (ITRs). The ITRs self-assemble into hair-
pin structures required for genome replication, integration and encapsidation. The rep gene 
encodes four proteins (Rep78, Rep68, Rep52 and Rep40), which are required for viral genome 
replication and packaging. While cap gene transcripts gives rise to the viral capsid proteins, 
virion protein 1 (VP1), VP2 and VP3, with molecular weights of 87, 72 and 62 kDa, respectively. 
These capsid proteins assemble into an icosahedral symmetry protein shell of 60 subunits, in 
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at a distance from the subapical region. However, when expressed in both photoreceptors 
and Müller glial cells, human CRB2 localization was restricted to the subapical region, which 
suggested that expression of CRB2 in both cells types might be required for proper protein 
localization and function [16].

2.2. Animal models for CRB1-retinopathies

Animal models able to recapitulate features of the CRB1-retinopathies are of value to under-
stand the molecular mechanism behind retinopathies and to test new AAV gene therapy 
vectors. Over the recent years several rodent models were described in the literature. The 
retinal phenotypes observed in these animals mimic the wide spectrum of clinical features as 
described in CRB1-patients, including early and late onset RP, LCA and telangiectasia [44, 49, 
50, 52, 64–67]. The onset and severity of the phenotype observed in these animal models seem 
closely associated with the total levels of the CRB proteins in the different cell compartments. 
The available models can be grouped into three major categories:

a. late onset-RP: homozygous knockout Crb1 [52], hemizygous knockin Crb1C249W/− [67] and 
homozygous naturally occurring mutant Crb1rd8 [66] mice showed, at foci, loss of integrity 
of the outer limiting membrane, with protrusions of rows of photoreceptor nuclei into the 
inner- and outer segments layer and ingression of photoreceptor nuclei into the photore-
ceptor synaptic layer. Microglial cell infiltration and upregulation of glial fibrillary acidic 
protein (GFAP) were observed at the foci of photoreceptor dysplasia. Conditional abla-
tion of Crb2 specifically in Müller glial cells resulted in disruptions at the outer limiting 

Figure 1. Model depicting the localization of CRB1 and CRB2 proteins in the human retina at 2 days post-mortem. 
CRB proteins are present at the subapical region above the adherens junctions between Müller glial cells, between 
photoreceptor and Müller glial cells and between photoreceptor cells. CRB1 is located in both Müller glial cells and cone 
and rod photoreceptor cells at the subapical region. CRB2 is located in Müller glial cells at the subapical region, and in 
photoreceptors at vesicles in the inner segments at a distance from the subapical region.
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membrane and ectopic photoreceptor nuclei in the inner- and outer segment layer [50]. 
The morphological abnormalities observed in all these models do not lead to a decrease in 
electrical retinal function.

b. early onset-RP: ablation of Crb2 from retinal progenitor cells, and consequent loss of 
CRB2 in cone and rod photoreceptors and Müller glial cells [47, 49] or ablation of Crb2 
specifically in immature photoreceptors [50] leads to disruptions at the outer limiting 
membrane during late-stage embryonic development resulting in abnormalities in retinal 
lamination, severe retinal degeneration and early loss of retinal function. More recently, 
a naturally occurring substrain of Brown Norway rats (BN-J) was described as a model 
for retinal telangiectasia due to homozygous variations in the Crb1 gene. Interestingly the 
retinal phenotype observed in this Crb1 rat strain differs from the phenotype observed in 
the Crb1 knockout mice. The Crb1 rat displays retinal dysplasia at early postnatal days, 
leading to early-onset disruption of photoreceptor synapses and subsequent loss of reti-
nal function at 1 month of age and near to complete photoreceptor cell death at 6 months 
of age [64].

c. LCA: mouse retinas with loss of CRB1 and CRB2 proteins from retinal progenitor cells 
showed lack of a proper retinal lamination with loss of a photoreceptor synaptic layer, 
intermingling of photoreceptor nuclei with the nuclei of inner nuclear layer cells, and 
early loss of retinal function [44].

The lack of a genotype–phenotype correlation in humans might correlate with the different 
retinal phenotypes as observed in mice with lowered levels of CRB1 and/or CRB2 in retinal 
progenitors, photoreceptors and Müller glial cells. Cumulative data suggest that not only the 
levels of CRB1 are important for the pathogenesis observed in humans but also the total levels 
of CRB1 and CRB2 proteins. Or that the levels of functional CRB2 variants in retinal progeni-
tors, photoreceptors or Müller glial cells might play a role in determining the severity of the 
retinal dystrophy caused by mutations in the CRB1 gene.

3. Adeno-associated virus (AAV) biology

Adeno-associated virus belongs to the parvovirus family, but is placed in the genus 
Dependovirus since it is dependent on co-infection with other viruses, mainly adenoviruses, 
in order to replicate. AAV is a small, non-enveloped single-stranded DNA virus. The genome 
of the AAV is approximately 4.7 kb and has three open reading frames to express the rep 
(Replication), cap (Capsid) and assembly activating protein (aap) (Assembly) genes, flanked 
by two 145 nucleotide-long inverted terminal repeats (ITRs). The ITRs self-assemble into hair-
pin structures required for genome replication, integration and encapsidation. The rep gene 
encodes four proteins (Rep78, Rep68, Rep52 and Rep40), which are required for viral genome 
replication and packaging. While cap gene transcripts gives rise to the viral capsid proteins, 
virion protein 1 (VP1), VP2 and VP3, with molecular weights of 87, 72 and 62 kDa, respectively. 
These capsid proteins assemble into an icosahedral symmetry protein shell of 60 subunits, in 
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a molar ratio of 1:1:10 (VP1:VP2:VP3). The aap gene encodes the assembly-activating protein 
(AAP) that is thought to have a scaffolding function for capsid assembly [68]. Wild-type AAV 
integrates into the human host genome at a specific site, AAVS1 on chromosome 19.

In gene therapy a recombinant AAV (rAAV) and not the wild-type AAV are used. In rAAV the 
viral genome required for viral replication, the rep and cap genes, and the element required 
for site-specific integration are deleted. A sequence containing a promoter, a 5′-untranslated 
region, the cDNA of a transgene of interest, and a 3′-untranslated region containing a poly-
adenylation site are then inserted in between the AAV vector containing the two ITRs. To 
produce AAV particles from the AAV gene therapy plasmid in a human cell line, the rep and 
cap genes are supplied in trans on a helper plasmid along with helper genes from adenovirus 
(E4, E2a and VA) necessary for replication.

The major advantages of the use of rAAVs are the safety profile, low immunogenicity, lack 
of toxicity and the property that the rAAV genomes do not integrate into the host genome. 
The rAAV capsid enters the cells by receptor-mediated endocytosis, the rAAV genomes 
are processed into nuclear episomal structures and are maintained extrachromosomally. 
Dependent on the gene therapy vector used, and the life span of the targeted cell, the rAAV 
genomes can express a transgene for more than 10 years. AAV vectors also have the ability 
to transduce non-dividing cells, including non-dividing retinal neurons like photoreceptors. 
One major disadvantage of the rAAV technology is the size limitation of the total DNA that 
can be efficiently packaged in the AAV vector (4.7–4.9 kb) which makes it difficult to design 
AAV-mediated gene therapy for larger genes (≥ 4 kb). The development of dual and triple 
AAV vectors with a maximum transfer capacity of around 9 and 14 kb, respectively, might in 
the future overcome in part this limitation [69].

The generation of a gene therapy vector able to deliver CRB1 is particularly challenging due 
to its large size of cDNA (4.2 kb). To assemble the gene therapy vector, the 4.2 kb CRB1 cDNA 
and the two ITR sequences (0.29 kb) need to be added which make up to 4.49 kb. Therefore, 
only 0.2–0.41 kb space is left for the promoter and polyadenylation sequences. Although chal-
lenging it was shown that it is possible to efficiently package human CRB1 cDNA in AAV 
vectors and to express CRB1 protein in vivo [15, 16]. Another strategy to overcome the size 
limitation is to use the 3.85 kb CRB2 cDNA as replacement [16].

3.1. Gene delivery in the retina using AAVs

The eye offers a set of unique features for the application of gene therapy vectors. The eye 
is a small, compartmentalized, immunoprivileged, paired organ and easily accessible using 
minimally invasive techniques. There are also high resolution functional and structural 
diagnostics, such as, optical coherence tomography, scanning laser ophthalmoscopy and 
electroretinography, as well as psychophysical tests such as microperimetry, kinetic perim-
etry, visual acuity testing, and multi-luminance mobility test (MLMT) in the ophthalmology 
field that allow to examine the eye/retina structure and to test as well retinal function and 
vision. Gene therapy vectors for retinal disease can be delivered mainly by two routes: sub-
retinally into the “subretinal space” between the neural retina and the RPE, or intravitreally, 
into the vitreous body, both approaches are described below. The administration route is an 
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important parameter to take into consideration in the testing of gene therapy vectors, together 
with the selection of the AAV capsid and promoter since all these parameters have effects on 
the tropism of the vectors.

3.2. Route of delivery

3.2.1. Subretinal injection

In pre-clinical studies performed in rodents ab externo subretinal injections are commonly 
performed [16, 70]. This method uses a small needle (34 gauge) to penetrate (ab externo) the 
sclera at the limbus and under direct observation the needle can be guided through the retina 
to create a subretinal space between the retinal pigment epithelium and the outer limiting 
membrane. Normally, a volume of 1 μL is injected to form an injection fluid bleb that tran-
siently detaches a large portion of neural retina from the RPE in one single injection. Incorrect 
surgery might cause cataract due to damage to the lens. It is also common to have a large 
volume of backflow of injected AAV particles when the injection needle is retracted.

Subretinal injections in human can be performed using the “single-step” or the “two-step” 
approach [71]. With the “single-step” approach the fluid, containing the gene therapy vector, 
is directly delivered into the subretinal space without previous retinal detachment [22].

The “two-step” approach consists of first the generation of a bleb in the subretinal space 
by injection of a balanced salt solution (BSS), followed by injection of the therapeutic agent 
using a controlled flow rate [4, 5, 72]. The second approach offers several advantages like the 
possibility to better assess the direction of bleb spread as well as to minimize vector loss by 
misguided injection [71]. The subretinal surgery and injection is a specialized technique and 
can in principle be executed by surgeons operating an ophthalmic surgery robot to obtain 
most reproducible results. According to information collected from the different clinical tri-
als registered in the Clinicaltrials.gov database, a volume ranging from 60 to 1000 μL can be 
injected via this route (Table 1).

Subretinal injections seem the logical choice when RPE or photoreceptors are the target cells, 
since these cells will be in direct contact with the fluid containing the AAV particles. However, 
degenerating retinas at an advanced stage are often quite thin, with disruptions at the outer 
limiting membrane, loss of inner/outer segments and/or photoreceptor cells, neovasculariza-
tion and infiltration of microglial cells. All these features might lead to a reduction in the 
potential subretinal space between the neural retina and the RPE, or to leaking of the AAV 
vector to the choroid vasculature system and influence the AAV tropism. The retinal detach-
ment caused during the subretinal injection might potentially also either aggravate or allevi-
ate the processes of retinal degeneration.

3.2.2. Intravitreal injection

Intravitreal injection implies direct delivery into the space in the back of the eye called the 
vitreous cavity, which is filled with a jelly-like fluid called the vitreous humor gel. Intravitreal 
injections are generally limited to volumes of up to 2 μL in mice [15, 16, 73], while in rats the 

AAV-Mediated Gene Therapy for CRB1-Hereditary Retinopathies
http://dx.doi.org/10.5772/intechopen.79308

127In Vivo and Ex Vivo Gene Therapy for Inherited and Non-Inherited Disorders



a molar ratio of 1:1:10 (VP1:VP2:VP3). The aap gene encodes the assembly-activating protein 
(AAP) that is thought to have a scaffolding function for capsid assembly [68]. Wild-type AAV 
integrates into the human host genome at a specific site, AAVS1 on chromosome 19.

In gene therapy a recombinant AAV (rAAV) and not the wild-type AAV are used. In rAAV the 
viral genome required for viral replication, the rep and cap genes, and the element required 
for site-specific integration are deleted. A sequence containing a promoter, a 5′-untranslated 
region, the cDNA of a transgene of interest, and a 3′-untranslated region containing a poly-
adenylation site are then inserted in between the AAV vector containing the two ITRs. To 
produce AAV particles from the AAV gene therapy plasmid in a human cell line, the rep and 
cap genes are supplied in trans on a helper plasmid along with helper genes from adenovirus 
(E4, E2a and VA) necessary for replication.

The major advantages of the use of rAAVs are the safety profile, low immunogenicity, lack 
of toxicity and the property that the rAAV genomes do not integrate into the host genome. 
The rAAV capsid enters the cells by receptor-mediated endocytosis, the rAAV genomes 
are processed into nuclear episomal structures and are maintained extrachromosomally. 
Dependent on the gene therapy vector used, and the life span of the targeted cell, the rAAV 
genomes can express a transgene for more than 10 years. AAV vectors also have the ability 
to transduce non-dividing cells, including non-dividing retinal neurons like photoreceptors. 
One major disadvantage of the rAAV technology is the size limitation of the total DNA that 
can be efficiently packaged in the AAV vector (4.7–4.9 kb) which makes it difficult to design 
AAV-mediated gene therapy for larger genes (≥ 4 kb). The development of dual and triple 
AAV vectors with a maximum transfer capacity of around 9 and 14 kb, respectively, might in 
the future overcome in part this limitation [69].

The generation of a gene therapy vector able to deliver CRB1 is particularly challenging due 
to its large size of cDNA (4.2 kb). To assemble the gene therapy vector, the 4.2 kb CRB1 cDNA 
and the two ITR sequences (0.29 kb) need to be added which make up to 4.49 kb. Therefore, 
only 0.2–0.41 kb space is left for the promoter and polyadenylation sequences. Although chal-
lenging it was shown that it is possible to efficiently package human CRB1 cDNA in AAV 
vectors and to express CRB1 protein in vivo [15, 16]. Another strategy to overcome the size 
limitation is to use the 3.85 kb CRB2 cDNA as replacement [16].

3.1. Gene delivery in the retina using AAVs

The eye offers a set of unique features for the application of gene therapy vectors. The eye 
is a small, compartmentalized, immunoprivileged, paired organ and easily accessible using 
minimally invasive techniques. There are also high resolution functional and structural 
diagnostics, such as, optical coherence tomography, scanning laser ophthalmoscopy and 
electroretinography, as well as psychophysical tests such as microperimetry, kinetic perim-
etry, visual acuity testing, and multi-luminance mobility test (MLMT) in the ophthalmology 
field that allow to examine the eye/retina structure and to test as well retinal function and 
vision. Gene therapy vectors for retinal disease can be delivered mainly by two routes: sub-
retinally into the “subretinal space” between the neural retina and the RPE, or intravitreally, 
into the vitreous body, both approaches are described below. The administration route is an 
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important parameter to take into consideration in the testing of gene therapy vectors, together 
with the selection of the AAV capsid and promoter since all these parameters have effects on 
the tropism of the vectors.

3.2. Route of delivery

3.2.1. Subretinal injection

In pre-clinical studies performed in rodents ab externo subretinal injections are commonly 
performed [16, 70]. This method uses a small needle (34 gauge) to penetrate (ab externo) the 
sclera at the limbus and under direct observation the needle can be guided through the retina 
to create a subretinal space between the retinal pigment epithelium and the outer limiting 
membrane. Normally, a volume of 1 μL is injected to form an injection fluid bleb that tran-
siently detaches a large portion of neural retina from the RPE in one single injection. Incorrect 
surgery might cause cataract due to damage to the lens. It is also common to have a large 
volume of backflow of injected AAV particles when the injection needle is retracted.

Subretinal injections in human can be performed using the “single-step” or the “two-step” 
approach [71]. With the “single-step” approach the fluid, containing the gene therapy vector, 
is directly delivered into the subretinal space without previous retinal detachment [22].

The “two-step” approach consists of first the generation of a bleb in the subretinal space 
by injection of a balanced salt solution (BSS), followed by injection of the therapeutic agent 
using a controlled flow rate [4, 5, 72]. The second approach offers several advantages like the 
possibility to better assess the direction of bleb spread as well as to minimize vector loss by 
misguided injection [71]. The subretinal surgery and injection is a specialized technique and 
can in principle be executed by surgeons operating an ophthalmic surgery robot to obtain 
most reproducible results. According to information collected from the different clinical tri-
als registered in the Clinicaltrials.gov database, a volume ranging from 60 to 1000 μL can be 
injected via this route (Table 1).

Subretinal injections seem the logical choice when RPE or photoreceptors are the target cells, 
since these cells will be in direct contact with the fluid containing the AAV particles. However, 
degenerating retinas at an advanced stage are often quite thin, with disruptions at the outer 
limiting membrane, loss of inner/outer segments and/or photoreceptor cells, neovasculariza-
tion and infiltration of microglial cells. All these features might lead to a reduction in the 
potential subretinal space between the neural retina and the RPE, or to leaking of the AAV 
vector to the choroid vasculature system and influence the AAV tropism. The retinal detach-
ment caused during the subretinal injection might potentially also either aggravate or allevi-
ate the processes of retinal degeneration.

3.2.2. Intravitreal injection

Intravitreal injection implies direct delivery into the space in the back of the eye called the 
vitreous cavity, which is filled with a jelly-like fluid called the vitreous humor gel. Intravitreal 
injections are generally limited to volumes of up to 2 μL in mice [15, 16, 73], while in rats the 
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volumes are limited to 3–5 μL [74]. The main surgical complications observed are cataract 
formation due to lens-induced damage and retinal perforation [75].

In humans intravitreal injections are generally performed under local anesthesia [71], by 
inserting a 30 gauge needle through the sclera at the pars plana region, 3.5–4 mm posterior 
to the limbus between vertical and horizontal muscles with limited reflux [71, 73]. In clinical 
trials volumes between 90 and 200 μL have been injected via this route (Table 1).

Intravitreal administration of AAV gene therapy might look tempting since it is an easier 
procedure with less potential surgical complications compared to the subretinal injection, 
especially when treating thinned degenerative retinas. However, administration of AAV 
intravitreally has its own caveats namely the difficulty of AAV capsids to cross the thick inner 
limiting membrane in the human retina and the current lack of AAV serotypes capable of 
transducing efficiently the human photoreceptors or RPE cells. Another obstacle is the poten-
tial AAV transduction and subsequent expression in other eye tissues, as for example, the 
ciliary body especially when using a ubiquitous promoter.

Pre-clinical studies in mice and rats showed that Müller glial cells can efficiently be infected 
after intravitreal administration of AAV2/6 or AAV2/shH10Y445F [15, 76], therefore these AAV 
capsids might be used to deliver CRB1 or CRB2 into Müller cells. AAV serotype shH10Y445F is 
however known to transduce efficiently the ciliary body epithelium when applied intravit-
really [16].

3.3. AAV capsids and cell type specific promoters

The existence of 11 natural AAV serotypes and derivatives that differ in their tropism, and the 
different types of cells they infect, makes AAV a very useful system to infect the various cell 
types of the retina. The cell specificity of the AAV vector can be further increased by using cell 
type specific promoters, for example RPE65 or VMD2 to drive expression in retinal pigment 
epithelium. Or by using e.g. the rhodopsin (RH), G protein-coupled receptor kinase 1 (GRK1), 
1.7-kb L-opsin promoter (PR1.7) or cone arrestin (hCAR) promoter to drive expression in 
rod and/or cone photoreceptors. Or using e.g. the RLBP1, GFAP or NR2E1 promoter to drive 
expression in Müller cells [17, 23, 24, 28].

Several pre-clinical studies showed the tropism and/or potency of the different capsids and 
promoter (cell specific or ubiquitous) in infecting retinal cell types such as RPE, photore-
ceptors and Müller glial cells. However, AAV tropism might differ in vivo between rodent 
species, dogs, non-human primates and human. AAV tropism is dependent of the route of 
administration, the stage of retinal development and severity of retinal dystrophy. Therefore, 
is quite difficult to extrapolate the data from pre-clinical studies performed in rodents directly 
to the human in vivo setting. To obtain evidence-based data for clinical gene therapy stud-
ies, researchers optimize culture protocols for human retinal organotypic cultures [77–79] or 
human iPSC-derived retinas to study the AAV tropism [80]. Recently, the capacity of differ-
ent AAV serotypes to infect and express in human retinal cells was studied in organotypic 

In Vivo and Ex Vivo Gene Therapy for Inherited and Non-Inherited Disorders128

cultures. This study suggested that serotypes AAV4, AAV5 and AAV6 were particularly effi-
cient at transducing photoreceptor cells, whereas serotype AAV8 displayed consistently low 
transduction of these cells [79, 81]. Actually several AAV serotypes and ubiquitous promoters 
or cell specific promoters are being used in clinical trials (Table 1), the results from these 
studies will provide us with important clues about the best promoters and capsids to use in 
the human retina.

In order to deliver CRB1 or CRB2 into rod and cone photoreceptor and Müller glial cells in 
the human retina an AAV capsid able to infect all the three cell types needs to be used in com-
bination with a promoter active in the same cells. Studies performed in mice suggested that 
a combination of AAV9 and a CMV promoter might be a possibility but further studies are 
required to test its suitability for human retinal cells [16]. Subretinal injection of expression vec-
tors packaged into serotypes AAV5 or AAV9 infect photoreceptors in vivo in macaques [82, 83]. 
Tropism studies in human retinal explants reported that AAV5 would be more efficacious than 
AAV9 [84]. Another strategy would be the use of one vector to deliver CRB1 or CRB2 specifi-
cally in Müller glial cells and a second vector to deliver specifically in photoreceptors. Besides 
regulatory and financial issues, the main technical issues here resides with the lack of a short 
promoter (≤ 300 bp) specific for Müller cells, and the lack of an AAV serotype that in human 
retina efficiently infects Müller glial cells upon intravitreal or subretinal injection.

4. Conclusion

In recent years the scientific progress in the field of gene therapy for inherited retinal dystro-
phies culminated in the first ever approved AAV gene therapy medicine to treat LCA patients 
carrying mutations in the RPE65 gene. The number of engineered AAV capsid variants and 
new promoters to drive expression in the different retinal cell types is raising at great speed 
allowing the design of more specific and more efficient viral vectors. Likewise, the number 
of clinical trials using AAV gene therapy is increasing at a similar rhythm, the data collected 
from these studies will be very useful for the development of similar therapies. Pre-clinical 
studies performed in mice demonstrated that AAV-mediated CRB2 gene augmentation ther-
apy might be a promising medicine to prevent progression of retinitis pigmentosa in patients 
with mutations in the CRB1 gene. In mice at mid-stage retinal disease CRB2 gene augmenta-
tion therapy successfully improved retinal morphology with preservation of photoreceptor 
cells and retinal function, therefore providing good perspectives for the forthcoming clinical 
trial in patients with RP due to mutations in CRB1.
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volumes are limited to 3–5 μL [74]. The main surgical complications observed are cataract 
formation due to lens-induced damage and retinal perforation [75].

In humans intravitreal injections are generally performed under local anesthesia [71], by 
inserting a 30 gauge needle through the sclera at the pars plana region, 3.5–4 mm posterior 
to the limbus between vertical and horizontal muscles with limited reflux [71, 73]. In clinical 
trials volumes between 90 and 200 μL have been injected via this route (Table 1).

Intravitreal administration of AAV gene therapy might look tempting since it is an easier 
procedure with less potential surgical complications compared to the subretinal injection, 
especially when treating thinned degenerative retinas. However, administration of AAV 
intravitreally has its own caveats namely the difficulty of AAV capsids to cross the thick inner 
limiting membrane in the human retina and the current lack of AAV serotypes capable of 
transducing efficiently the human photoreceptors or RPE cells. Another obstacle is the poten-
tial AAV transduction and subsequent expression in other eye tissues, as for example, the 
ciliary body especially when using a ubiquitous promoter.

Pre-clinical studies in mice and rats showed that Müller glial cells can efficiently be infected 
after intravitreal administration of AAV2/6 or AAV2/shH10Y445F [15, 76], therefore these AAV 
capsids might be used to deliver CRB1 or CRB2 into Müller cells. AAV serotype shH10Y445F is 
however known to transduce efficiently the ciliary body epithelium when applied intravit-
really [16].

3.3. AAV capsids and cell type specific promoters

The existence of 11 natural AAV serotypes and derivatives that differ in their tropism, and the 
different types of cells they infect, makes AAV a very useful system to infect the various cell 
types of the retina. The cell specificity of the AAV vector can be further increased by using cell 
type specific promoters, for example RPE65 or VMD2 to drive expression in retinal pigment 
epithelium. Or by using e.g. the rhodopsin (RH), G protein-coupled receptor kinase 1 (GRK1), 
1.7-kb L-opsin promoter (PR1.7) or cone arrestin (hCAR) promoter to drive expression in 
rod and/or cone photoreceptors. Or using e.g. the RLBP1, GFAP or NR2E1 promoter to drive 
expression in Müller cells [17, 23, 24, 28].

Several pre-clinical studies showed the tropism and/or potency of the different capsids and 
promoter (cell specific or ubiquitous) in infecting retinal cell types such as RPE, photore-
ceptors and Müller glial cells. However, AAV tropism might differ in vivo between rodent 
species, dogs, non-human primates and human. AAV tropism is dependent of the route of 
administration, the stage of retinal development and severity of retinal dystrophy. Therefore, 
is quite difficult to extrapolate the data from pre-clinical studies performed in rodents directly 
to the human in vivo setting. To obtain evidence-based data for clinical gene therapy stud-
ies, researchers optimize culture protocols for human retinal organotypic cultures [77–79] or 
human iPSC-derived retinas to study the AAV tropism [80]. Recently, the capacity of differ-
ent AAV serotypes to infect and express in human retinal cells was studied in organotypic 
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cultures. This study suggested that serotypes AAV4, AAV5 and AAV6 were particularly effi-
cient at transducing photoreceptor cells, whereas serotype AAV8 displayed consistently low 
transduction of these cells [79, 81]. Actually several AAV serotypes and ubiquitous promoters 
or cell specific promoters are being used in clinical trials (Table 1), the results from these 
studies will provide us with important clues about the best promoters and capsids to use in 
the human retina.

In order to deliver CRB1 or CRB2 into rod and cone photoreceptor and Müller glial cells in 
the human retina an AAV capsid able to infect all the three cell types needs to be used in com-
bination with a promoter active in the same cells. Studies performed in mice suggested that 
a combination of AAV9 and a CMV promoter might be a possibility but further studies are 
required to test its suitability for human retinal cells [16]. Subretinal injection of expression vec-
tors packaged into serotypes AAV5 or AAV9 infect photoreceptors in vivo in macaques [82, 83]. 
Tropism studies in human retinal explants reported that AAV5 would be more efficacious than 
AAV9 [84]. Another strategy would be the use of one vector to deliver CRB1 or CRB2 specifi-
cally in Müller glial cells and a second vector to deliver specifically in photoreceptors. Besides 
regulatory and financial issues, the main technical issues here resides with the lack of a short 
promoter (≤ 300 bp) specific for Müller cells, and the lack of an AAV serotype that in human 
retina efficiently infects Müller glial cells upon intravitreal or subretinal injection.

4. Conclusion

In recent years the scientific progress in the field of gene therapy for inherited retinal dystro-
phies culminated in the first ever approved AAV gene therapy medicine to treat LCA patients 
carrying mutations in the RPE65 gene. The number of engineered AAV capsid variants and 
new promoters to drive expression in the different retinal cell types is raising at great speed 
allowing the design of more specific and more efficient viral vectors. Likewise, the number 
of clinical trials using AAV gene therapy is increasing at a similar rhythm, the data collected 
from these studies will be very useful for the development of similar therapies. Pre-clinical 
studies performed in mice demonstrated that AAV-mediated CRB2 gene augmentation ther-
apy might be a promising medicine to prevent progression of retinitis pigmentosa in patients 
with mutations in the CRB1 gene. In mice at mid-stage retinal disease CRB2 gene augmenta-
tion therapy successfully improved retinal morphology with preservation of photoreceptor 
cells and retinal function, therefore providing good perspectives for the forthcoming clinical 
trial in patients with RP due to mutations in CRB1.
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1. Introduction

Gene therapy is a novel promising approach for treating a spectrum of inherited and non-
inherited disorders by delivering therapeutic genes to specific organs or tissues. Of the viral 
vectors that have been used to date to deliver the gene of interest, the adeno-associated viral 
(AAV) vector appears to be the most safe and effective vehicle and has the ability to main-
tain long-term gene and protein expression following a single injection of the vector. Gene 
therapy studies using AAV vector have shown significant progress not only in animal models 
but also in human gene therapy with no known pathogenicity. Recently, the Food and Drug 
Administration (FDA) has approved a pioneering gene therapy protocol using an AAV vector 
for a rare form of childhood blindness, the first such treatment cleared in the United States 
for an inherited disease. While success has been achieved in this field targeting inherited dis-
orders, however, clinical trials are yet to begin to see whether gene therapy has promise for 
treatment of non-inherited diseases. This chapter describes AAV biology, viral structure, and 
cell entry mechanisms, with special emphasis on AAV tissue tropism achieved by manipulat-
ing different serotypes and capsid engineering. This chapter also discusses successful applica-
tion of the AAV vector for non-inherited disorders in animal models with particular reference 
to liver fibrosis, outlining advantages, disadvantages, and future challenges that this therapy 
may face.

2. Adeno-associated virus

Adeno-associated virus (AAV) was discovered by Atchison et al. in 1965 from a pooled 
harvest of rhesus monkey kidney cell (RMK) cultures coinfected with simian adenovirus 
type 1 (SV15) [1]. This virus that could be observed as small DNA-containing particles was 
initially discovered as a contaminant of adenovirus preparations, and thus, it was named 
adeno-associated virus. However, AAV belongs to a genus of the parvoviruses, now known 
as dependoviruses [2]. AAV is replication defective and depends on a helper virus for effec-
tive and productive replication in mammalian cells. Generally, adenovirus or herpes viruses 
are considered to be the helper viruses for AAV to continue its life cycle. Early research on 
AAV has shown that this virus does not cause any disease in man even though it appears that 
it persists in humans along with its helper virus, particularly adenovirus [2]. In 1969, AAV 
was shown to possess several advantages in experimental systems including its small DNA 
genome of approximately 5 kb, packaging of plus and minus strands into individual particles, 
and most importantly, it is present as a defective virus [3]. During the first 20 years after its 
discovery, its genome structure, growth cycle, and latency were described. In the early 1980s, 
the genome sequencing of AAV serotype 2 (AAV2) was completed by Srivastava and col-
leagues [3]. This facilitated the generation of the first recombinant AAV vectors using AAV2 
by the mid-1980s. Thereafter, studies using AAV were used for gene transfer in mammalian 
cell cultures. Subsequently, evidence of clinical safety has encouraged the researchers to use 
AAV vectors in clinical trials for various inherited disorders [4].

The AAV2 is a non-enveloped virion with a genome consisting of a single-stranded DNA 
(ssDNA) which is enclosed by a spherical protein shell about 20 nm in diameter [5, 6], with 
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a density of 1.41 g/cm3 [6, 7]. The AAV genome is made up of 4675 nucleotides flanked by 
inverted terminal repeats (ITRs). Each ITR is 145 nucleotides in length and forms a T-shaped 
hairpin structure by self-base pairing utilizing the first 125 nucleotides [3, 8]. Viral replication 
(Rep) and capsid (Cap) genes responsible for encoding four non-structural proteins, such as 
Rep40, Rep52, Rep68, and Rep78, and three structural proteins, such as VP1, VP2, and VP3, 
respectively, are located between the two ITR regions. The structural proteins, VP1, VP2, and 
VP3, are arranged in a ratio of 1:1:10 to form the icosahedral symmetrical shape of the virus 
[6, 9]. It has been reported that the VP1 protein is essential for infection [6, 10], whereas VP2 
is the major protein responsible for nuclear transfer of the capsid proteins. Of note, the VP3 
subunit is the most abundant protein in the capsid responsible for the binding of the virus to 
cell surface receptors [6, 11] and viral particle formation in the host cell [12].

3. AAV-host cell interaction

Heparan sulfate proteoglycan (HSPG) is the first identified primary receptor that AAV2 binds 
when infecting cells [6, 13]. The initial hypothesis was that the HSPG-binding site is located 
within the capsid protein VP3 [14], and this hypothesis was further supported by a mutational 
analysis performed by Wu and colleagues in year 2000 [11]. Wu et al. showed that there are 
two VP3 amino acid clusters of AAV2 that are involved in HSPG binding [11]. HSPG is not 
the only receptor type involved in AAV2 binding to a host cell, but there are one or more 
coreceptors which facilitate AAV cellular entry. Interestingly, αvβ5 integrin was identified 
as a coreceptor for internalization of AAV2 virions by Summerford and colleagues [15]. In 
cell studies, the chelating agent ethylenediaminetetraacetic acid (EDTA) was used to disrupt 
integrin function and results showed a notable reduction in AAV2 infection, suggesting that 
AAV2 uses αvβ5 integrin as a secondary receptor to mediate viral entry. Moreover, Qing and 
colleagues identified that human fibroblast growth factor receptor 1 (FGFR1) is also essential 
for viral entry into the host cell [16] and acts as a coreceptor for successful infection by AAV [6].

Although AAV2 is the most extensively studied serotype of AAV, there are several other AAV 
serotypes which have been evaluated for their binding characteristics to cellular receptors. 
It was recently shown that AAV serotypes 3 [17] and 13 (VR-942) [18] utilize HSPG as the 
primary cell surface receptor for cell entry, while AAV serotypes 1, 4, 5, and 6 [18–20] utilize 
N-linked and O-linked α2–3 and α2–6 sialic acids. AAV9 interacts with N-terminal galactose 
as the primary receptor [21] and also interacts with secondary coreceptors for facilitating cell 
entry, such as integrins [15, 22] FGFR1 [16], hepatocyte growth factor receptor (c-Met) [23], 
and laminin receptor [24]. Despite all these known pathways for AAV infection, no common 
primary receptor for all the AAV serotypes had been identified. Recently, Pillay and colleagues 
[25] used a library of mutagenized haploid HAP1 cells to create knockouts of nearly all non-
essential genes in the human genome. This knockout library was exposed to recombinant 
AAV2-RFP (AAV2-red fluorescent protein), and a gene that was most significantly enriched 
in the screen was identified. This receptor named “AAV receptor (AAVR)” is characterized 
as a type I transmembrane protein which contains a MANSC domain, five polycystic kid-
ney disease (PKD) domains, and a C6 region near the N terminus. These findings have been 
validated using an AAVR knockout cell line which demonstrated a resistant to infection by 
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1. Introduction

Gene therapy is a novel promising approach for treating a spectrum of inherited and non-
inherited disorders by delivering therapeutic genes to specific organs or tissues. Of the viral 
vectors that have been used to date to deliver the gene of interest, the adeno-associated viral 
(AAV) vector appears to be the most safe and effective vehicle and has the ability to main-
tain long-term gene and protein expression following a single injection of the vector. Gene 
therapy studies using AAV vector have shown significant progress not only in animal models 
but also in human gene therapy with no known pathogenicity. Recently, the Food and Drug 
Administration (FDA) has approved a pioneering gene therapy protocol using an AAV vector 
for a rare form of childhood blindness, the first such treatment cleared in the United States 
for an inherited disease. While success has been achieved in this field targeting inherited dis-
orders, however, clinical trials are yet to begin to see whether gene therapy has promise for 
treatment of non-inherited diseases. This chapter describes AAV biology, viral structure, and 
cell entry mechanisms, with special emphasis on AAV tissue tropism achieved by manipulat-
ing different serotypes and capsid engineering. This chapter also discusses successful applica-
tion of the AAV vector for non-inherited disorders in animal models with particular reference 
to liver fibrosis, outlining advantages, disadvantages, and future challenges that this therapy 
may face.

2. Adeno-associated virus

Adeno-associated virus (AAV) was discovered by Atchison et al. in 1965 from a pooled 
harvest of rhesus monkey kidney cell (RMK) cultures coinfected with simian adenovirus 
type 1 (SV15) [1]. This virus that could be observed as small DNA-containing particles was 
initially discovered as a contaminant of adenovirus preparations, and thus, it was named 
adeno-associated virus. However, AAV belongs to a genus of the parvoviruses, now known 
as dependoviruses [2]. AAV is replication defective and depends on a helper virus for effec-
tive and productive replication in mammalian cells. Generally, adenovirus or herpes viruses 
are considered to be the helper viruses for AAV to continue its life cycle. Early research on 
AAV has shown that this virus does not cause any disease in man even though it appears that 
it persists in humans along with its helper virus, particularly adenovirus [2]. In 1969, AAV 
was shown to possess several advantages in experimental systems including its small DNA 
genome of approximately 5 kb, packaging of plus and minus strands into individual particles, 
and most importantly, it is present as a defective virus [3]. During the first 20 years after its 
discovery, its genome structure, growth cycle, and latency were described. In the early 1980s, 
the genome sequencing of AAV serotype 2 (AAV2) was completed by Srivastava and col-
leagues [3]. This facilitated the generation of the first recombinant AAV vectors using AAV2 
by the mid-1980s. Thereafter, studies using AAV were used for gene transfer in mammalian 
cell cultures. Subsequently, evidence of clinical safety has encouraged the researchers to use 
AAV vectors in clinical trials for various inherited disorders [4].

The AAV2 is a non-enveloped virion with a genome consisting of a single-stranded DNA 
(ssDNA) which is enclosed by a spherical protein shell about 20 nm in diameter [5, 6], with 
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a density of 1.41 g/cm3 [6, 7]. The AAV genome is made up of 4675 nucleotides flanked by 
inverted terminal repeats (ITRs). Each ITR is 145 nucleotides in length and forms a T-shaped 
hairpin structure by self-base pairing utilizing the first 125 nucleotides [3, 8]. Viral replication 
(Rep) and capsid (Cap) genes responsible for encoding four non-structural proteins, such as 
Rep40, Rep52, Rep68, and Rep78, and three structural proteins, such as VP1, VP2, and VP3, 
respectively, are located between the two ITR regions. The structural proteins, VP1, VP2, and 
VP3, are arranged in a ratio of 1:1:10 to form the icosahedral symmetrical shape of the virus 
[6, 9]. It has been reported that the VP1 protein is essential for infection [6, 10], whereas VP2 
is the major protein responsible for nuclear transfer of the capsid proteins. Of note, the VP3 
subunit is the most abundant protein in the capsid responsible for the binding of the virus to 
cell surface receptors [6, 11] and viral particle formation in the host cell [12].

3. AAV-host cell interaction

Heparan sulfate proteoglycan (HSPG) is the first identified primary receptor that AAV2 binds 
when infecting cells [6, 13]. The initial hypothesis was that the HSPG-binding site is located 
within the capsid protein VP3 [14], and this hypothesis was further supported by a mutational 
analysis performed by Wu and colleagues in year 2000 [11]. Wu et al. showed that there are 
two VP3 amino acid clusters of AAV2 that are involved in HSPG binding [11]. HSPG is not 
the only receptor type involved in AAV2 binding to a host cell, but there are one or more 
coreceptors which facilitate AAV cellular entry. Interestingly, αvβ5 integrin was identified 
as a coreceptor for internalization of AAV2 virions by Summerford and colleagues [15]. In 
cell studies, the chelating agent ethylenediaminetetraacetic acid (EDTA) was used to disrupt 
integrin function and results showed a notable reduction in AAV2 infection, suggesting that 
AAV2 uses αvβ5 integrin as a secondary receptor to mediate viral entry. Moreover, Qing and 
colleagues identified that human fibroblast growth factor receptor 1 (FGFR1) is also essential 
for viral entry into the host cell [16] and acts as a coreceptor for successful infection by AAV [6].

Although AAV2 is the most extensively studied serotype of AAV, there are several other AAV 
serotypes which have been evaluated for their binding characteristics to cellular receptors. 
It was recently shown that AAV serotypes 3 [17] and 13 (VR-942) [18] utilize HSPG as the 
primary cell surface receptor for cell entry, while AAV serotypes 1, 4, 5, and 6 [18–20] utilize 
N-linked and O-linked α2–3 and α2–6 sialic acids. AAV9 interacts with N-terminal galactose 
as the primary receptor [21] and also interacts with secondary coreceptors for facilitating cell 
entry, such as integrins [15, 22] FGFR1 [16], hepatocyte growth factor receptor (c-Met) [23], 
and laminin receptor [24]. Despite all these known pathways for AAV infection, no common 
primary receptor for all the AAV serotypes had been identified. Recently, Pillay and colleagues 
[25] used a library of mutagenized haploid HAP1 cells to create knockouts of nearly all non-
essential genes in the human genome. This knockout library was exposed to recombinant 
AAV2-RFP (AAV2-red fluorescent protein), and a gene that was most significantly enriched 
in the screen was identified. This receptor named “AAV receptor (AAVR)” is characterized 
as a type I transmembrane protein which contains a MANSC domain, five polycystic kid-
ney disease (PKD) domains, and a C6 region near the N terminus. These findings have been 
validated using an AAVR knockout cell line which demonstrated a resistant to infection by 
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almost all AAV serotypes, whereas restoring recombinant AAVR gene in the AAVR knockout 
cells restored the ability of AAVs for successful infection. Furthermore, AAVR gene knockout 
mice demonstrated robust resistance to AAV9 infection. This important discovery implicates 
the AAVR as a universal primary receptor for all AAV serotype infection [6].

4. Cell entry mechanism of AAV

The major cell entry mechanism for AAV is via endocytosis utilizing clathrin-coated pits, 
although other minor mechanisms are possibly involved in this process. However, these 
alternative minor mechanisms are yet to be confirmed [6]. Upon AAV binding to its cell 
surface receptors, it stimulates intracellular signaling pathways, which in turn stimulates 
internalization of AAV. This phenomenon can be clearly explained using the mechanisms 
reported for AAV2 host cell interaction. It was shown that attachment of AAV2 to HSPG and 
αVβ5 integrin resulted in the activation of Rac1, an intracellular small guanosine triphosphate 
(GTP)-binding protein, and phosphoinositide 3-kinase (PI3K) in HeLa cells within 5 minutes 
of AAV2 infection [26]. Furthermore, inhibition of Notch1 by siRNA, a transmembrane recep-
tor known to be involved in the activation of Rac1 and PI3K, was reported to decrease cell 
transduction by AAV2 [27], suggesting that the Rac1-PI3K pathway is necessary to initiate 
endocytosis of AAV2. Direct injection of AAV into the cytoplasm and nucleus of cells results 
in a significant lower infection rate than cells that are simply exposed to virus [28], suggesting 
that the processing of AAV virion through endosomal compartments is a critical initiating 
step for transduction following endocytosis.

In addition, transduction efficiency of AAV is largely dependent on the endosomal 
pH. Changing the pH to acidic (pH 4–6) inside the endosomal compartment facilitates trans-
duction of AAV, whereas blocking acidification during endosomal processing decreases the 
rate of transduction [29–31]. Also, the application of different classes of proteasome inhibitors 
such as tripeptidyl aldehydes and N-acetyl-l-leucyl-l-leucyl-l-norleucinal (LLnL) and the 
anthracycline compounds such as doxorubicin increases the rate of viral translocation to the 
nucleus [32]. Furthermore, LLnL appears to increase AAV2 capsid ubiquitination that results 
in augmented gene transfer in different cell types [33], suggesting a mechanism by which 
these inhibitors increase transduction may be related to ubiquitination. AAV must exit from 
the endosome first before translocating to the nucleus. Prior to escape from the endosome, 
AAV undergoes a conformational change leading to the exposure of the unique N-terminal 
ends of VP1 and VP2, which contains a domain of phospholipase A2 (PLA2) [34], an enzyme 
that breaches the endosomal membrane and thereby facilitates efficient endosomal escape 
of viral particles. Upon endosomal escape, AAV enters the nucleus as an intact particle [28] 
and uncoating then occurs inside the nucleus. However, nuclear transport of AAV is a slow 
process, approximately only 1–2% of internalized AAV enters and expresses in the nucleus, 
and the whole entry process takes about 2–13 h [35]. Thus, most viral particles which fail to 
translocate are located outside or away from the nucleus.

The viral particles that fail to translocate into the nucleus are eventually degraded by host 
proteasomes in the cytoplasm and presented as antigen to cytotoxic T cells via the major 
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histocompatibility complex (MHC) class I pathway [36]. Although there are several studies that 
have investigated the nuclear entry of AAV, the mechanism by which AAV translocates into the 
nucleus is still unclear. Because AAV is a small virus with a diameter of around 20 nm, it has 
been suggested that the virion enters the nucleus using the nuclear pore complex (NPC) [37].

Furthermore, the nuclear entry of AAV is dependent on importin-β, a nuclear import pro-
tein that has been shown to play a key role in facilitating the binding of viral particles to 
host nuclei in other viral infectious pathways [38, 39]. Another study using single-point 
edge excitation sub-diffraction (SPEED) microscopy, a form of super-resolution imaging, to 
track single AAV particles revealed that approximately 17% of AAV particles were imported 
through the NPC successfully to the nucleus [40], reinforcing the importance of the NPC in 
AAV nuclear transfer. Interestingly, there is further evidence that nucleolin, a protein that 
shuttles between cytoplasm and nucleus, specifically binds to AAV capsid, which suggests 
that nucleolin may act as a nuclear receptor for AAV particles as well [41]. Upon entry into 
the nucleus, the ssDNA of AAV genome is converted to double-stranded DNA (dsDNA) 
using nuclear machinery of the target cells for transcription of the transgene [42]. The syn-
thesis of second DNA strand has been considered as a rate-limiting factor for the onset and 
efficiency of transgene expression in ssAAV vectors [43]. As a result, second-generation AAV 
vectors with a dsDNA, also known as self-complementary AAV (scAAV) vectors, have been 
developed to improve the transduction and transcription efficiency. In the past decade, sev-
eral studies have shown that new scAAV vectors provide safe, reliable, and organ-specific 
transduction both in vitro [44–46] and in vivo [46–49]. This suggests that the limitations asso-
ciated with cell transduction using ssAAV genome can be overcome by the use of scAAV 
vectors in gene therapy.

5. AAV serotypes and tissue tropism

To date, a total of 12 naturally occurring AAV serotypes have been discovered from both 
human and non-human primates (Table 1). These serotypes are able to infect cells of diverse 
tissue types. Interestingly, the tissue specificity is determined by the capsid serotype. The 
existence of a variety of serotypes with different infectivity rates and tissue specificity 
makes AAV one of the most promising candidates in gene therapy research. By develop-
ment of different AAV pseudotypes, researchers have been able to obtain unique cellular 
tropism and high transduction efficiency. All AAV serotypes share at least 50% sequence 
homology. However, serotype AAV5 has the most divergent amino acid capsid sequence, 
and AAV4 also shows a considerable degree of divergence [50]. Surprisingly, this sequence 
diversity between serotypes is not scattered but primarily located in the looped out domains 
of the capsid protein [51]. However, comparative studies of AAV serotypes found that this 
sequence variability may not be responsible for the differences in infectivity rates and tissue 
specificity. AAV serotype 2 is most widely used in gene therapy research. Several studies 
have investigated gene expression and tropism in vivo mediated by different AAV sero-
types and identified that they differ broadly in transduction efficacies and tissue tropism. 
A comparative study of AAV serotypes 1–9 mediated transgene expression after systemic 
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almost all AAV serotypes, whereas restoring recombinant AAVR gene in the AAVR knockout 
cells restored the ability of AAVs for successful infection. Furthermore, AAVR gene knockout 
mice demonstrated robust resistance to AAV9 infection. This important discovery implicates 
the AAVR as a universal primary receptor for all AAV serotype infection [6].

4. Cell entry mechanism of AAV

The major cell entry mechanism for AAV is via endocytosis utilizing clathrin-coated pits, 
although other minor mechanisms are possibly involved in this process. However, these 
alternative minor mechanisms are yet to be confirmed [6]. Upon AAV binding to its cell 
surface receptors, it stimulates intracellular signaling pathways, which in turn stimulates 
internalization of AAV. This phenomenon can be clearly explained using the mechanisms 
reported for AAV2 host cell interaction. It was shown that attachment of AAV2 to HSPG and 
αVβ5 integrin resulted in the activation of Rac1, an intracellular small guanosine triphosphate 
(GTP)-binding protein, and phosphoinositide 3-kinase (PI3K) in HeLa cells within 5 minutes 
of AAV2 infection [26]. Furthermore, inhibition of Notch1 by siRNA, a transmembrane recep-
tor known to be involved in the activation of Rac1 and PI3K, was reported to decrease cell 
transduction by AAV2 [27], suggesting that the Rac1-PI3K pathway is necessary to initiate 
endocytosis of AAV2. Direct injection of AAV into the cytoplasm and nucleus of cells results 
in a significant lower infection rate than cells that are simply exposed to virus [28], suggesting 
that the processing of AAV virion through endosomal compartments is a critical initiating 
step for transduction following endocytosis.

In addition, transduction efficiency of AAV is largely dependent on the endosomal 
pH. Changing the pH to acidic (pH 4–6) inside the endosomal compartment facilitates trans-
duction of AAV, whereas blocking acidification during endosomal processing decreases the 
rate of transduction [29–31]. Also, the application of different classes of proteasome inhibitors 
such as tripeptidyl aldehydes and N-acetyl-l-leucyl-l-leucyl-l-norleucinal (LLnL) and the 
anthracycline compounds such as doxorubicin increases the rate of viral translocation to the 
nucleus [32]. Furthermore, LLnL appears to increase AAV2 capsid ubiquitination that results 
in augmented gene transfer in different cell types [33], suggesting a mechanism by which 
these inhibitors increase transduction may be related to ubiquitination. AAV must exit from 
the endosome first before translocating to the nucleus. Prior to escape from the endosome, 
AAV undergoes a conformational change leading to the exposure of the unique N-terminal 
ends of VP1 and VP2, which contains a domain of phospholipase A2 (PLA2) [34], an enzyme 
that breaches the endosomal membrane and thereby facilitates efficient endosomal escape 
of viral particles. Upon endosomal escape, AAV enters the nucleus as an intact particle [28] 
and uncoating then occurs inside the nucleus. However, nuclear transport of AAV is a slow 
process, approximately only 1–2% of internalized AAV enters and expresses in the nucleus, 
and the whole entry process takes about 2–13 h [35]. Thus, most viral particles which fail to 
translocate are located outside or away from the nucleus.

The viral particles that fail to translocate into the nucleus are eventually degraded by host 
proteasomes in the cytoplasm and presented as antigen to cytotoxic T cells via the major 
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histocompatibility complex (MHC) class I pathway [36]. Although there are several studies that 
have investigated the nuclear entry of AAV, the mechanism by which AAV translocates into the 
nucleus is still unclear. Because AAV is a small virus with a diameter of around 20 nm, it has 
been suggested that the virion enters the nucleus using the nuclear pore complex (NPC) [37].

Furthermore, the nuclear entry of AAV is dependent on importin-β, a nuclear import pro-
tein that has been shown to play a key role in facilitating the binding of viral particles to 
host nuclei in other viral infectious pathways [38, 39]. Another study using single-point 
edge excitation sub-diffraction (SPEED) microscopy, a form of super-resolution imaging, to 
track single AAV particles revealed that approximately 17% of AAV particles were imported 
through the NPC successfully to the nucleus [40], reinforcing the importance of the NPC in 
AAV nuclear transfer. Interestingly, there is further evidence that nucleolin, a protein that 
shuttles between cytoplasm and nucleus, specifically binds to AAV capsid, which suggests 
that nucleolin may act as a nuclear receptor for AAV particles as well [41]. Upon entry into 
the nucleus, the ssDNA of AAV genome is converted to double-stranded DNA (dsDNA) 
using nuclear machinery of the target cells for transcription of the transgene [42]. The syn-
thesis of second DNA strand has been considered as a rate-limiting factor for the onset and 
efficiency of transgene expression in ssAAV vectors [43]. As a result, second-generation AAV 
vectors with a dsDNA, also known as self-complementary AAV (scAAV) vectors, have been 
developed to improve the transduction and transcription efficiency. In the past decade, sev-
eral studies have shown that new scAAV vectors provide safe, reliable, and organ-specific 
transduction both in vitro [44–46] and in vivo [46–49]. This suggests that the limitations asso-
ciated with cell transduction using ssAAV genome can be overcome by the use of scAAV 
vectors in gene therapy.

5. AAV serotypes and tissue tropism

To date, a total of 12 naturally occurring AAV serotypes have been discovered from both 
human and non-human primates (Table 1). These serotypes are able to infect cells of diverse 
tissue types. Interestingly, the tissue specificity is determined by the capsid serotype. The 
existence of a variety of serotypes with different infectivity rates and tissue specificity 
makes AAV one of the most promising candidates in gene therapy research. By develop-
ment of different AAV pseudotypes, researchers have been able to obtain unique cellular 
tropism and high transduction efficiency. All AAV serotypes share at least 50% sequence 
homology. However, serotype AAV5 has the most divergent amino acid capsid sequence, 
and AAV4 also shows a considerable degree of divergence [50]. Surprisingly, this sequence 
diversity between serotypes is not scattered but primarily located in the looped out domains 
of the capsid protein [51]. However, comparative studies of AAV serotypes found that this 
sequence variability may not be responsible for the differences in infectivity rates and tissue 
specificity. AAV serotype 2 is most widely used in gene therapy research. Several studies 
have investigated gene expression and tropism in vivo mediated by different AAV sero-
types and identified that they differ broadly in transduction efficacies and tissue tropism. 
A comparative study of AAV serotypes 1–9 mediated transgene expression after systemic 
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tail vein injection in mice showed that each AAV serotype profoundly differs in its ability to 
transduce organs, with AAV9 having the highest and fastest onset of transgene expression, 
highest viral genome copies, and the broadest tissue tropism, as determined by luciferase 
images [52]. Conversely, AAV3 and AAV4 are the slowest in targeting tissues, and among 
all the serotypes, AAV2, 3, 4, and 5 have the lowest transduction efficiency. The liver is the 
most common organ transduced by nearly all AAV serotypes with AAV7 and AAV9 showing 
the strongest tropism. Moreover, AAV9 is the most efficient serotype in reaching the heart 
and brain, followed by AAV4 and AAV8, respectively [52]. Of note, AAV serotype 8 (AAV8) 
shows a significantly greater liver transduction efficiency than the other AAV serotypes, and 
therefore, this serotype has been developed to use as a gene therapy vector for hemophilia A 
and familial hypercholesterolemia [53].

AAV 
serotype

Characteristics Tissue tropism

AAV1 Shares 99% homology with AAV6 serotype [50] Liver, heart, skeletal muscle [52]

AAV2 The most commonly used serotype

Close homology to all serotypes except AAV 4, 
5, 11, and 12 [50]

Low transduction efficiency [52]

Liver, heart, muscle [52]

AAV3 Low transduction efficiency

Slow in targeting the tissues [52]

Heart, liver [52]

AAV4 Close homology to AAV11 (82%) and AAV12 
(79%) serotypes [50]

Low transduction efficiency

Slow in targeting the tissues [52]

Lung, heart, liver, central nervous system [52, 134]

AAV5 The most divergent serotype (shares only 
53–59% homology to other serotypes)

Low transduction efficiency [52]

Liver [52]

AAV6 Shares 99% homology with AAV1 serotype [50] Liver, heart, skeletal muscle [52]

AAV7 Fast in targeting the tissues [52] Liver, skeletal muscle [52]

AAV8 93% homology to AAV10 serotype [50] Heart, liver, brain, muscle (second most efficient 
serotype reaching the brain) [52]

AAV9 Fast in targeting the tissues [52] Liver, heart, brain, lung, skeletal muscle (serotype with 
the broadest tissue tropism and most efficient in reaching 
the brain) [52]

AAV10 93% homology to AAV8 serotype [50] Liver, heart, muscle, lung, kidney, uterus (with 
pseudotype AAV2/10) [135]

AAV11 Close homology to AAV4 serotype [50] Muscle, kidney, spleen, lung, heart, stomach (with 
pseudotype AAV2/11) [135]

AAV12 Close homology to AAV4 serotype [50] Muscle, salivary glands [136]

Table 1. Characteristics and tissue tropism of AAV serotypes in the mouse.
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6. Molecular engineering of AAV capsid

There are several challenges for AAV serotypes to exert their therapeutic potential in target 
organs including the need for high vector doses for efficient delivery, pre-existing antiviral 
immunity in the host, and the lack of cell type-specific tropism leading to off-target transduc-
tion [6]. One way to overcome these limitations is to randomly generate capsid mutants from 
a library to extend the capability of the traditional AAV vector by increasing its cell transduc-
tion efficiency for specific cell types and its ability to escape from antibody neutralization.

One approach used to create a mutant library is DNA shuffling, a strategy in which the open 
reading frame of capsid genes of different AAV serotypes is fragmented by nucleases. This is 
followed by random ligation, resulting in new and random combinations of capsid sequences. 
These new molecular-enhanced AAV vectors exhibit a broad range of cell tropism with numer-
ous functional differences between chimeras and their parent serotypes. Consequently, there 
is potential to produce unlimited numbers of new AAV variants with novel gene delivery 
properties. This method of AAV capsid engineering was first described in 2008 by Grimm and 
colleagues [54] and has become a commonly used technique over the years. More recently, 
Lisowski and colleagues utilized a humanized mouse model to perform serial selection using 
a human-specific replication competent viral library composed of DNA-shuffled AAV capsids. 
After four rounds of selection, they identified a novel chimeric capsid variant composed of 
five different parental AAV capsids [55]. Of these, LK-03, which efficiently transduced human 
primary hepatocytes both in vitro and in vivo, was found to be a human liver cell-specific AAV 
serotype [55]. This study has opened up a new avenue to validate therapeutic potential of an 
AAV capsid variant in preclinical studies using human primary cell xenotransplanted models 
prior to commencing clinical studies.

In addition, a study using in silico ancestral sequence reconstruction (ASR) of AAV capsid 
protein generated nine functional putative ancestral AAVs. In this study, Zinn and colleagues 
also identified Anc80, the predicted ancestral sequence of the widely used AAV serotypes 1, 
2, 8, and 9 and showed that Anc80 is a highly potent in vivo gene therapy vector compared 
to AAV2 and AAV8 for targeting liver, muscle, and retina in mice [56]. Nevertheless, Anc80 
demonstrated a high stability and no toxicity in several safety studies carried out in mice. This 
synthetic viral vector has been evaluated in non-human primates (rhesus macaques), which 
demonstrated a superior expression of Anc80 in monkey liver following Anc80 administra-
tion compared to control monkeys injected with AAV8. Hence, future studies may also rely 
on the use of Anc80, in particular for liver-directed gene therapy studies.

7. AAV as a safe vector in gene therapy

It has been shown that AAV viral proteins cause a minimal immunogenic response, and at the 
same time, it can yield prolonged expression of therapeutically relevant genes/proteins. Also, 
when comparing to the other potential viral vectors such as lentiviral vectors, AAV possesses 
a reduced proinflammatory risk and has been considered as one of the most promising gene 
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tail vein injection in mice showed that each AAV serotype profoundly differs in its ability to 
transduce organs, with AAV9 having the highest and fastest onset of transgene expression, 
highest viral genome copies, and the broadest tissue tropism, as determined by luciferase 
images [52]. Conversely, AAV3 and AAV4 are the slowest in targeting tissues, and among 
all the serotypes, AAV2, 3, 4, and 5 have the lowest transduction efficiency. The liver is the 
most common organ transduced by nearly all AAV serotypes with AAV7 and AAV9 showing 
the strongest tropism. Moreover, AAV9 is the most efficient serotype in reaching the heart 
and brain, followed by AAV4 and AAV8, respectively [52]. Of note, AAV serotype 8 (AAV8) 
shows a significantly greater liver transduction efficiency than the other AAV serotypes, and 
therefore, this serotype has been developed to use as a gene therapy vector for hemophilia A 
and familial hypercholesterolemia [53].

AAV 
serotype

Characteristics Tissue tropism

AAV1 Shares 99% homology with AAV6 serotype [50] Liver, heart, skeletal muscle [52]

AAV2 The most commonly used serotype

Close homology to all serotypes except AAV 4, 
5, 11, and 12 [50]

Low transduction efficiency [52]

Liver, heart, muscle [52]

AAV3 Low transduction efficiency

Slow in targeting the tissues [52]

Heart, liver [52]

AAV4 Close homology to AAV11 (82%) and AAV12 
(79%) serotypes [50]

Low transduction efficiency

Slow in targeting the tissues [52]

Lung, heart, liver, central nervous system [52, 134]

AAV5 The most divergent serotype (shares only 
53–59% homology to other serotypes)

Low transduction efficiency [52]

Liver [52]

AAV6 Shares 99% homology with AAV1 serotype [50] Liver, heart, skeletal muscle [52]

AAV7 Fast in targeting the tissues [52] Liver, skeletal muscle [52]

AAV8 93% homology to AAV10 serotype [50] Heart, liver, brain, muscle (second most efficient 
serotype reaching the brain) [52]

AAV9 Fast in targeting the tissues [52] Liver, heart, brain, lung, skeletal muscle (serotype with 
the broadest tissue tropism and most efficient in reaching 
the brain) [52]

AAV10 93% homology to AAV8 serotype [50] Liver, heart, muscle, lung, kidney, uterus (with 
pseudotype AAV2/10) [135]

AAV11 Close homology to AAV4 serotype [50] Muscle, kidney, spleen, lung, heart, stomach (with 
pseudotype AAV2/11) [135]

AAV12 Close homology to AAV4 serotype [50] Muscle, salivary glands [136]

Table 1. Characteristics and tissue tropism of AAV serotypes in the mouse.
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6. Molecular engineering of AAV capsid

There are several challenges for AAV serotypes to exert their therapeutic potential in target 
organs including the need for high vector doses for efficient delivery, pre-existing antiviral 
immunity in the host, and the lack of cell type-specific tropism leading to off-target transduc-
tion [6]. One way to overcome these limitations is to randomly generate capsid mutants from 
a library to extend the capability of the traditional AAV vector by increasing its cell transduc-
tion efficiency for specific cell types and its ability to escape from antibody neutralization.

One approach used to create a mutant library is DNA shuffling, a strategy in which the open 
reading frame of capsid genes of different AAV serotypes is fragmented by nucleases. This is 
followed by random ligation, resulting in new and random combinations of capsid sequences. 
These new molecular-enhanced AAV vectors exhibit a broad range of cell tropism with numer-
ous functional differences between chimeras and their parent serotypes. Consequently, there 
is potential to produce unlimited numbers of new AAV variants with novel gene delivery 
properties. This method of AAV capsid engineering was first described in 2008 by Grimm and 
colleagues [54] and has become a commonly used technique over the years. More recently, 
Lisowski and colleagues utilized a humanized mouse model to perform serial selection using 
a human-specific replication competent viral library composed of DNA-shuffled AAV capsids. 
After four rounds of selection, they identified a novel chimeric capsid variant composed of 
five different parental AAV capsids [55]. Of these, LK-03, which efficiently transduced human 
primary hepatocytes both in vitro and in vivo, was found to be a human liver cell-specific AAV 
serotype [55]. This study has opened up a new avenue to validate therapeutic potential of an 
AAV capsid variant in preclinical studies using human primary cell xenotransplanted models 
prior to commencing clinical studies.

In addition, a study using in silico ancestral sequence reconstruction (ASR) of AAV capsid 
protein generated nine functional putative ancestral AAVs. In this study, Zinn and colleagues 
also identified Anc80, the predicted ancestral sequence of the widely used AAV serotypes 1, 
2, 8, and 9 and showed that Anc80 is a highly potent in vivo gene therapy vector compared 
to AAV2 and AAV8 for targeting liver, muscle, and retina in mice [56]. Nevertheless, Anc80 
demonstrated a high stability and no toxicity in several safety studies carried out in mice. This 
synthetic viral vector has been evaluated in non-human primates (rhesus macaques), which 
demonstrated a superior expression of Anc80 in monkey liver following Anc80 administra-
tion compared to control monkeys injected with AAV8. Hence, future studies may also rely 
on the use of Anc80, in particular for liver-directed gene therapy studies.

7. AAV as a safe vector in gene therapy

It has been shown that AAV viral proteins cause a minimal immunogenic response, and at the 
same time, it can yield prolonged expression of therapeutically relevant genes/proteins. Also, 
when comparing to the other potential viral vectors such as lentiviral vectors, AAV possesses 
a reduced proinflammatory risk and has been considered as one of the most promising gene 
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transfer vectors for in vivo gene therapy [57]. However, in some experimental settings, it was 
reported that immune responses generated by AAV administration appear to compromise the 
outcomes of AAV-mediated gene therapy. Thus, several factors may determine the occurrence of 
immune responses against the AAV proteins, including the route of administration, dose, sero-
type, host species, transgene and expression cassettes, and pre-existing immunity to AAV [6, 58].

It has been suggested that AAV activates mouse and human plasmacytoid DCs to produce 
type 1 interferon via a TLR9-MyD88 pathway, resulting in induction of adaptive immune 
CD8+ T cell responses to AAV capsid and the transgene [58]. In addition, different adminis-
tration routes for AAV2-mediated ocular gene therapy induced varying immune responses. 
For instance, intravitreal administration of an AAV2 vector, which led to transduction of the 
inner retina, triggered a humoral immune response to AAV2 capsid; however, no effect was 
observed following subretinal administration and subsequent repeated injections [59]. Animal 
studies have suggested that the presence of neutralizing antibodies could compromise AAV 
transduction in vivo following systemic administration [60, 61]. These findings are potentially 
important for translation of AAV gene therapy from animal studies to clinical trials due to the 
large prevalence of AAV neutralizing antibodies in humans.

Due to natural exposure to wild-type AAV early in life, a significant proportion of human 
population have humoral immunity to the AAV capsid, primarily AAV1, 2, 3, and 5 [62, 63]. Of 
note, among the most commonly used AAV vectors, the most prevalent anti-AAV antibodies 
in humans are AAV2 followed by anti-AAV antibodies to AAV1 [64], while the least prevalent 
are for AAV7 and AAV8. It has been shown that rAAV vectors, including serotypes 1, 2, and 
5 can transduce dendritic cells (DCs) and generate immune responses to transgene products 
[65, 66]. Interestingly, another study, which evaluated the differential immune responses to 
the transgene products from rAAV1 and rAAV8 vectors using a hypersensitive autoimmune 
mouse model, revealed that unlike AAV1 vectors, AAV8 vectors were unable to transduce 
dendritic cells (DCs) and elicit transgene-specific immune responses efficiently, resulting 
in induction of immune tolerance to transgene products [67]. Different properties of these 
vectors imply tremendous potential in different applications, where an immune response to 
transgene is to be either elicited or avoided.

8. AAV vector transduction efficiency—male versus female

Recombinant AAV vector transduction efficiency clearly depends on the gender. This fact 
has been specifically shown in the liver and the brain in murine models. A study carried 
out by Maguire and colleagues has shown that the vector transduction efficiency using AAV 
serotype 9 was found to be different in the brain and the liver between male and female mice 
[68]. This study revealed a higher transgene expression in the brain of females compared with 
male mice, whereas a higher transgene expression was observed in the liver of male mice 
compared with female mice. In line with this study, Davidoff and colleagues revealed that 
when compared with female mice, transgene expression after liver-targeted delivery of AAV2 
and AAV5 particles was 5- to 13-fold higher in male mice [69]. In addition, they found that 
transduction efficiency was dramatically reduced by castration in male mice, whereas oopho-
rectomy in female mice did not significantly influence rAAV transduction [69]. Moreover, 
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administration of 5α dihydrotestosterone in female mice prior to rAAV injection enhanced 
stable hepatocyte gene transfer to levels observed in male mice, suggesting rAAV vector 
transduces hepatocytes via an androgen-dependent pathway [69].

In addition, there is evidence to demonstrate the distinctly different patterns of persistence of 
rAAV-eGFP (enhanced green fluorescent protein) expression across the hepatic lobule in male 
and female mice. Female mice retained a predominantly perivenous pattern of expression, 
whereas male mice had shown an inversion of this pattern with preferential loss of perive-
nous expression and relative retention of periportal expression [70]. Therefore, these sexually 
dimorphic patterns of genome persistence could have significant implications for the long-
term therapeutic efficacy of rAAV-mediated gene transfer in man, particularly in the context 
of correction of liver functions showing metabolic zonation [70].

9. Production and modification of AAV

The AAV serotype 2 was the first AAV vector used for gene transfer applications. This particu-
lar vector was chosen primarily because of its broad tropism, efficient transduction with stable 
and long-term transgene expression with minimal inflammation, and immune responses in 
a number of organs, such as the brain [71], retina [72], and skeletal muscles [73]. Liver is the 
other major organ which is targeted for rAAV2 gene delivery strategy because hepatocytes 
are easily accessible to vectors injected into the circulation through large pores in liver capil-
laries. Although results in the liver have been less consistent, a number of studies demonstrate 
a successful transduction of rAAV2 vector with persistent transgene expression in the liver 
using a single dose [74], and approximately 5% of hepatocytes were transduced following 
rAAV2 vector injection [75]. Of note, a study which was undertaken by Snyder and colleagues 
provided the most impressive results by achieving sustained and therapeutic levels of factor 
IX in hemophilia B, with no associated toxicity in both canine and murine models [75, 76].

The discovery of novel strategies for pseudotyping, recombination of AAV constructs into 
capsids of alternative serotypes, and the development of scAAV vectors which effectively 
alter tissue tropisms with enhanced transduction efficiency [77] has opened up new avenues 
to produce more attractive vectors for use in clinical applications including hemophilia B, 
Parkinson’s disease, and rheumatoid arthritis [78]. Among all novel recombinant AAV sero-
types, AAV2 genome construct pseudotyped with capsid 8 (AAV2/8) is one of the most effi-
cient vectors for hepatic gene transfer. In addition, it has greater liver transduction efficiency, 
with fourfold more genomes per transduced cell, when compared with other pseudotyped 
vectors [6, 79]. Moreover, it has an excellent transduction rate (95%) in hepatocytes of the 
mouse liver via intraportal vein injection [80]. In line with this, the development of scAAV 
vectors further enhances the transduction efficiency to the liver [81], suggesting that the con-
version of single-stranded AAV genome into double-stranded form for gene therapy studies 
appears to be beneficial since this procedure can avoid the need to assemble second DNA 
strand for transgene expression in vivo [6, 46, 82].

The most widely used method to produce and purify recombinant AAV particles for preclinical 
applications is the triple transfection method using HEK293 cells, which requires the use of an 
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transfer vectors for in vivo gene therapy [57]. However, in some experimental settings, it was 
reported that immune responses generated by AAV administration appear to compromise the 
outcomes of AAV-mediated gene therapy. Thus, several factors may determine the occurrence of 
immune responses against the AAV proteins, including the route of administration, dose, sero-
type, host species, transgene and expression cassettes, and pre-existing immunity to AAV [6, 58].

It has been suggested that AAV activates mouse and human plasmacytoid DCs to produce 
type 1 interferon via a TLR9-MyD88 pathway, resulting in induction of adaptive immune 
CD8+ T cell responses to AAV capsid and the transgene [58]. In addition, different adminis-
tration routes for AAV2-mediated ocular gene therapy induced varying immune responses. 
For instance, intravitreal administration of an AAV2 vector, which led to transduction of the 
inner retina, triggered a humoral immune response to AAV2 capsid; however, no effect was 
observed following subretinal administration and subsequent repeated injections [59]. Animal 
studies have suggested that the presence of neutralizing antibodies could compromise AAV 
transduction in vivo following systemic administration [60, 61]. These findings are potentially 
important for translation of AAV gene therapy from animal studies to clinical trials due to the 
large prevalence of AAV neutralizing antibodies in humans.

Due to natural exposure to wild-type AAV early in life, a significant proportion of human 
population have humoral immunity to the AAV capsid, primarily AAV1, 2, 3, and 5 [62, 63]. Of 
note, among the most commonly used AAV vectors, the most prevalent anti-AAV antibodies 
in humans are AAV2 followed by anti-AAV antibodies to AAV1 [64], while the least prevalent 
are for AAV7 and AAV8. It has been shown that rAAV vectors, including serotypes 1, 2, and 
5 can transduce dendritic cells (DCs) and generate immune responses to transgene products 
[65, 66]. Interestingly, another study, which evaluated the differential immune responses to 
the transgene products from rAAV1 and rAAV8 vectors using a hypersensitive autoimmune 
mouse model, revealed that unlike AAV1 vectors, AAV8 vectors were unable to transduce 
dendritic cells (DCs) and elicit transgene-specific immune responses efficiently, resulting 
in induction of immune tolerance to transgene products [67]. Different properties of these 
vectors imply tremendous potential in different applications, where an immune response to 
transgene is to be either elicited or avoided.

8. AAV vector transduction efficiency—male versus female

Recombinant AAV vector transduction efficiency clearly depends on the gender. This fact 
has been specifically shown in the liver and the brain in murine models. A study carried 
out by Maguire and colleagues has shown that the vector transduction efficiency using AAV 
serotype 9 was found to be different in the brain and the liver between male and female mice 
[68]. This study revealed a higher transgene expression in the brain of females compared with 
male mice, whereas a higher transgene expression was observed in the liver of male mice 
compared with female mice. In line with this study, Davidoff and colleagues revealed that 
when compared with female mice, transgene expression after liver-targeted delivery of AAV2 
and AAV5 particles was 5- to 13-fold higher in male mice [69]. In addition, they found that 
transduction efficiency was dramatically reduced by castration in male mice, whereas oopho-
rectomy in female mice did not significantly influence rAAV transduction [69]. Moreover, 
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administration of 5α dihydrotestosterone in female mice prior to rAAV injection enhanced 
stable hepatocyte gene transfer to levels observed in male mice, suggesting rAAV vector 
transduces hepatocytes via an androgen-dependent pathway [69].

In addition, there is evidence to demonstrate the distinctly different patterns of persistence of 
rAAV-eGFP (enhanced green fluorescent protein) expression across the hepatic lobule in male 
and female mice. Female mice retained a predominantly perivenous pattern of expression, 
whereas male mice had shown an inversion of this pattern with preferential loss of perive-
nous expression and relative retention of periportal expression [70]. Therefore, these sexually 
dimorphic patterns of genome persistence could have significant implications for the long-
term therapeutic efficacy of rAAV-mediated gene transfer in man, particularly in the context 
of correction of liver functions showing metabolic zonation [70].

9. Production and modification of AAV

The AAV serotype 2 was the first AAV vector used for gene transfer applications. This particu-
lar vector was chosen primarily because of its broad tropism, efficient transduction with stable 
and long-term transgene expression with minimal inflammation, and immune responses in 
a number of organs, such as the brain [71], retina [72], and skeletal muscles [73]. Liver is the 
other major organ which is targeted for rAAV2 gene delivery strategy because hepatocytes 
are easily accessible to vectors injected into the circulation through large pores in liver capil-
laries. Although results in the liver have been less consistent, a number of studies demonstrate 
a successful transduction of rAAV2 vector with persistent transgene expression in the liver 
using a single dose [74], and approximately 5% of hepatocytes were transduced following 
rAAV2 vector injection [75]. Of note, a study which was undertaken by Snyder and colleagues 
provided the most impressive results by achieving sustained and therapeutic levels of factor 
IX in hemophilia B, with no associated toxicity in both canine and murine models [75, 76].

The discovery of novel strategies for pseudotyping, recombination of AAV constructs into 
capsids of alternative serotypes, and the development of scAAV vectors which effectively 
alter tissue tropisms with enhanced transduction efficiency [77] has opened up new avenues 
to produce more attractive vectors for use in clinical applications including hemophilia B, 
Parkinson’s disease, and rheumatoid arthritis [78]. Among all novel recombinant AAV sero-
types, AAV2 genome construct pseudotyped with capsid 8 (AAV2/8) is one of the most effi-
cient vectors for hepatic gene transfer. In addition, it has greater liver transduction efficiency, 
with fourfold more genomes per transduced cell, when compared with other pseudotyped 
vectors [6, 79]. Moreover, it has an excellent transduction rate (95%) in hepatocytes of the 
mouse liver via intraportal vein injection [80]. In line with this, the development of scAAV 
vectors further enhances the transduction efficiency to the liver [81], suggesting that the con-
version of single-stranded AAV genome into double-stranded form for gene therapy studies 
appears to be beneficial since this procedure can avoid the need to assemble second DNA 
strand for transgene expression in vivo [6, 46, 82].

The most widely used method to produce and purify recombinant AAV particles for preclinical 
applications is the triple transfection method using HEK293 cells, which requires the use of an 
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AAV replication and capsid plasmid that provides Rep78, Rep68, Rep52, and Rep40 proteins 
necessary for vector genome replication and VP1, VP2, and VP3 capsid proteins, the vector 
DNA plasmid with the inverted terminal repeat-transgene cassette, as well as the adenovirus 
(Ad) helper plasmid [83, 84]. In addition, HEK293 cells have been engineered to provide adeno-
virus helper genes in trans such as E1a and E1b55k for AAV assembly. The key advantage of 
this method is that AAV particles can be efficiently made with genes supplied by Ad helper and 
HEK293 cells without the need to use replication competent adenovirus [84] (Figure 1). In addi-
tion, to improve tissue tropism, the AAV genomes can be pseudotyped with a desired capsid 
protein. Following 48–72 h transfection, the cell homogenate is purified, followed by the assess-
ment of AAV quality control including genome titer [85], infectious and transducing properties, 
and integrity of the packaged AAV genome [86]. This is schematically illustrated in Figure 1 
where AAV2 genome is pseudotyped with capsid 8 (AAV2/8) to increase liver specificity [87].

10. Pros and cons of AAV gene therapy

A successful gene therapy approach should deliver an appropriate amount of a therapeutic gene 
into the target tissue without substantial toxicity while achieving long-term gene expression. Of 
all currently available viral vectors including retroviral, lentiviral, adenoviral, and AAV vectors, 
the AAV is a unique non-pathogenic viral vector with broad tissue tropism and has the potential 

Figure 1. Schematic representation of the assembly of AAV2 genome pseudotyped with liver-specific AAV serotype 8 
and liver-specific promoters in HEK293 cells. Liver-specific rAAV2/8-ACE2 viral particles are produced by transfecting 
HEK293 cells with rep2/cap8 plasmid, Ad helper plasmid, and a plasmid carrying AAV2 inverted terminal repeat-ACE2 
cassette with liver-specific promoters. Recombinant AAV2/8-ACE2 viral particles are purified from cell homogenate 
48–72 h post transfection, followed by assessment of AAV quality, genome titer, infectious and transducing properties, 
and integrity of the packaged AAV genome [87].
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to be the leading vector for future gene therapy studies [88]. Unlike recombinant adenoviral vec-
tors which yield high initial gene expression that diminishes rapidly due to immune clearance, 
the AAV vector-based gene expression is persistent. In addition, as AAV vectors were derived 
from a parental virus with no known pathogenesis which is replication defective, they do not 
carry a risk of infecting patients with a pathogenic wild type virus. In addition, AAV vectors 
mediate a minimal cell-mediated immune response, which is favorable for the persistence gene 
transduction to the host cells. At the same time, AAV-based vectors are able to transduce a wide 
range of host cells including both dividing and non-dividing cell types [88, 89]. A prominent dis-
advantage associated with AAV compared to the other viral vectors is its small packaging size, 
which limits the size of the transgene to be delivered using the vector. However, novel molecular 
engineering methods have the potential to overcome these limitations, and thus, genetically 
engineered AAV is poised to become the leading vector for future gene therapy in humans.

11. Gene therapy using AAV vectors for inherited disorders

Many studies have explored the therapeutic potential of these engineered AAV vectors for a 
number of inherited disorders. After several decades of experimental studies, the first suc-
cessful human gene therapy protocol using AAV serotype 1 vector was approved in 2012 by 
the European Commission (EU) for the treatment of patients with lipoprotein lipase defi-
ciency (LPLD), an extremely rare genetic disorder [90]. This was a milestone achievement for 
researchers who have been working to develop successful gene therapy protocols for inher-
ited human disorders. The therapy was introduced under the trade name Glybera® (alipogene 
tiparvovec) by UniQure. However, after 5 years of the launch of the world’s first approved 
gene therapy, UniQure has not renewed its EU license in 2017 and ceased to produce Glybera 
for use because of the expensive nature of the treatment protocol [91]. However, it was unfor-
tunate that UniQure has discontinued its production despite the first LPLD patient treated 
with alipogene tiparvovec showing improvement of quality of life without abdominal pain 
and pancreatitis attacks for 18 months [92]. UniQure, however, has endeavored to develop 
gene therapy for hemophilia B.

The most common clinical trials based on AAV therapy in recent years have been in hemo-
philia B, a blood clotting disorder caused by a defect in the gene encoding coagulation Factor 
IX (FIX), leading to a deficiency of FIX. The only treatment available for this disease is lifelong 
intravenous infusion of FIX concentrates. Although this treatment is effective as a preventive 
medicine, it is not curative. In addition, the treatment is invasive, inconvenient, and very 
expensive, thus not affordable for most patients with hemophilia B, resulting in a reduction 
in life expectancy for those patients with a severe bleeding phenotype [93]. Similar to the FIX 
concentrates, there are clotting formulations with longer half-life which represents a major 
advance but still require lifelong intravenous administration. Robust preclinical results using 
AAV-based therapy in two murine [74, 94] and three canine models of hemophilia B [95–97] 
demonstrated long-term expression of FIX, with no significant liver toxicity and with no 
FIX-specific antibodies detected following muscle- or liver-directed injections. A follow-up 
study demonstrated an induction of immune tolerance in mice after hepatic gene transfer by 
rAAV expressing human FIX (rAAV-hFIX), which is mediated by regulatory CD4+ T cells, 
resulting in suppression of human FIX antibody formation [6, 98]. Based on the results from 
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AAV replication and capsid plasmid that provides Rep78, Rep68, Rep52, and Rep40 proteins 
necessary for vector genome replication and VP1, VP2, and VP3 capsid proteins, the vector 
DNA plasmid with the inverted terminal repeat-transgene cassette, as well as the adenovirus 
(Ad) helper plasmid [83, 84]. In addition, HEK293 cells have been engineered to provide adeno-
virus helper genes in trans such as E1a and E1b55k for AAV assembly. The key advantage of 
this method is that AAV particles can be efficiently made with genes supplied by Ad helper and 
HEK293 cells without the need to use replication competent adenovirus [84] (Figure 1). In addi-
tion, to improve tissue tropism, the AAV genomes can be pseudotyped with a desired capsid 
protein. Following 48–72 h transfection, the cell homogenate is purified, followed by the assess-
ment of AAV quality control including genome titer [85], infectious and transducing properties, 
and integrity of the packaged AAV genome [86]. This is schematically illustrated in Figure 1 
where AAV2 genome is pseudotyped with capsid 8 (AAV2/8) to increase liver specificity [87].

10. Pros and cons of AAV gene therapy

A successful gene therapy approach should deliver an appropriate amount of a therapeutic gene 
into the target tissue without substantial toxicity while achieving long-term gene expression. Of 
all currently available viral vectors including retroviral, lentiviral, adenoviral, and AAV vectors, 
the AAV is a unique non-pathogenic viral vector with broad tissue tropism and has the potential 

Figure 1. Schematic representation of the assembly of AAV2 genome pseudotyped with liver-specific AAV serotype 8 
and liver-specific promoters in HEK293 cells. Liver-specific rAAV2/8-ACE2 viral particles are produced by transfecting 
HEK293 cells with rep2/cap8 plasmid, Ad helper plasmid, and a plasmid carrying AAV2 inverted terminal repeat-ACE2 
cassette with liver-specific promoters. Recombinant AAV2/8-ACE2 viral particles are purified from cell homogenate 
48–72 h post transfection, followed by assessment of AAV quality, genome titer, infectious and transducing properties, 
and integrity of the packaged AAV genome [87].
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to be the leading vector for future gene therapy studies [88]. Unlike recombinant adenoviral vec-
tors which yield high initial gene expression that diminishes rapidly due to immune clearance, 
the AAV vector-based gene expression is persistent. In addition, as AAV vectors were derived 
from a parental virus with no known pathogenesis which is replication defective, they do not 
carry a risk of infecting patients with a pathogenic wild type virus. In addition, AAV vectors 
mediate a minimal cell-mediated immune response, which is favorable for the persistence gene 
transduction to the host cells. At the same time, AAV-based vectors are able to transduce a wide 
range of host cells including both dividing and non-dividing cell types [88, 89]. A prominent dis-
advantage associated with AAV compared to the other viral vectors is its small packaging size, 
which limits the size of the transgene to be delivered using the vector. However, novel molecular 
engineering methods have the potential to overcome these limitations, and thus, genetically 
engineered AAV is poised to become the leading vector for future gene therapy in humans.

11. Gene therapy using AAV vectors for inherited disorders

Many studies have explored the therapeutic potential of these engineered AAV vectors for a 
number of inherited disorders. After several decades of experimental studies, the first suc-
cessful human gene therapy protocol using AAV serotype 1 vector was approved in 2012 by 
the European Commission (EU) for the treatment of patients with lipoprotein lipase defi-
ciency (LPLD), an extremely rare genetic disorder [90]. This was a milestone achievement for 
researchers who have been working to develop successful gene therapy protocols for inher-
ited human disorders. The therapy was introduced under the trade name Glybera® (alipogene 
tiparvovec) by UniQure. However, after 5 years of the launch of the world’s first approved 
gene therapy, UniQure has not renewed its EU license in 2017 and ceased to produce Glybera 
for use because of the expensive nature of the treatment protocol [91]. However, it was unfor-
tunate that UniQure has discontinued its production despite the first LPLD patient treated 
with alipogene tiparvovec showing improvement of quality of life without abdominal pain 
and pancreatitis attacks for 18 months [92]. UniQure, however, has endeavored to develop 
gene therapy for hemophilia B.

The most common clinical trials based on AAV therapy in recent years have been in hemo-
philia B, a blood clotting disorder caused by a defect in the gene encoding coagulation Factor 
IX (FIX), leading to a deficiency of FIX. The only treatment available for this disease is lifelong 
intravenous infusion of FIX concentrates. Although this treatment is effective as a preventive 
medicine, it is not curative. In addition, the treatment is invasive, inconvenient, and very 
expensive, thus not affordable for most patients with hemophilia B, resulting in a reduction 
in life expectancy for those patients with a severe bleeding phenotype [93]. Similar to the FIX 
concentrates, there are clotting formulations with longer half-life which represents a major 
advance but still require lifelong intravenous administration. Robust preclinical results using 
AAV-based therapy in two murine [74, 94] and three canine models of hemophilia B [95–97] 
demonstrated long-term expression of FIX, with no significant liver toxicity and with no 
FIX-specific antibodies detected following muscle- or liver-directed injections. A follow-up 
study demonstrated an induction of immune tolerance in mice after hepatic gene transfer by 
rAAV expressing human FIX (rAAV-hFIX), which is mediated by regulatory CD4+ T cells, 
resulting in suppression of human FIX antibody formation [6, 98]. Based on the results from 
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animal studies, the world first clinical trial using rAAV2-hFIX vector in humans via intramus-
cular route has been conducted [99]. The results indicated that the transduction of muscle 
tissue was successful; however, circulating plasma FIX levels in all patients were less than 
the required level for a therapeutic effect (<2% of normal). In a subsequent clinical study, the 
delivery target was switched to the liver, the normal site of FIX synthesis. Although rAAV2-
mediated hFIX gene transfer to the liver-mediated therapeutically relevant expression levels 
[100], the expression persisted for less than 8 weeks.

Recent study by Nathwani and colleagues demonstrated the AAV8 serotype as a more 
effective vector for liver-directed hemophilia B gene therapy [101]. In this study, six severe 
hemophilia B patients received a single injection of pseudotyped AAV2/8-hFIX vector at three 
escalating doses (high, intermediate and low), with two patients per dose and no immuno-
suppressive was given. Patients were subsequently followed for up to 16 months. All patients 
have achieved AAV2/8-mediated expression of FIX at above the therapeutic threshold, 
ranging between 2 and 11% of normal levels, and the increase in FIX serum level was dose-
dependent. Four out of six patients discontinued their prophylactic treatment with hFIX con-
centrates without having spontaneous hemorrhage, whereas the other two patients continued 
to receive hFIX concentrates but extended the interval between hFIX treatments. This was 
the first liver-directed AAV gene therapy trial to show sustained therapeutic FIX levels and 
improved clinical outcomes in patients with hemophilia B. However, in patients who received 
the highest dose of vector, T cell-mediated clearance of AAV-transduced hepatocytes was 
observed, with associated elevation of liver enzyme levels. This response has been overcome 
by a short course of glucocorticoids, without the loss of hFIX expression.

Nathwani and colleagues later conducted a follow-up study to evaluate the long-term safety 
and efficacy of AAV2/8-hFIX therapy in the same cohort of hemophilia B patients [93]. Of note, 
this monitoring study also included addition of four new patients, each of whom received the 
high dose of vector. Consistent with their previous findings, a single intravenous injection of 
vector resulted in an increase in plasma FIX activity from less than 1% to sustained level of up to 
6% of the normal value in all 10 patients, and this remained stable for up to a period of 4 years. 
Additionally, substantial clinical improvements were achieved in all patients, including  
significant reductions in number of spontaneous hemorrhage and annual number of pro-
phylactic treatment with FIX concentrates. Not surprisingly, there was a dose-dependent, 
asymptomatic increase in both the serum alanine transaminase (ALT) level and increase in 
anti-AAV capsid neutralizing antibody level, which led to a gradual decline in FIX levels, 
suggesting transduced hepatocyte destruction. There was a transient increase of ALT levels in 
all patients which resolved with administration of a single course of prednisolone, after which 
no recurrent elevation of serum ALT in patients was observed.

A recent clinical trial completed using ssAAV vector consisted of a bioengineered capsid, liver-
specific promoter, and FIX Padua (FIX-R338L) in 10 men with hemophilia B who had FIX coag-
ulant activity of 2% or less of the normal also showed a success with no serious adverse events 
during or after vector infusion [102]. These patients were followed up to 492 days (16 months). 
The results showed that 8 of 10 patients did not require the regular treatment with FIX con-
centrates, and bleeding episodes were not reported in 9 patients after the vector treatment. 
Overall, there was a significant reduction in annual bleeding rate in patients treated with AAV-
FIX-R338L. Although there were two patients who developed asymptomatic increase in liver 
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enzyme levels, they were recovered after a short-term prednisone treatment. Of all participants, 
only one patient had been treated with FIX concentrates who was diagnosed with an advanced 
arthropathy at baseline. However, the use of FIX concentrate was reduced to 91% compar-
ing to the status before vector infusion. Additional clinical trials are underway with AAV2/8-
hFIX (NCT00979238) and FIX-Padua (NCT01687608), which will provide more information on 
safety and efficacy of the therapy [103]. Overall, the results from these studies suggest that gene 
therapy has the potential to significantly improve disease phenotype in hemophilia B patients.

It is of significance that for the first time, the US Food and Drug Administration (FDA) has 
approved a pioneering gene therapy protocol using an AAV vector for a rare form of childhood 
blindness in 2017 as the first such treatment cleared in the United States for an inherited dis-
ease. The disease known as Leber congenital amaurosis (LCA) develops due to mutations in the 
RPE65 (retinal pigment epithelium-specific 65-kDa) gene, causing a severe form of inherited 
retinal blindness in infants and children. Several independent studies [104–106] using rAAV2/2 
expressing RPE65 complementary DNA (cDNA) have provided preliminary evidence of short-
term safety and efficacy in this disorder. Further studies by Cideciyan and colleagues showed 
a significant efficacy of human retinal gene transfer with rAAV2-RPE65 vector with transgene 
expression for up to 1 year post treatment [107]. Also, they have proven the treatment as a safe 
therapy by evaluating the safety parameters obtained through regular standard eye exami-
nations, physical examinations, routine hematology, serum chemistries, coagulation param-
eters, and urinalysis. This particular FDA-approved gene therapy (LUXTURNA) (voretigene 
neparvovec-rzyl) is to be used in patients with confirmed biallelic RPE65 mutation-associated 
retinal dystrophy. This approval is considered as a milestone of AAV vector-associated gene 
therapy research and further encourages researchers to develop successful vectors to deliver 
therapeutic genes for number of diseases where there is no effective medical treatment.

12. Gene therapy for non-inherited disorders

There have been many advances in identification of the mechanisms involved in chronic 
organ damage which opened up avenues for gene therapy studies [108]. While a plethora 
of preclinical and clinical studies over past several decades has focused on developing gene 
therapy for inherited disorders, despite several preclinical studies in animal models, there 
have been only a few clinical trials that have been undertaken to investigate therapeutic 
efficacy of gene therapy for non-inherited diseases. A recent study shows that telomerase 
expression using AAV9 vectors exerts therapeutic effects in a mouse model of pulmonary 
fibrosis [109]. This therapy targeted idiopathic pulmonary fibrosis. It is known that telo-
meres act as protective structures at the ends of chromosomes and the presence of short 
telomeres has been shown to be one of the causes for disease development. In this condition, 
telomeres become too short, resulting in the cessation of cell division which in turn leads 
to cell apoptosis. Telomerase is an enzyme that can restructure the telomeres length, and 
Povedano and colleagues developed a treatment using AAV serotype 9 to deliver telom-
erase to correct the short telomeres. As AAV9 preferentially targets regenerative alveolar 
type II cells (ATII), AAV9-Tert-treated mice show improved lung function with reduced 
inflammation and fibrosis at 1–3 weeks after vector treatment. It is of interest to note that 
pulmonary fibrosis either improved or disappeared at 8 weeks of gene therapy. AAV9-Tert 
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animal studies, the world first clinical trial using rAAV2-hFIX vector in humans via intramus-
cular route has been conducted [99]. The results indicated that the transduction of muscle 
tissue was successful; however, circulating plasma FIX levels in all patients were less than 
the required level for a therapeutic effect (<2% of normal). In a subsequent clinical study, the 
delivery target was switched to the liver, the normal site of FIX synthesis. Although rAAV2-
mediated hFIX gene transfer to the liver-mediated therapeutically relevant expression levels 
[100], the expression persisted for less than 8 weeks.

Recent study by Nathwani and colleagues demonstrated the AAV8 serotype as a more 
effective vector for liver-directed hemophilia B gene therapy [101]. In this study, six severe 
hemophilia B patients received a single injection of pseudotyped AAV2/8-hFIX vector at three 
escalating doses (high, intermediate and low), with two patients per dose and no immuno-
suppressive was given. Patients were subsequently followed for up to 16 months. All patients 
have achieved AAV2/8-mediated expression of FIX at above the therapeutic threshold, 
ranging between 2 and 11% of normal levels, and the increase in FIX serum level was dose-
dependent. Four out of six patients discontinued their prophylactic treatment with hFIX con-
centrates without having spontaneous hemorrhage, whereas the other two patients continued 
to receive hFIX concentrates but extended the interval between hFIX treatments. This was 
the first liver-directed AAV gene therapy trial to show sustained therapeutic FIX levels and 
improved clinical outcomes in patients with hemophilia B. However, in patients who received 
the highest dose of vector, T cell-mediated clearance of AAV-transduced hepatocytes was 
observed, with associated elevation of liver enzyme levels. This response has been overcome 
by a short course of glucocorticoids, without the loss of hFIX expression.

Nathwani and colleagues later conducted a follow-up study to evaluate the long-term safety 
and efficacy of AAV2/8-hFIX therapy in the same cohort of hemophilia B patients [93]. Of note, 
this monitoring study also included addition of four new patients, each of whom received the 
high dose of vector. Consistent with their previous findings, a single intravenous injection of 
vector resulted in an increase in plasma FIX activity from less than 1% to sustained level of up to 
6% of the normal value in all 10 patients, and this remained stable for up to a period of 4 years. 
Additionally, substantial clinical improvements were achieved in all patients, including  
significant reductions in number of spontaneous hemorrhage and annual number of pro-
phylactic treatment with FIX concentrates. Not surprisingly, there was a dose-dependent, 
asymptomatic increase in both the serum alanine transaminase (ALT) level and increase in 
anti-AAV capsid neutralizing antibody level, which led to a gradual decline in FIX levels, 
suggesting transduced hepatocyte destruction. There was a transient increase of ALT levels in 
all patients which resolved with administration of a single course of prednisolone, after which 
no recurrent elevation of serum ALT in patients was observed.

A recent clinical trial completed using ssAAV vector consisted of a bioengineered capsid, liver-
specific promoter, and FIX Padua (FIX-R338L) in 10 men with hemophilia B who had FIX coag-
ulant activity of 2% or less of the normal also showed a success with no serious adverse events 
during or after vector infusion [102]. These patients were followed up to 492 days (16 months). 
The results showed that 8 of 10 patients did not require the regular treatment with FIX con-
centrates, and bleeding episodes were not reported in 9 patients after the vector treatment. 
Overall, there was a significant reduction in annual bleeding rate in patients treated with AAV-
FIX-R338L. Although there were two patients who developed asymptomatic increase in liver 
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enzyme levels, they were recovered after a short-term prednisone treatment. Of all participants, 
only one patient had been treated with FIX concentrates who was diagnosed with an advanced 
arthropathy at baseline. However, the use of FIX concentrate was reduced to 91% compar-
ing to the status before vector infusion. Additional clinical trials are underway with AAV2/8-
hFIX (NCT00979238) and FIX-Padua (NCT01687608), which will provide more information on 
safety and efficacy of the therapy [103]. Overall, the results from these studies suggest that gene 
therapy has the potential to significantly improve disease phenotype in hemophilia B patients.

It is of significance that for the first time, the US Food and Drug Administration (FDA) has 
approved a pioneering gene therapy protocol using an AAV vector for a rare form of childhood 
blindness in 2017 as the first such treatment cleared in the United States for an inherited dis-
ease. The disease known as Leber congenital amaurosis (LCA) develops due to mutations in the 
RPE65 (retinal pigment epithelium-specific 65-kDa) gene, causing a severe form of inherited 
retinal blindness in infants and children. Several independent studies [104–106] using rAAV2/2 
expressing RPE65 complementary DNA (cDNA) have provided preliminary evidence of short-
term safety and efficacy in this disorder. Further studies by Cideciyan and colleagues showed 
a significant efficacy of human retinal gene transfer with rAAV2-RPE65 vector with transgene 
expression for up to 1 year post treatment [107]. Also, they have proven the treatment as a safe 
therapy by evaluating the safety parameters obtained through regular standard eye exami-
nations, physical examinations, routine hematology, serum chemistries, coagulation param-
eters, and urinalysis. This particular FDA-approved gene therapy (LUXTURNA) (voretigene 
neparvovec-rzyl) is to be used in patients with confirmed biallelic RPE65 mutation-associated 
retinal dystrophy. This approval is considered as a milestone of AAV vector-associated gene 
therapy research and further encourages researchers to develop successful vectors to deliver 
therapeutic genes for number of diseases where there is no effective medical treatment.

12. Gene therapy for non-inherited disorders

There have been many advances in identification of the mechanisms involved in chronic 
organ damage which opened up avenues for gene therapy studies [108]. While a plethora 
of preclinical and clinical studies over past several decades has focused on developing gene 
therapy for inherited disorders, despite several preclinical studies in animal models, there 
have been only a few clinical trials that have been undertaken to investigate therapeutic 
efficacy of gene therapy for non-inherited diseases. A recent study shows that telomerase 
expression using AAV9 vectors exerts therapeutic effects in a mouse model of pulmonary 
fibrosis [109]. This therapy targeted idiopathic pulmonary fibrosis. It is known that telo-
meres act as protective structures at the ends of chromosomes and the presence of short 
telomeres has been shown to be one of the causes for disease development. In this condition, 
telomeres become too short, resulting in the cessation of cell division which in turn leads 
to cell apoptosis. Telomerase is an enzyme that can restructure the telomeres length, and 
Povedano and colleagues developed a treatment using AAV serotype 9 to deliver telom-
erase to correct the short telomeres. As AAV9 preferentially targets regenerative alveolar 
type II cells (ATII), AAV9-Tert-treated mice show improved lung function with reduced 
inflammation and fibrosis at 1–3 weeks after vector treatment. It is of interest to note that 
pulmonary fibrosis either improved or disappeared at 8 weeks of gene therapy. AAV9-Tert 
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treatment lead to longer telomeres and increased proliferation of ATII cells, as well as lower 
DNA damage, apoptosis, and senescence.

AAV vector-derived cardiac gene therapy is emerging as an entirely new platform to treat car-
diac disorders [110]. AAV gene therapy for heart failure have been validated in preclinical stud-
ies using animal models, and the vast majority of these approaches have been undertaken to 
improve calcium handling by cardiomyocytes. The therapeutic protein used in the majority of 
these studies was sarcoplasmatic calcium ATPase (SERCA2a). Based on the positive preclinical 
findings, the first clinical trial (CUPID trial: calcium upregulation by percutaneous administra-
tion of gene vector in cardiac disease, NCT02346422) was carried out to deliver SERCA2a using 
AAV serotype 1 vector to treat patients with advanced heart failure [111, 112]. The outcome 
of this phase 1 trial was successful with no adverse events and was progressed to phase 2a 
study, providing promising outcomes with significantly low rate of adverse events. However, 
the results of phase 2b clinical trial (CUPID2b trial, NCT01643330) using the same vector were 
disappointing with no significant change between the treatment group and the placebo group 
[113]. This has led to the cessation of patient recruitment for two additional trials using AAV1.
SERCA2a [110]. Interestingly, there are two new upcoming trials aimed to deliver S100A1 with 
an AAV9 vector and a constitutively active form of the protein phosphatase 1 inhibitors, I1c, 
with a chimeric capsid with AAV2 and AAV8 serotypes [114, 115]. In addition, AAV1, AAV6, 
and AAV9 have emerged as the most promising AAV serotypes for cardiac gene transfer, which 
provides hopes for successful gene therapy approaches to treat heart failure in the future.

AAV-mediated gene therapy approaches to treat neuropathic pain in rodents have also been 
reported [116]. Fischer and colleagues have shown that administration of rAAV expressing Ca2+ 
channel-binding domain 3 (CBD3) gene significantly reduced pain behavior such as hyperalge-
sia after touch with a pin or sensitivity to acetone stimulation in animal models of inflammatory 
and neuropathic pain [117]. Another study using AAV9 vector encoding short hairpin RNA 
(shRNA) against vanilloid receptor 1 (TRPV1), which is an important target gene for acute pain, 
demonstrated that the therapy attenuated nerve injury-induced thermal allodynia (increased 
response of neurons) 10–28 days after treatment in a mouse model of spared nerve injury (SNI) 
[118]. These results provide positive evidence to encourage gene therapy researchers to develop 
AAV vector-based treatments for patients with chronic/diabetic neuropathic pain.

Considerable progress has been made in gene therapy approach to treat chronic liver fibrosis. 
Although angiotensin-converting enzyme (ACE) inhibitors or angiotensin receptor blockers 
(ARBs) are widely used as treatments in patients with hypertension, they have been trialed 
in patients with chronic liver disease; however, the outcomes were not convincing mainly 
because they produce adverse systemic side effects [119]. Because of the lack of medical treat-
ments, liver transplantation has inevitably become the only option for patients with end stage 
liver disease, resulting from chronic hepatic fibrosis and/or cirrhosis. Moreover, increasing 
incidence of chronic liver disease, lack of donor organs, post-transplantation complications, 
and the high cost in liver transplantation mean that there is a major need to discover and 
formulate specific, effective, safe, and inexpensive novel therapies for liver fibrosis/cirrhosis.

One possible approach to circumvent this is to develop organ-targeted antifibrotic strategies. 
Studies from our laboratory suggested that one possible target is the “alternate axis” of the 
renin-angiotensin system (RAS), comprising its key enzyme angiotensin-converting enzyme 
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2 (ACE2), which breaks down the potent profibrotic octapeptide, angiotensin II (Ang II) to 
an antifibrotic heptapeptide, angiotensin-(1–7) (Ang-(1–7)) [120, 121]. Evidence from experi-
mental animal studies showed that recombinant human ACE2 (rhACE2) is beneficial for 
prevention of hypertension in cardiovascular disease [122] and to improve kidney function in 
diabetic nephropathy [123]. Interestingly, rhACE2 was well tolerated by a group of healthy 
human volunteers in a phase 1 clinical trial, without exerting any unwanted cardiovascular 
side effects [124]. There is one study that reported therapeutic effects of recombinant ACE2 in 
experimental liver fibrosis, in which liver injury was surgically induced by cholestasis or by 
hepatotoxic carbon tetrachloride injection [125]. They demonstrated that recombinant ACE2 
significantly reduced hepatic fibrosis in both animal models of liver disease [125]. However, 
a major drawback of this systemic approach is that the treatment inevitably produces off-
target effects, which in many cases are undesirable. Thus, there are several disadvantages 
with systemic administration of recombinant ACE2. This includes daily injections of ACE2, a 
procedure that is invasive in a clinical setting and expensive approach with unwanted effect 
on blood pressure regulation [125, 126]. To circumvent this problem, an ideal approach would 
be to increase tissue-specific ACE2 levels in the target organ. Thus, organ-specific increased 
ACE2 activity using a liver-specific recombinant AAV vector is expected to produce therapeu-
tic effects confined to the targeted organ while minimizing unwanted off-target effects.

In addition to the use of liver-specific capsid serotype, specificity can be further enhanced by 
engineering the vector with ACE2 gene under the transcriptional control of a strong liver-spe-
cific promoter, apolipoprotein E/human α1-antitrypsin. Studies published by our laboratory 
used a pseudotyped liver-specific AAV vector (rAAV2/8) for preclinical evaluation and found 
that hepatic overexpression of murine ACE2 gene delivered into the mice lasted for up to 
6 months following a single intraperitoneal injection [87]. We then treated mice with a range 
of liver disease models, which included biliary fibrosis induced by bile duct ligation (BDL), 
toxic injury induced by carbon tetrachloride (CCl4) injections, and fatty liver-associated liver 
fibrosis induced by feeding methionine- and choline-deficient (MCD) diet using a single intra-
peritoneal injection of rAAV2/8-ACE2 [87]. The treatment produced a major increase in ACE2 
expression and protein activity, which was confined to the liver without affecting other major 
organs. Unlike inherited disorders, for example, hemophilia B where a relatively low level of 
transgene expression in the liver may be sufficient for subsequent small increases in FIX levels 
in the blood [48, 81], the magnitude of the expression of transgene required for therapeutic 
intervention in non-inherited disease may be substantially higher. This, in turn, may pose a 
challenge for gene therapy researchers. Interestingly, however in our liver-targeted therapeu-
tic approach with rAAV2/8-ACE2, we found that increased hepatic ACE2 expression reduced 
hepatic level of profibrotic Ang II by more than 50% compared to those treated with a control 
vector that carried human serum albumin (rAAV2/8-HSA) [87]. A reduction of Ang II, which 
was accompanied by increases in hepatic levels of antifibrotic Ang-(1–7) peptide, resulted in 
a marked reduction in inflammatory cytokine expression, leading to a profound reduction in 
hepatic fibrosis in all three models (Figure 2) [87]. These studies with short-term animal mod-
els have been further validated to provide evidence that in long-term animal models of biliary 
fibrosis and fatty liver disease, which produce hepatic lesions more comparable to those seen 
in patients with such diseases, a single intraperitoneal injection of rAAV2/8-ACE2 caused a 
profound reduction in hepatic fibrosis (Figure 3). In marked contrast to other studies using 

Adeno-Associated Virus (AAV)-Mediated Gene Therapy for Disorders of Inherited…
http://dx.doi.org/10.5772/intechopen.80317

153In Vivo and Ex Vivo Gene Therapy for Inherited and Non-Inherited Disorders



treatment lead to longer telomeres and increased proliferation of ATII cells, as well as lower 
DNA damage, apoptosis, and senescence.

AAV vector-derived cardiac gene therapy is emerging as an entirely new platform to treat car-
diac disorders [110]. AAV gene therapy for heart failure have been validated in preclinical stud-
ies using animal models, and the vast majority of these approaches have been undertaken to 
improve calcium handling by cardiomyocytes. The therapeutic protein used in the majority of 
these studies was sarcoplasmatic calcium ATPase (SERCA2a). Based on the positive preclinical 
findings, the first clinical trial (CUPID trial: calcium upregulation by percutaneous administra-
tion of gene vector in cardiac disease, NCT02346422) was carried out to deliver SERCA2a using 
AAV serotype 1 vector to treat patients with advanced heart failure [111, 112]. The outcome 
of this phase 1 trial was successful with no adverse events and was progressed to phase 2a 
study, providing promising outcomes with significantly low rate of adverse events. However, 
the results of phase 2b clinical trial (CUPID2b trial, NCT01643330) using the same vector were 
disappointing with no significant change between the treatment group and the placebo group 
[113]. This has led to the cessation of patient recruitment for two additional trials using AAV1.
SERCA2a [110]. Interestingly, there are two new upcoming trials aimed to deliver S100A1 with 
an AAV9 vector and a constitutively active form of the protein phosphatase 1 inhibitors, I1c, 
with a chimeric capsid with AAV2 and AAV8 serotypes [114, 115]. In addition, AAV1, AAV6, 
and AAV9 have emerged as the most promising AAV serotypes for cardiac gene transfer, which 
provides hopes for successful gene therapy approaches to treat heart failure in the future.

AAV-mediated gene therapy approaches to treat neuropathic pain in rodents have also been 
reported [116]. Fischer and colleagues have shown that administration of rAAV expressing Ca2+ 
channel-binding domain 3 (CBD3) gene significantly reduced pain behavior such as hyperalge-
sia after touch with a pin or sensitivity to acetone stimulation in animal models of inflammatory 
and neuropathic pain [117]. Another study using AAV9 vector encoding short hairpin RNA 
(shRNA) against vanilloid receptor 1 (TRPV1), which is an important target gene for acute pain, 
demonstrated that the therapy attenuated nerve injury-induced thermal allodynia (increased 
response of neurons) 10–28 days after treatment in a mouse model of spared nerve injury (SNI) 
[118]. These results provide positive evidence to encourage gene therapy researchers to develop 
AAV vector-based treatments for patients with chronic/diabetic neuropathic pain.

Considerable progress has been made in gene therapy approach to treat chronic liver fibrosis. 
Although angiotensin-converting enzyme (ACE) inhibitors or angiotensin receptor blockers 
(ARBs) are widely used as treatments in patients with hypertension, they have been trialed 
in patients with chronic liver disease; however, the outcomes were not convincing mainly 
because they produce adverse systemic side effects [119]. Because of the lack of medical treat-
ments, liver transplantation has inevitably become the only option for patients with end stage 
liver disease, resulting from chronic hepatic fibrosis and/or cirrhosis. Moreover, increasing 
incidence of chronic liver disease, lack of donor organs, post-transplantation complications, 
and the high cost in liver transplantation mean that there is a major need to discover and 
formulate specific, effective, safe, and inexpensive novel therapies for liver fibrosis/cirrhosis.

One possible approach to circumvent this is to develop organ-targeted antifibrotic strategies. 
Studies from our laboratory suggested that one possible target is the “alternate axis” of the 
renin-angiotensin system (RAS), comprising its key enzyme angiotensin-converting enzyme 

In Vivo and Ex Vivo Gene Therapy for Inherited and Non-Inherited Disorders152

2 (ACE2), which breaks down the potent profibrotic octapeptide, angiotensin II (Ang II) to 
an antifibrotic heptapeptide, angiotensin-(1–7) (Ang-(1–7)) [120, 121]. Evidence from experi-
mental animal studies showed that recombinant human ACE2 (rhACE2) is beneficial for 
prevention of hypertension in cardiovascular disease [122] and to improve kidney function in 
diabetic nephropathy [123]. Interestingly, rhACE2 was well tolerated by a group of healthy 
human volunteers in a phase 1 clinical trial, without exerting any unwanted cardiovascular 
side effects [124]. There is one study that reported therapeutic effects of recombinant ACE2 in 
experimental liver fibrosis, in which liver injury was surgically induced by cholestasis or by 
hepatotoxic carbon tetrachloride injection [125]. They demonstrated that recombinant ACE2 
significantly reduced hepatic fibrosis in both animal models of liver disease [125]. However, 
a major drawback of this systemic approach is that the treatment inevitably produces off-
target effects, which in many cases are undesirable. Thus, there are several disadvantages 
with systemic administration of recombinant ACE2. This includes daily injections of ACE2, a 
procedure that is invasive in a clinical setting and expensive approach with unwanted effect 
on blood pressure regulation [125, 126]. To circumvent this problem, an ideal approach would 
be to increase tissue-specific ACE2 levels in the target organ. Thus, organ-specific increased 
ACE2 activity using a liver-specific recombinant AAV vector is expected to produce therapeu-
tic effects confined to the targeted organ while minimizing unwanted off-target effects.

In addition to the use of liver-specific capsid serotype, specificity can be further enhanced by 
engineering the vector with ACE2 gene under the transcriptional control of a strong liver-spe-
cific promoter, apolipoprotein E/human α1-antitrypsin. Studies published by our laboratory 
used a pseudotyped liver-specific AAV vector (rAAV2/8) for preclinical evaluation and found 
that hepatic overexpression of murine ACE2 gene delivered into the mice lasted for up to 
6 months following a single intraperitoneal injection [87]. We then treated mice with a range 
of liver disease models, which included biliary fibrosis induced by bile duct ligation (BDL), 
toxic injury induced by carbon tetrachloride (CCl4) injections, and fatty liver-associated liver 
fibrosis induced by feeding methionine- and choline-deficient (MCD) diet using a single intra-
peritoneal injection of rAAV2/8-ACE2 [87]. The treatment produced a major increase in ACE2 
expression and protein activity, which was confined to the liver without affecting other major 
organs. Unlike inherited disorders, for example, hemophilia B where a relatively low level of 
transgene expression in the liver may be sufficient for subsequent small increases in FIX levels 
in the blood [48, 81], the magnitude of the expression of transgene required for therapeutic 
intervention in non-inherited disease may be substantially higher. This, in turn, may pose a 
challenge for gene therapy researchers. Interestingly, however in our liver-targeted therapeu-
tic approach with rAAV2/8-ACE2, we found that increased hepatic ACE2 expression reduced 
hepatic level of profibrotic Ang II by more than 50% compared to those treated with a control 
vector that carried human serum albumin (rAAV2/8-HSA) [87]. A reduction of Ang II, which 
was accompanied by increases in hepatic levels of antifibrotic Ang-(1–7) peptide, resulted in 
a marked reduction in inflammatory cytokine expression, leading to a profound reduction in 
hepatic fibrosis in all three models (Figure 2) [87]. These studies with short-term animal mod-
els have been further validated to provide evidence that in long-term animal models of biliary 
fibrosis and fatty liver disease, which produce hepatic lesions more comparable to those seen 
in patients with such diseases, a single intraperitoneal injection of rAAV2/8-ACE2 caused a 
profound reduction in hepatic fibrosis (Figure 3). In marked contrast to other studies using 
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Figure 2. Hepatic ACE2 gene expression and fibrosis in three short-term models of liver fibrosis with rAAV2/8-ACE2 
therapy. ACE2 gene expression (A–C) was significantly increased (p < 0.0001) in ACE2-treated diseased mice compared 
to control vector (rAAV2/8-HSA) injected diseased mice of BDL, CCl4, and MCD. As a result, rAAV2/8-ACE2 gene 
therapy has markedly reduced the liver fibrosis in each mouse model (BDL, CCl4, and MCD).
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AAV vectors [93], we found that rAAV2/8-ACE2 reduced serum alanine transaminase (ALT) 
levels in diseased animals compared to those that received the control vector (rAAV2/8-HSA), 
suggesting that the vector itself is safe in the liver. Moreover, rAAV2/8-HSA (up to 10 days) 
or rAAV2/8-ACE2 (up to 24 weeks) vector injected into healthy mice produced no change in 
plasma ALT level, confirming that the vector itself is unlikely to cause liver injury [6, 87]. The 
schematic representation of molecular mechanism associated with ACE2 gene therapy using 
rAAV2/8 vector in hepatic fibrosis is shown in Figure 4.

Liver-targeted gene delivery using rAAV2/8 vector has shown to be therapeutically promis-
ing in adult liver, but their effects have not been extensively investigated in the immature 
liver. Although rAAV2/8 transduces neonatal mouse liver with high efficiency, the vector is 
not persistent in the liver and declines rapidly with liver growth [127]. Therefore, the success-
ful use of rAAV2/8-mediated therapy to treat liver disease in early childhood may require 
readministration [128]. In line with this, another study demonstrated that the treatment of 
ornithine transcarbamylase (OTC)-deficient neonatal mice with AAV2/8-OTC therapy failed 
to protect mice from hyperammonemia in adulthood [129]. Thus, producing stable transduc-
tion in the developing liver remains one of the biggest challenges for liver-specific rAAV2/8 
gene therapy, and readministration of vectors may be necessary to maintain therapeutic effi-
cacy in adulthood after early neonatal treatment.

Although the AAV vectors employed for preclinical studies may be effective in human 
liver, it is important to select an AAV vector specific for human hepatocytes with enhanced 
transduction efficiency [6, 55]. Recently, two groups have proposed using humanized mice 
such as the immunosuppressed FRG (Fah−/−/Rag2−/−/Il2rg−/−) mouse model to identify the 
best rAAV serotype for liver-directed gene therapy [55, 130]. The studies in humanized 

Figure 3. rAAV2/8-ACE2 therapy in Mdr2-KO mice with hepatic fibrosis. rAAV2/8-ACE2 gene therapy has markedly 
increased the ACE2 gene expression in Mdr2-KO mice, whereas liver fibrosis was significantly reduced by the therapy 
in ACE2-treated mice compared to the control vector-injected Mdr2-KO mice.
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such as the immunosuppressed FRG (Fah−/−/Rag2−/−/Il2rg−/−) mouse model to identify the 
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Figure 4. rAAV2/8-ACE2 uptake by hepatocytes and a cascade of events triggered by ACE2 protein in activated hepatic 
stellate cells (HSCs) during fibrosis. rAAV-ACE2 particles use AAV receptor (AAV-R) on hepatocyte membrane to 
enter the cytoplasm, followed by translocation into nucleus where uncoating and releasing of single-stranded viral 
genome occurs. The complementary strand will then be synthesized to transcribe ACE2. Membrane bound ACE2 
protein has an exclusive role of cleaving potent profibrotic peptide angiotensin II (Ang II) to antifibrotic peptide 
angiotensin-1-7 (Ang-(1–7)). While a reduction in local Ang II levels leads to a significant reduction in the activation of 
its receptor, Ang II type 1 (AT1-R), Ang-(1–7) working through its receptor, Mas (Mas-R), inhibits the AT1-R activated 
downstream signaling such as PKC- and NADPH-mediated ROS production in activated HSCs. This in turn inhibits 
the phosphorylation of MAPKs such as ERK1/2, JNK, and p38, leading to a reduction in proinflammatory cytokines 
such as IL-1, IL-6, IL-8, IFNγ, MCP-1, and TNFα and profibrotic cytokine TGFβ1. A reduction in the activity of TGFβ1 
leads to a reduction in phosphorylation of its transcription factors, Smad2/3, resulting in the inhibition of secretion 
of matrix proteins such as collagens and fibronectins. Thus, rAAV-ACE2 helps improving hepatic fibrosis and thus, 
intrahepatic vascular tone, leading to an improvement in portal hypertension. PKC, protein kinase C; NADPH 
oxidase, nicotinamide adenine dinucleotide phosphate oxidase; IL, interleukin; IFNγ, interferon γ; MCP-1, monocyte 
chemotactic protein 1; TNFα, tumor necrosis factor α; TGFβ1, transforming growth factor-β1; ERK1/2, extracellular 
regulated kinase1/2; JNK, C-Jun N-terminal kinase.
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mouse model repopulated with over 25% human hepatocytes allowed the researchers 
to identify human liver-specific AAV vectors such as LK-03 derived from capsid DNA-
shuffled AAV library. This library was generated using 10 AAV capsid genes. LK-03, which 
is composed of five different parental AAV capsids, was able to transduce human primary 
hepatocytes at higher efficiency in vitro and in a hepatocellular carcinoma xenograft model 
in vivo when compared to AAV serotype 8 [55]. Wang and colleagues also reported a higher 
liver transduction level in FRG mice using capsid of AAVrh10, a clade E AAV derived 
from rhesus macaque, and AAV3B and have shown that AAV-LK-03 vectors may be supe-
rior to either AAV3B or AAV8 [131]. It is expected that researchers will increasingly use 
humanized animal models for diseases other than liver disease, which will allow them to 
identify novel variants of engineered AAV vectors, transduction efficiency, and immune 
reactions specific to the human tissue under investigation. Moreover, it has been reported 
that AAV3B-eGFP vector, which was able to cause liver-specific robust GFP expression 
in the livers of non-human primates, is significantly better than AAV8 with no apparent 
hepatotoxicity [132].

13. Conclusions

Much of preclinical studies which employed a diverse range of naturally occurring as well 
as engineered AAV vectors in the last decade provided ample evidence that therapeutic gene 
transfer certainly holds a great promise for patients with inherited disorders such as those that 
developed as a result of blood clotting factor deficiency and mutated retinal genes causing 
blindness. Moreover, it is now becoming clear that the findings of preclinical studies of non-
inherited disorders suggest that clinical studies utilizing therapeutic gene transfer is feasible.

Currently active clinical trials in patients with inherited disorders using a diverse range of 
AAV vector types will be expected to provide valuable insights into the safety and efficacy of 
AAV vectors [133]. Since the FDA as well as the EU has now endorsed human gene therapy, 
there is every possibility that the volume of gene therapy research employing next-generation 
AAV vectors for both inherited and non-inherited disorders in both preclinical and clinical 
settings would be expected to increase in the coming years. Moreover, a rapidly evolving 
technology of AAV vector engineering and the use of humanized animal models would be 
a key for rapid translation of preclinical findings to clinical studies. The findings from our 
ongoing liver fibrosis/cirrhosis work using human liver-specific AAV-LK-03 vector in human-
ized FRG mice would be expected to provide valuable information before we commence clini-
cal studies in patients with chronic liver disease.
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Abstract

Heart disease remains the prevalent cause of premature death and accounts for a sig-
nificant proportion of all hospital admissions. Molecular genetics was integrated quite 
late in cardiology, but introduced new concepts like sarcolemmopathies, cytoskeletal-
opathies, and channelopathies useful to better understand the pathophysiology of the 
development of inherited cardiomyopathies (CMs). As our understanding of the cellular 
and molecular processes involved in the development and progression of heart disease 
improved, new therapeutic targets were identified, as were novel approaches such as 
delivery of genes to replace defective or deficient components and thereby restore struc-
ture or function in a diseased heart. We discuss gene addition strategies in the context 
of monogenic disorders. Moreover, a broader nucleic acid-based modulation of cardiac 
gene expression for the treatment of cardiac diseases might have larger clinical indica-
tions. Inadequate gene delivery remains a potential cause of negative trials. However, 
progress in innovative formulations and clinically relevant ways of administration 
should lead to significant progress in the future. Cardiac gene therapy will be integrated 
into the therapeutic armamentarium for CM and heart failure.

Keywords: cardiomyopathy, heart failure, genetic disease, gene therapy, cardiac 
structure, cardiac function, viral vector, nanoparticles, polymers

1. Introduction: cardiomyopathies

Cardiomyopathies (CMs) refer basically to diseases of the heart muscle, which can be acquired 
or inherited [1]. CMs can affect people of all ages. However, people in certain age groups are 
more likely to have certain types of CMs, as inherited forms predominate in younger indi-
viduals and acquired diseases increase with age [2–8].
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Abstract

Heart disease remains the prevalent cause of premature death and accounts for a sig-
nificant proportion of all hospital admissions. Molecular genetics was integrated quite 
late in cardiology, but introduced new concepts like sarcolemmopathies, cytoskeletal-
opathies, and channelopathies useful to better understand the pathophysiology of the 
development of inherited cardiomyopathies (CMs). As our understanding of the cellular 
and molecular processes involved in the development and progression of heart disease 
improved, new therapeutic targets were identified, as were novel approaches such as 
delivery of genes to replace defective or deficient components and thereby restore struc-
ture or function in a diseased heart. We discuss gene addition strategies in the context 
of monogenic disorders. Moreover, a broader nucleic acid-based modulation of cardiac 
gene expression for the treatment of cardiac diseases might have larger clinical indica-
tions. Inadequate gene delivery remains a potential cause of negative trials. However, 
progress in innovative formulations and clinically relevant ways of administration 
should lead to significant progress in the future. Cardiac gene therapy will be integrated 
into the therapeutic armamentarium for CM and heart failure.

Keywords: cardiomyopathy, heart failure, genetic disease, gene therapy, cardiac 
structure, cardiac function, viral vector, nanoparticles, polymers

1. Introduction: cardiomyopathies

Cardiomyopathies (CMs) refer basically to diseases of the heart muscle, which can be acquired 
or inherited [1]. CMs can affect people of all ages. However, people in certain age groups are 
more likely to have certain types of CMs, as inherited forms predominate in younger indi-
viduals and acquired diseases increase with age [2–8].
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Most frequently, four main clinical forms are described, meaning hypertrophic, dilated, and 
restrictive types as well as arrhythmogenic CM. These diseases have many causes, signs, 
symptoms, and treatments. We exclude ischemic cardiopathies from this overview, and focus 
more precisely on disorders of the heart muscle of non-ischemic origin. This does, however, 
not exclude anomalies of the perfusion of the myocardium, because pathophysiology of these 
diseases is usually complex, interleaving different mechanisms.

Diagnosis of non-ischemic CM is a challenging process that influences patient morbidity 
and mortality. Multiple biomarkers and imaging tools contribute to the adequate ranking 
of the clinical presentation of these diseases. More recently, nuclear magnetic resonance 
(NMR) imaging appeared as a robust diagnostic tool that offers various techniques to assess 
the structure, function, perfusion, and scarring of myocardial tissue, thus providing better 
understanding of the underlying causes of CMs [9–12]. At a molecular level, genotyping 
identifies precisely the causal mutations in inherited forms of CMs. Moreover, a systems 
biology approach can investigate more fully the molecular profiles of different phenotypic 
stages of CM.

From a pathophysiological and diagnostic perspective, it might be useful to consider a stratifi-
cation of CMs slightly different from the clinical classification. Considering the various genes 
that can trigger the development and evolution of a CM, we propose to group inherited dis-
eases as cytoskeletal CMs or cytoskeletalopathies, sarcomeric CMs or sarcomyopathies, and 
finally ion channel CMs or channelopathies.

Different structural alterations of the myocardium contribute in varying degrees to the differ-
ent forms of the diseases, but common features may represent as many therapeutic targets.

The focus of more extensive cellular degeneration is one of the histological hallmarks of CM 
[13,14]. Necrosis is not the only mechanism leading to cell death. Apoptosis, or programmed 
cell death, is a highly regulated and active process that contributes to the maintenance of 
adult cardiac tissue [15]. Myocyte cell death is implicated in the architectural rearrangement 
occurring in the surviving myocardium. This remodelling leads to heterogeneity in the myo-
cardial structure, created by the altered behaviour of non-myocyte cells, particularly cardiac 
fibroblasts, which are responsible for myocardial collagen metabolism and fibrous tissue 
accumulation. It may largely explain the appearance of diastolic and/or systolic myocardial 
failure [15]. Adverse left ventricular remodelling leads to alteration in the structure (dimen-
sion, mass, shape) of the heart that might at the beginning of the process be considered as 
compensatory for the disease process, but at the end will severely impair cardiac function. 
Remodelling is also a prominent feature of electrophysiological properties of the myocar-
dium, translated as clinical presentation such as atrial fibrillation, flutter, complete heart 
block, ventricular ectopic pacing, and tachycardia.

Considering the remodelling process as a deleterious end effect, one can raise the question 
of potential reverse remodelling. Could that be an option for remission or cure of CM? It has 
been shown that prolonged mechanical unloading of failing hearts can preserve myocardial 
contractility but impairs relaxation. Could gene therapy provide new therapeutic options for 
those patients?
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Myocardial remodelling involves not only the cardiomyocytes, but also non-myocyte cells 
and the extracellular matrix. Fibrosis is an essential process in the repair of damaged tissues 
and wounds, but its accumulation in organs and tissues can lead to scarring, organ dysfunc-
tion, and, ultimately, failure. Development of interstitial and perivascular fibrosis of varying 
degrees is observed in most CMs. However, in vivo diagnosis of the extent and distribution 
of fibrosis remains difficult. New approaches such as ultrasound elastographic and cardiac 
NMR techniques might provide appropriate outcome measures to monitor more specifically 
myocardial fibrosis, and thus potential therapeutic effects [16].

Immune mechanisms modulate interstitial fibrosis, cardiomyocyte cell death, and hypertro-
phy, all of which are central processes leading to maladaptive remodelling in response to a 
variety of stimuli. Acute inflammation, as observed in myocarditis, might be out of the scope 
of the present overview, and would need a dedicated review. However, in chronic heart fail-
ure (CHF) patients, a chronic inflammatory activation has long been recognized. Heart failure 
is associated with a wide array of mechanisms subsumed under the term “inflammation.” 
This chronic inflammation harms the myocardium instead of healing it. Gene therapy might 
find new therapeutic targets in this context.

Similarly to the structural modifications of the myocardium, functional alterations contribute 
to the definition of CM. From a perspective of pathophysiology, alterations of preload and 
afterload largely contribute to diastolic/systolic dysfunctions. Pressure–volume relationship 
best defines myocardium alteration beyond the hemodynamic parameters.

Moreover, a more detailed understanding of excitation–contraction coupling reveals new 
targets for innovative therapeutic strategies.

Furthermore, and beyond the triggering causes of CM, as heart muscle becomes weaker over 
time, a common clinical condition described as heart failure develops. From a pathophysi-
ological and therapeutic perspective, heart failure could be considered as a specific disease 
stage, independent of the acquired or inherited origin of CM. Gene therapy could also be 
considered at this stage.

2. Therapeutic options: why gene therapy?

Many medicines are used to treat CM and CHF, but despite this, CM and CHF remain leading 
causes of morbidity and mortality even in developed countries. Correcting hemodynamic 
imbalances, such as fluid control (preload) or vascular resistance control (afterload), remains 
primordial, but cannot change the myocardial contractility per se (Figure 1). Fundamentally, 
determinants of cardiac output are the same as those of myocardial energy consumption. 
Therefore, tackling the problem of decreased contractility raises in parallel the problem of 
increased energy requirements. Several attempts to increase inotropism on a chronic basis led 
to overall negative results because energy consumption exceeded production. Gene therapy 
might offer new therapeutic options. The pressure–volume relationship demonstrates the 
contracting and relaxing portions of the cardiac cycle (Figure 2). The slope of the end-systolic 
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causes of morbidity and mortality even in developed countries. Correcting hemodynamic 
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pressure–volume relationship represents the most objective measure of the intrinsic contrac-
tile capacity of the myocardium.

Similarly, management of CHF patients frequently takes advantage of rhythm control (phar-
macologic or pacemakers/implantable cardioverter defibrillator). Gene therapy might repre-
sent a new way to address this topic by recreating new endogenous biological pacemakers 
rather than relying on electronic devices.

Recent clinical trials [17–19] have not only pinpointed the importance of inflammation but 
moreover the therapeutic potentialities of selectively targeting some cytokines. At a preclini-
cal level, glycoprotein-130 (gp130) has been identified as a potential new target [20–22]. It is 
now established that with gp-130, the common receptor of IL-6 is elevated in patients with 
chronic heart failure. Hilfiker-Kleiner et al. have shown that mice carrying a cardio-specific 
mutation of gp-130 have a normal myocardial phenotype at baseline. However, induction of 
an experimental myocardial infaction leads to development of heart failure and increased 
mortality. Moreover, these observations were associated with increased expression of com-
plement-activating mannose-binding lectin [23]. Thus, this animal model suggested a link 
between IL-6 and chronic myocardial injury induced by complement activation.

Cardiac myofibroblasts respond to a large number of proinflammatory cytokines (e.g. TNF-
alpha, IL-1, IL-6, TGF-beta), vasoactive peptides (e.g. angiotensin II, endothelin-1, natriuretic 
peptides), and hormones (e.g. noradrenaline), the levels of which are increased in the remod-
elling heart. Reducing myocardial remodelling specifically via modulatory effects on cardiac 
fibroblasts might represent further new therapeutic targets.

Anticoagulants in the context of CHF are an important therapeutic class for those subgroups 
of patients at high risk for abnormal clotting. Anticoagulation might appear inappropriate for 

Figure 1. Determinants of cardiac output (CO). CO is the resultant of stroke volume, the difference between end-
diastolic and end-systolic volumes times the heart rate. According to the Frank–Starling law, preload influences CO 
positively. With developing heart failure, CO is negatively influenced by afterload. Contractility represents the primary 
inotropic capacity of the myocardium.
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gene therapy, but nucleic acids can interfere in a very selective way with proteins. Targeting 
proteins of the intrinsic pathway of the coagulation might achieve safe and efficient throm-
bus control without the usual risk of bleeding that conventional anticoagulants share. 
Furthermore, one should keep in mind that initiation of the intrinsic pathway is intimately 
linked to inflammation via kinins and complement. Nucleic acid might represent a new class 
of drugs in this context.

Surgery represents an important therapeutic option in the arsenal for managing CM and 
CHF patients. The surgical approach can consist of either specific procedures such as septal 
myomectomy in hypertrophic CM (HCM), coronary artery bypass graft surgery, or more 
generally left ventricular assist devices as a “bridge to transplant” or destination therapy [24]. 
Transplantation remains the reference treatment for end-stage CHF and for people who have 
failed other treatment options. It might be surprising to refer to surgery in the context of gene 
therapy, but one should not forget that most initial clinical trials have included terminally 

Figure 2. Pressure–volume relationship. The pressure–volume curve for the left ventricle is represented as a pressure 
vs. volume plot. The slope of the end-systolic pressure–volume relationship indicates the intrinsic contractile capacity 
of the myocardium independently of the hemodynamic load conditions. Compared to a control curve (dark lines), 
cardiomyopathy (light lines) is characterized by a decreased slope among other hallmarks. Gene therapy would aim at 
preserving or restoring normal contractility.
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ill patients. Thereby, in terms of therapeutic efficiency and risk/benefit ratio, initial evalua-
tions will refer to outcomes of surgical procedures. The gene therapist should be aware of the 
competing therapeutic strategies.

So far, none of the existing treatments have definitively changed the fate of CM and CHF. There 
is thus space for new drug developments and gene therapy might help to solve some of the 
intrinsic hurdles of CM and CHF. For instance, none of the existing treatments really change 
myocardial contractility without excessively increasing oxygen consumption.

Advances in gene transfer vectors, development of new vector delivery methods, and dis-
covery of new gene targets continue to fuel our motivation to use this approach in routine 
bedside care [25,26].

3. Gene therapy

When developing a gene therapy-based medicinal product, one should keep in mind that no 
active substance will become a drug product unless it can be properly formulated and admin-
istered. Compared to more conventional small molecules, gene therapy strategies based on 
nucleic acids are faced with new constraints linked to their chemical nature, the size of the 
molecule, and the coding sequence composition.

Different pharmaceutical designs for gene therapy could be considered. In the context of CM 
and CHF, we will focus more precisely on how to restore the functional allele in the context of 
inherited CM and more broadly how to restore or improve myocardial contractility.

3.1. Inherited CM

In the context of inherited CM, most frequently a monogenic transmission profile has been 
identified, expression profiles being either dominant or more frequently recessive. Sometimes 
CMs are part of a larger clinical context of a systemic myopathy, but usually cardiac and 
neuromuscular disorders are not proportional and thus would need separate and specific 
treatment, even if the genetic origin can be unique.

Considering the situation of the single causative gene acting in a recessive mode, it might be 
tempting to restore a normal phenotype through addition of a functional allele. So conceptu-
ally at this level, gene therapy is mainly derived from gene transfer techniques largely used 
in cell biology by introducing an exogenous sequence of nucleic acids into a eukaryotic cell 
to express new information on these cells. Over time, several independent laboratories have 
demonstrated that the concept of transferring an exogenous gene into the myocardium of 
mammals was possible, leading to the expression of a new protein not coded by the intrinsic 
genes. However, to transform a laboratory technique of gene transfer into a therapeutic option, 
additional steps had to be considered. To assess the therapeutic capabilities of gene transfer, 
protein expression cannot be the primary outcome measure. More subtle integration of the 
pathophysiology of each CM is mandatory. Considering inherited diseases where a certain 
phenotypic latency exists, it was possible to demonstrate that gene transfer of a functional allele 
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was able to delay the onset of an overt CM. More generally, when designing a gene therapy 
strategy, one should consider whether the defective gene should be rescued or whether other 
genes involved in heart failure development and progression should be targeted.

3.2. Preclinical models of CM

Delta-sarcoglycan (dSG)-deficient hamsters represent a well-characterized genetically deter-
mined model of a CM. Phenotypically these animals develop a dilated cardiomyopathy 
(DCM) with terminal heart failure over a rather short time span as they die as mid-aged adults 
[27,28]. From the perspective of gene therapy they represent a very useful model. Beyond 
the clear phenotype, the causal genetic mutation is known, coding sequences are readily 
available, and transmission is autosomal recessive. A single allele correction can correct or at 
least clearly improve the phenotype when administered in young animals [29]. Some authors 
observed even more than a simple phenotypic rescue as the lifespan of these animals seemed 
to increase [30,31].

However, unlike dSG, coding sequences of some normal alleles can be very extensive, the most 
extreme case being dystrophin with a full-length cDNA of more than 11 kb. Several strategies 
can be considered. Given some structural specificities, reengineering of the active pharmaceuti-
cal ingredient (API) can be performed while retaining therapeutic potential. Thus, gene therapy 
should not simply be considered as a substitution of defective alleles. Hence, truncated forms of 
dystrophin have proven to alleviate pathologic phenotypes in several experiment models [32,33].

Similarly, it was possible to show that editing the intrinsic messenger RNA can lead to coding 
of a functional protein. Exon skipping is used to restore the reading frame within a gene. 
The mechanism behind exon skipping is a mutation-specific antisense oligonucleotide. An 
antisense oligonucleotide is a synthesized short nucleic acid polymer that will bind to the 
mutation site in the pre-messenger RNA to induce exon skipping. In the context of Duchenne 
muscular dystrophy (DMD) the genetic mutation that leads to Becker muscular dystrophy 
(BMD) is an in-frame deletion. Exon skipping can induce the expression of a truncated but 
functional dystrophin protein and thus switch the phenotype of some DMD-type mutations 
to the phenotype of a BMD-type mutation [34,35].

Multiple arguments in favour of the feasibility of cardiac gene therapy have been generated 
over time. However, these experiments raise new questions. Most non-clinical studies were 
carried out on well-characterized model-rescuing defective genotypes and avoiding or delay-
ing the development of a pathological phenotype. So referring to clinical settings, this mimics 
mainly presymptomatic situations.

In this setting, gene therapy would basically be a prophylactic option to avoid development 
of a pathological phenotype, but are we ready for a gene therapy that would be mainly pre-
ventive? What would an acceptable risk/benefit ratio be in that case? Ideally in the context of 
preventive medicine, gene therapy of an inherited monogenic disorder should by homolo-
gous recombination correct most if not all of the affected cells without any off-target adverse 
effects. Gene therapy has not yet reached this level of maturity. Nevertheless, this does not 
mean that such options cannot be tested in the future.
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functional dystrophin protein and thus switch the phenotype of some DMD-type mutations 
to the phenotype of a BMD-type mutation [34,35].

Multiple arguments in favour of the feasibility of cardiac gene therapy have been generated 
over time. However, these experiments raise new questions. Most non-clinical studies were 
carried out on well-characterized model-rescuing defective genotypes and avoiding or delay-
ing the development of a pathological phenotype. So referring to clinical settings, this mimics 
mainly presymptomatic situations.

In this setting, gene therapy would basically be a prophylactic option to avoid development 
of a pathological phenotype, but are we ready for a gene therapy that would be mainly pre-
ventive? What would an acceptable risk/benefit ratio be in that case? Ideally in the context of 
preventive medicine, gene therapy of an inherited monogenic disorder should by homolo-
gous recombination correct most if not all of the affected cells without any off-target adverse 
effects. Gene therapy has not yet reached this level of maturity. Nevertheless, this does not 
mean that such options cannot be tested in the future.
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3.3. Heart failure

If gene therapy offers the possibility to interfere intimately and subtly with the molecular 
pathways governing the pathological processes, then introducing genetic material into cells 
should be able not only to compensate for abnormal genes but also to influence pathways 
involved in the development and progression of the disease.

In the context of inherited CMs, we postulate that several steps might occur sequentially. The 
causative genetic defect can be inherited or be a neo-mutation and will trigger a cascade of 
deleterious effects that will lead to the appearance of a patent cardiac disease. Progressively 
the genetic features of heart failure will dominate and one might consider that at a later stage 
these changes will be almost independent of the original genetic defect. Moreover, we might 
consider that genetic modifications at this stage are similar to those that occur in the context 
of acquired CM. While any disease is a potential target for gene therapy, some treatments are 
easier to achieve in the clinic. To test this working hypothesis experimentally, we used mainly 
the same dSG-deficient hamster model. However, to mimic symptomatic disease, animals 
were included at a later age.

Many molecular targets could be considered at this level, but several candidates might be 
more prominent in the present context. We have already discussed the case of gene addition 
of a functional allele in the context of an autosomal recessive disorder. The candidate gene 
will of course depend on a proper identification of the genetic disease involved in the CM. On 
the other side, considering the heart failure phenotype as such, multiple options appear.

Rather basically, we evaluated genes preserving myocardial structure. In the experimental 
setting that we considered as a model, it is known that hamsters develop a DCM. However, 
in some substrains carrying the very same mutation but in slightly different genetic back-
grounds, animals can develop firstly a phase of HCM and have a less severe phenotype. So the 
question became, can we mimic this feature by introducing exogenous genetic information?

Physiologic remodelling is a compensatory change in the dimensions and function of the 
heart in response to physiologic stimuli such as exercise and pregnancy. The remodelling 
process frequently includes increases in myocardial mass. The heart can respond to environ-
mental stimuli by growth (increased myocardial mass) or shrinkage (atrophy) with a rather 
large dynamic range. Remodelling is induced by changes in gene expression, which, in turn, 
alter the expression of key regulatory proteins, the distribution and function of subcellular 
organelles, the size and morphology of individual cells, the properties of the extracellular 
matrix, and ultimately those of the entire organ. IGF-1 is a key player in this context and 
prior to developing a gene therapy option we could demonstrate that administration of a 
recombinant IGF-1 protein can exert several beneficial effects of the cardiac phenotype of 
dSG-deficient hamsters [36,37]. However, a recombinant protein with pleiotropic effects will 
inevitably lead to extracardiac adverse effects. Therefore, a gene therapy option might offer 
a more targeted treatment, especially when associating local delivery with tissue-specific 
regulatory sequences. IGF-1 served as a role model to highlight some of the innovative differ-
ences between gene therapy and conventional treatments, but of course other APIs could be 
developed along a similar strategy. Various pathophysiological processes could be targeted, 
such as interfering with the fibrosis–cell death axis and promoting cell survival.
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Besides structural changes of the myocardium, influencing cardiac function could represent 
further targets for gene therapy strategies. Taking advantage of the well-known hamster 
model, one can reformulate the clinical question as the progressive decline of contractility 
and development of patent heart failure. We considered animals at an early symptomatic 
stage to mimic as closely as possible a clinically relevant situation. We compared the effi-
ciency of administering either a functional cDNA of dSG (rescuing the causal genetic defect) 
or a cDNA coding for a Ca2+-handling protein, for instance SERCA2a. SERCA2a holds a key 
role in the development and progression of heart failure, so after the initial work by Schwartz 
and coworkers, it was rather obvious to test its therapeutic potential [38–40]. Briefly, we 
could demonstrate that from a therapeutic perspective at a clinical stage of patent heart fail-
ure, great benefits could be obtained by targeting cardiomyocyte Ca2+ homeostasis through 
SERCA2a gene expression than rescuing the initial causative genetic defect [41]. These find-
ings as well as results from several other labs strongly support the strategy of cardiac gene 
therapy for heart failure based on restoring appropriate Ca2+ handling [42–44]. At this stage, 
one should cite the pioneering work led by Hajjar that led to a clinical trial (CUPID) using 
an expression cassette coding for SERCA2a [45]. This phase IIa study retained some intrinsic 
limitations due to the low number of patients. Therefore, a larger phase IIb study (CUPID2) 
with a double-blinded, placebo-controlled, and randomized event-driven schema and based 
on multinational, multicenter recruitment (n = 250) was needed to confirm the initial results 
described in the CUPID1 study. This phase IIb CUPID2 trial did not meet its primary and 
secondary endpoints. Nevertheless, multiple useful data were generated by this clinical trial. 
Gene therapy is a realistic therapeutic strategy in the field of CMs. Patient selection is always 
a difficult task in those very innovative steps, but the trial allowed refining the criteria. It 
also became apparent how important formulation of the API and administration are. Before 
discussing these aspects, one should acknowledge the research done by K. Hammond and 
coworkers that explored the therapeutic potential of adenylyl-cyclase type 6 (AC6) [46–48]. 
These authors showed that activation of cardiac AC6 expression improves impaired func-
tion of aged hearts through improved calcium uptake. AC6 determines cAMP formation. 
However, favourable effects on cardiac function through abrogation of hypertrophy, 
increased cell survival, and improved calcium handling appear to be cAMP independent. 
The main goal of the trial based on AC6 administration in CHF patients is to evaluate the 
safety and efficacy of human AC6 gene product as a new therapeutic option. To reach this 
goal, 56 patients were (or have been if the trial is still ongoing - please check) included in 
this study, in which gene delivery was based on a drug formulation where human AC6 was 
carried by an adenovirus serotype 5.

Expression of a peptide inhibitor of GRK2 (βARKct) can improve the contractility of failing 
myocardium and promote reverse remodelling of the left ventricle.

Inhibition with antimiR-34a/antimiR-34 has emerged as a promising therapeutic strategy, as 
silencing of miR-34a attenuates cardiac dysfunction in a setting of moderate HCM. However, 
the beneficial effect does not appear in severe HCM [49]. Thus, it appears important to make 
appropriate staging of the clinical symptomatology, hence the cardiac phenotype. Therapies 
that inhibit miR-34a alone may have limited potential in settings of established cardiac 
pathology [50]. For instance, miR-133, which is enriched in cardiac and skeletal muscle, is 
involved in cell specification, differentiation, and development. Furthermore, miR-a33 is 
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3.3. Heart failure

If gene therapy offers the possibility to interfere intimately and subtly with the molecular 
pathways governing the pathological processes, then introducing genetic material into cells 
should be able not only to compensate for abnormal genes but also to influence pathways 
involved in the development and progression of the disease.

In the context of inherited CMs, we postulate that several steps might occur sequentially. The 
causative genetic defect can be inherited or be a neo-mutation and will trigger a cascade of 
deleterious effects that will lead to the appearance of a patent cardiac disease. Progressively 
the genetic features of heart failure will dominate and one might consider that at a later stage 
these changes will be almost independent of the original genetic defect. Moreover, we might 
consider that genetic modifications at this stage are similar to those that occur in the context 
of acquired CM. While any disease is a potential target for gene therapy, some treatments are 
easier to achieve in the clinic. To test this working hypothesis experimentally, we used mainly 
the same dSG-deficient hamster model. However, to mimic symptomatic disease, animals 
were included at a later age.

Many molecular targets could be considered at this level, but several candidates might be 
more prominent in the present context. We have already discussed the case of gene addition 
of a functional allele in the context of an autosomal recessive disorder. The candidate gene 
will of course depend on a proper identification of the genetic disease involved in the CM. On 
the other side, considering the heart failure phenotype as such, multiple options appear.

Rather basically, we evaluated genes preserving myocardial structure. In the experimental 
setting that we considered as a model, it is known that hamsters develop a DCM. However, 
in some substrains carrying the very same mutation but in slightly different genetic back-
grounds, animals can develop firstly a phase of HCM and have a less severe phenotype. So the 
question became, can we mimic this feature by introducing exogenous genetic information?

Physiologic remodelling is a compensatory change in the dimensions and function of the 
heart in response to physiologic stimuli such as exercise and pregnancy. The remodelling 
process frequently includes increases in myocardial mass. The heart can respond to environ-
mental stimuli by growth (increased myocardial mass) or shrinkage (atrophy) with a rather 
large dynamic range. Remodelling is induced by changes in gene expression, which, in turn, 
alter the expression of key regulatory proteins, the distribution and function of subcellular 
organelles, the size and morphology of individual cells, the properties of the extracellular 
matrix, and ultimately those of the entire organ. IGF-1 is a key player in this context and 
prior to developing a gene therapy option we could demonstrate that administration of a 
recombinant IGF-1 protein can exert several beneficial effects of the cardiac phenotype of 
dSG-deficient hamsters [36,37]. However, a recombinant protein with pleiotropic effects will 
inevitably lead to extracardiac adverse effects. Therefore, a gene therapy option might offer 
a more targeted treatment, especially when associating local delivery with tissue-specific 
regulatory sequences. IGF-1 served as a role model to highlight some of the innovative differ-
ences between gene therapy and conventional treatments, but of course other APIs could be 
developed along a similar strategy. Various pathophysiological processes could be targeted, 
such as interfering with the fibrosis–cell death axis and promoting cell survival.
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Besides structural changes of the myocardium, influencing cardiac function could represent 
further targets for gene therapy strategies. Taking advantage of the well-known hamster 
model, one can reformulate the clinical question as the progressive decline of contractility 
and development of patent heart failure. We considered animals at an early symptomatic 
stage to mimic as closely as possible a clinically relevant situation. We compared the effi-
ciency of administering either a functional cDNA of dSG (rescuing the causal genetic defect) 
or a cDNA coding for a Ca2+-handling protein, for instance SERCA2a. SERCA2a holds a key 
role in the development and progression of heart failure, so after the initial work by Schwartz 
and coworkers, it was rather obvious to test its therapeutic potential [38–40]. Briefly, we 
could demonstrate that from a therapeutic perspective at a clinical stage of patent heart fail-
ure, great benefits could be obtained by targeting cardiomyocyte Ca2+ homeostasis through 
SERCA2a gene expression than rescuing the initial causative genetic defect [41]. These find-
ings as well as results from several other labs strongly support the strategy of cardiac gene 
therapy for heart failure based on restoring appropriate Ca2+ handling [42–44]. At this stage, 
one should cite the pioneering work led by Hajjar that led to a clinical trial (CUPID) using 
an expression cassette coding for SERCA2a [45]. This phase IIa study retained some intrinsic 
limitations due to the low number of patients. Therefore, a larger phase IIb study (CUPID2) 
with a double-blinded, placebo-controlled, and randomized event-driven schema and based 
on multinational, multicenter recruitment (n = 250) was needed to confirm the initial results 
described in the CUPID1 study. This phase IIb CUPID2 trial did not meet its primary and 
secondary endpoints. Nevertheless, multiple useful data were generated by this clinical trial. 
Gene therapy is a realistic therapeutic strategy in the field of CMs. Patient selection is always 
a difficult task in those very innovative steps, but the trial allowed refining the criteria. It 
also became apparent how important formulation of the API and administration are. Before 
discussing these aspects, one should acknowledge the research done by K. Hammond and 
coworkers that explored the therapeutic potential of adenylyl-cyclase type 6 (AC6) [46–48]. 
These authors showed that activation of cardiac AC6 expression improves impaired func-
tion of aged hearts through improved calcium uptake. AC6 determines cAMP formation. 
However, favourable effects on cardiac function through abrogation of hypertrophy, 
increased cell survival, and improved calcium handling appear to be cAMP independent. 
The main goal of the trial based on AC6 administration in CHF patients is to evaluate the 
safety and efficacy of human AC6 gene product as a new therapeutic option. To reach this 
goal, 56 patients were (or have been if the trial is still ongoing - please check) included in 
this study, in which gene delivery was based on a drug formulation where human AC6 was 
carried by an adenovirus serotype 5.

Expression of a peptide inhibitor of GRK2 (βARKct) can improve the contractility of failing 
myocardium and promote reverse remodelling of the left ventricle.

Inhibition with antimiR-34a/antimiR-34 has emerged as a promising therapeutic strategy, as 
silencing of miR-34a attenuates cardiac dysfunction in a setting of moderate HCM. However, 
the beneficial effect does not appear in severe HCM [49]. Thus, it appears important to make 
appropriate staging of the clinical symptomatology, hence the cardiac phenotype. Therapies 
that inhibit miR-34a alone may have limited potential in settings of established cardiac 
pathology [50]. For instance, miR-133, which is enriched in cardiac and skeletal muscle, is 
involved in cell specification, differentiation, and development. Furthermore, miR-a33 is 
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downregulated during cardiac hypertrophy. Specific knockdown of miR-133 via antisense 
targeting can be sufficient for inducing cardiac hypertrophy and reinduction of the foetal 
gene programme [51]. In the context of DCM it might be useful to induce a compensatory 
mechanism by reengaging the foetal gene programme. The miR-22 should also be considered 
as a critical regulator of cardiomyocyte hypertrophy and cardiac remodelling [52]. Systemic 
inhibition of miR-21 has proven effective against myocardial fibrosis and dysfunction [53].

Substantial advances in the understanding of the cellular and molecular basis of CMs and 
CHF highlight the potential utility of gene therapy as a novel therapeutic approach. However, 
successful clinical translation is still limited by the lack of safe, efficient, and selective delivery 
systems.

Naked DNA has remained the preferred method of gene delivery to the myocardium and has 
been explored extensively in clinical trials mainly in the setting of ischemic heart disease. The 
results from these trials have demonstrated efficacy with regards to secondary endpoints of 
reduced symptomatology, but have failed to establish significant increase in angiogenesis or 
an improvement in myocardial function [54].

3.4. Viral vectors for cardiac gene therapy

Viruses have evolved to become highly efficient at nucleic acid delivery to specific cell types 
while mostly avoiding immunosurveillance by an infected host. Several types of viruses, includ-
ing retrovirus, adenovirus, adeno-associated virus (AAV), and herpes simplex virus, have been 
modified in the laboratory for use in gene therapy applications. Adenoviruses are an efficient 
gene delivery system in a broad range of cell and tissue types. However, the adverse immune 
reactions represent an important drawback for its development. Over time, multiple viral vector 
systems have been tested, but more recently AAVs have become most popular. AAVs are non-
enveloped parvoviruses, which can rather easily be engineered to deliver DNA cargo to target 
cells. AAV vectors have demonstrated good potential for in vivo delivery of genetic material into 
various cells, thus appearing as a vector of choice for different therapeutic applications beyond 
cardiac diseases. Nevertheless, and even if some promising clinical outcomes have been reported, 
the current potential of viral vectors for gene therapy still faces significant restrictions, largely 
due to manufacturing challenges, including the absence of an efficient and scalable platform 
purification process [25, 55–58]. At least in the setting of murine models, AAV1, AAV6, AAV8, 
and AAV9 have been identified as the most cardiotropic serotypes after systemic delivery.

The concept of gene therapy seems straightforward, but this is clearly an oversimplifica-
tion, and numerous problems and risks exist that prevent gene therapy using viral vectors. 
Due to the structure of the viral particles, AAV vectors retain limited DNA cargo capacity 
necessitating the need to optimize the therapeutic sequence. Multiple cells can be infected 
by AAVs, but overall the transduction efficiency remains low leading to increased multiplici-
ties of infection, hence putting greater pressure on large-scale vector production. Moreover, 
AAVs’ tropism lacks cell-type selectivity resulting in off-target transduction. Regulation of 
the transgene expression remains difficult and frequently results in decreased expression 
efficiency. Hence, to achieve optimal clinical outcome, high vector doses are required, but 

In Vivo and Ex Vivo Gene Therapy for Inherited and Non-Inherited Disorders178

the presence of preexisting neutralizing antibodies precludes a number of patients from par-
ticipation. Furthermore, immune elimination of infected cells often limits gene expression in 
vivo. Readministration remains a major challenge, because single shot solutions are counter-
intuitive in the era of precision or personalized medicine. Further work is therefore needed 
to improve viral vectors, more specifically, developing stealthier AAV vectors with the aim 
of optimizing vector–host interactions [59–61]. Low-grade immune stimulation by the vector 
system appears as an important point in terms of drug development to avoid severe adverse 
reactions.

3.5. Non-viral vectors for cardiac gene therapy

Optimal gene therapy vectors should meet the following criteria: retaining the safety profile 
of naked DNA while displaying increased efficiency and decreased variability. From this per-
spective, non-viral methods of transfection present certain advantages such as relative ease of 
large-scale production, low risk of an adaptive immune response, versatility, and high safety 
profile.

Most of the non-viral vectors currently developed are based on polycationic molecules, which 
form interpolyelectrolyte complexes with the polyanionic nucleic acids. The complexes 
obtained generally allow for (1) efficient condensation of nucleic acids into small particles, (2) 
protection against degradation from nucleases, and (3) promotion of cellular uptake. These 
non-viral vectors usually consist of cationic lipids/liposomes (lipoplexes), cationic polymers 
(polyplexes), or a combination of both lipids and polymers (lipopolyplexes) [62,63].

Among these, vectors based on lipids are especially attractive due to the biocompatibility and 
biodegradability of lipids and phospholipids [64]. However, the toxicity displayed by cationic 
lipids, as well as the rapid clearance of positively charged lipoplexes, hampers further use in 
vivo of first-generation lipoplexes [64]. Coating the surface of lipoplexes, with hydrophilic 
polymers such as polyethylene glycol (PEG) can efficiently decrease their toxicity while 
increasing their circulation half-life [65]. Nonetheless, PEGylated lipoplexes often display 
reduced transfection efficiency due to diminished cellular uptake and can trigger anti-PEG 
IgM production, thus leading to accelerated blood clearance after readministration [66].

The tremendous diversity of shape, composition, and charge ratio of cationic polymers is a 
great asset when formulating polyplexes. Cationic polymers, which have been most widely 
used for cardiac gene delivery, include polyethylenimine, poly-(l-lysine), and dendrimers 
[67]. Despite their capacity to efficiently condense nucleic acids while preventing their degra-
dation by nucleases and improving endosomal escape, the resulting in vivo gene expression 
remains too low and, for some of them, cytotoxic effects are detected [62,67,68].

Although non-viral vectors have dramatically improved over the past decades, they remain 
underrepresented for cardiac gene delivery. Further improvements to increase transfection 
efficiency while reducing their cytotoxicity are much needed.

From this perspective, polymers displaying few or no positive charges could be the much 
needed formulation for cardiac gene therapy [69]. Poloxamers, which are non-ionic amphiphilic 
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downregulated during cardiac hypertrophy. Specific knockdown of miR-133 via antisense 
targeting can be sufficient for inducing cardiac hypertrophy and reinduction of the foetal 
gene programme [51]. In the context of DCM it might be useful to induce a compensatory 
mechanism by reengaging the foetal gene programme. The miR-22 should also be considered 
as a critical regulator of cardiomyocyte hypertrophy and cardiac remodelling [52]. Systemic 
inhibition of miR-21 has proven effective against myocardial fibrosis and dysfunction [53].

Substantial advances in the understanding of the cellular and molecular basis of CMs and 
CHF highlight the potential utility of gene therapy as a novel therapeutic approach. However, 
successful clinical translation is still limited by the lack of safe, efficient, and selective delivery 
systems.

Naked DNA has remained the preferred method of gene delivery to the myocardium and has 
been explored extensively in clinical trials mainly in the setting of ischemic heart disease. The 
results from these trials have demonstrated efficacy with regards to secondary endpoints of 
reduced symptomatology, but have failed to establish significant increase in angiogenesis or 
an improvement in myocardial function [54].

3.4. Viral vectors for cardiac gene therapy

Viruses have evolved to become highly efficient at nucleic acid delivery to specific cell types 
while mostly avoiding immunosurveillance by an infected host. Several types of viruses, includ-
ing retrovirus, adenovirus, adeno-associated virus (AAV), and herpes simplex virus, have been 
modified in the laboratory for use in gene therapy applications. Adenoviruses are an efficient 
gene delivery system in a broad range of cell and tissue types. However, the adverse immune 
reactions represent an important drawback for its development. Over time, multiple viral vector 
systems have been tested, but more recently AAVs have become most popular. AAVs are non-
enveloped parvoviruses, which can rather easily be engineered to deliver DNA cargo to target 
cells. AAV vectors have demonstrated good potential for in vivo delivery of genetic material into 
various cells, thus appearing as a vector of choice for different therapeutic applications beyond 
cardiac diseases. Nevertheless, and even if some promising clinical outcomes have been reported, 
the current potential of viral vectors for gene therapy still faces significant restrictions, largely 
due to manufacturing challenges, including the absence of an efficient and scalable platform 
purification process [25, 55–58]. At least in the setting of murine models, AAV1, AAV6, AAV8, 
and AAV9 have been identified as the most cardiotropic serotypes after systemic delivery.

The concept of gene therapy seems straightforward, but this is clearly an oversimplifica-
tion, and numerous problems and risks exist that prevent gene therapy using viral vectors. 
Due to the structure of the viral particles, AAV vectors retain limited DNA cargo capacity 
necessitating the need to optimize the therapeutic sequence. Multiple cells can be infected 
by AAVs, but overall the transduction efficiency remains low leading to increased multiplici-
ties of infection, hence putting greater pressure on large-scale vector production. Moreover, 
AAVs’ tropism lacks cell-type selectivity resulting in off-target transduction. Regulation of 
the transgene expression remains difficult and frequently results in decreased expression 
efficiency. Hence, to achieve optimal clinical outcome, high vector doses are required, but 
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the presence of preexisting neutralizing antibodies precludes a number of patients from par-
ticipation. Furthermore, immune elimination of infected cells often limits gene expression in 
vivo. Readministration remains a major challenge, because single shot solutions are counter-
intuitive in the era of precision or personalized medicine. Further work is therefore needed 
to improve viral vectors, more specifically, developing stealthier AAV vectors with the aim 
of optimizing vector–host interactions [59–61]. Low-grade immune stimulation by the vector 
system appears as an important point in terms of drug development to avoid severe adverse 
reactions.

3.5. Non-viral vectors for cardiac gene therapy

Optimal gene therapy vectors should meet the following criteria: retaining the safety profile 
of naked DNA while displaying increased efficiency and decreased variability. From this per-
spective, non-viral methods of transfection present certain advantages such as relative ease of 
large-scale production, low risk of an adaptive immune response, versatility, and high safety 
profile.

Most of the non-viral vectors currently developed are based on polycationic molecules, which 
form interpolyelectrolyte complexes with the polyanionic nucleic acids. The complexes 
obtained generally allow for (1) efficient condensation of nucleic acids into small particles, (2) 
protection against degradation from nucleases, and (3) promotion of cellular uptake. These 
non-viral vectors usually consist of cationic lipids/liposomes (lipoplexes), cationic polymers 
(polyplexes), or a combination of both lipids and polymers (lipopolyplexes) [62,63].

Among these, vectors based on lipids are especially attractive due to the biocompatibility and 
biodegradability of lipids and phospholipids [64]. However, the toxicity displayed by cationic 
lipids, as well as the rapid clearance of positively charged lipoplexes, hampers further use in 
vivo of first-generation lipoplexes [64]. Coating the surface of lipoplexes, with hydrophilic 
polymers such as polyethylene glycol (PEG) can efficiently decrease their toxicity while 
increasing their circulation half-life [65]. Nonetheless, PEGylated lipoplexes often display 
reduced transfection efficiency due to diminished cellular uptake and can trigger anti-PEG 
IgM production, thus leading to accelerated blood clearance after readministration [66].

The tremendous diversity of shape, composition, and charge ratio of cationic polymers is a 
great asset when formulating polyplexes. Cationic polymers, which have been most widely 
used for cardiac gene delivery, include polyethylenimine, poly-(l-lysine), and dendrimers 
[67]. Despite their capacity to efficiently condense nucleic acids while preventing their degra-
dation by nucleases and improving endosomal escape, the resulting in vivo gene expression 
remains too low and, for some of them, cytotoxic effects are detected [62,67,68].

Although non-viral vectors have dramatically improved over the past decades, they remain 
underrepresented for cardiac gene delivery. Further improvements to increase transfection 
efficiency while reducing their cytotoxicity are much needed.

From this perspective, polymers displaying few or no positive charges could be the much 
needed formulation for cardiac gene therapy [69]. Poloxamers, which are non-ionic amphiphilic 
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block copolymers, were first reported by Lemieux et al. [70] as efficient formulations for mus-
cle gene delivery. Contrary to polycationic molecules, these delivery systems do not condense 
DNA into small particles and display no or weak interactions with nucleic acids [69,71]. Direct 
intramyocardial injection of poloxamer/DNA formulations showed no toxic effect towards the 
myocardium although gene expression remained limited and restricted to the injection site 
[71]. To increase the diffusion of poloxamer/DNA formulations into the myocardium, further 
experiments conducted in vivo on larger animals, through a clinically relevant administration 
route, were performed. As seen in Figure 3, this resulted in similar gene expression rate com-
pared to that of the same transgene delivered using an AAV1 vector. To provide more insight 
into poloxamer-based delivery systems, further studies addressing their mechanism of action 
as well as experiments evaluating the possibility to readminister these formulations should be 
carried out.

The principal limitation of most non-clinical studies and some clinical trials was the inability 
to efficiently transfer genes to the cardiac ventricles. Although in vivo experiments using small 
animals may show efficient gene transfer, many fundamental differences exist between small 
animal and human hearts. Large animal studies are best suited for comprehensive evalua-
tion at the preclinical stages of therapeutic development. It might seem obvious that delivery 
methods should meet all criteria of clinically relevant practices. Nevertheless, some preclini-
cal methods seem to lack this realism.

3.6. Administration strategies

With regards to the first step to translate in vivo gene transfer into clinically relevant gene 
therapy and based at least partly on the use of naked DNA, physical methods like direct 
intra-myocardial injections have demonstrated feasibility, but also limited efficiency. 
Derived from these pioneering steps, several refinements have been introduced over time. 
In the context of rhythm control, one should look with interest to techniques like gene 
painting [72]. Gene painting refers basically to an innovative technique aimed at a very 

Figure 3. Preclinical evaluation of intracoronary vector administration in large animals, for instance Beagle dogs. Similar 
amounts of cDNA were formulated differently. (A) Sample of a coronary contrast injection of the left main coronary 
artery in a dog heart highlighting the route of administration. (B) Mid-ventricular cross-section after AAV1 vectorization 
of a lacZ coding cDNA. (C) Mid-ventricular cross-section after polymer P85 vectorization of a lacZ coding cDNA. X-gal 
staining reveals lacZ gene expression (unpublished results).
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local gene transfer by a topical administration. Proof-of-concept studies have shown the 
efficiency of this approach in atrial fibrillation. Strategies based on ultrasound-targeted 
microbubble destruction could be a promising method for gene delivery [73]. Microbubbles 
are small (<5 μm) gas-filled voids that are generally stabilized by phospholipids or synthetic 
polymers. The use of microbubbles as gene vectors is based on the paradigm that destruc-
tion of the DNA-loaded microbubbles by ultrasounds will result in local transduction and 
still spare non-target areas. Percutaneous antegrade coronary injections are among the 
least invasive cardiac selective gene delivery methods and are rather broadly available. 
Intracoronary delivery allows diffuse transduction throughout the myocardium, but as such 
it is a highly inefficient process. However, dense regional gene transfer (>80% of myocytes 
in the target territory) is possible. Pharmacological manipulations to induce vasodilation 
and maximize vascular permeability in a specific coronary perfusion territory can greatly 
improve transfection efficiency [74]. Given the high perfusion velocity and the submaximal 
extent of the vascular bed, one has to maximize the duration of vector exposure to the local 
vasculature while minimizing the systemic distribution. Several options have been tested 
such as pharmacologically induced coronary artery dilation, blocking the venous return or 
developing a cardiac recirculation approach. Delivery methods based on cardiopulmonary 
bypass (CPB) with a closed-loop system can be used for cardiac gene therapy [75,76]. It 
might seem excessive to selectively prescribe CPB for gene delivery given the clearly inva-
sive nature of such a procedure. Nevertheless, one should not forget that many of the CM/
heart failure patients might need invasive procedures due to their clinical condition. Gene 
therapy should also be evaluated in the context of combination therapies. CM/heart failure 
presents as a syndrome with multiple pathophysiological facets. Early treatment of some 
specific aspects like atrial fibrillation by gene therapy might be as efficient as conventional 
cardioversion. Targeting the autonomous nervous system through gene therapy should be 
evaluated with reference to current beta-blockers. Inotropism might be improved by means 
of additive gene therapy, for example. However, beyond the diversity of gene therapy tar-
gets, combination with more conventional drugs might be improved by reinforcing the 
target pathways.

4. Conclusions

Gene therapy is emerging as a suitable alternative, with substantial progress in preclinical 
models of cardiovascular disorders. Despite the fact that none of the clinical trials, which 
investigated new treatments for CMs, has met their primary efficacy endpoints,  subanalysis, 
however, has demonstrated potential efficacy. Inadequate gene delivery remains one of the 
underlying causes behind failures seen in clinical trials. Higher transduction efficiency is 
needed to achieve therapeutic effects. Use of block copolymers in gene delivery is a promising 
area of research, in which new and important developments are expected.

CMs can serve as a disease model for several aspects when it comes to the development of 
gene therapy strategies in the context of cardiac diseases, since they also engulf inherited 
diseases like acquired disorders.
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cle gene delivery. Contrary to polycationic molecules, these delivery systems do not condense 
DNA into small particles and display no or weak interactions with nucleic acids [69,71]. Direct 
intramyocardial injection of poloxamer/DNA formulations showed no toxic effect towards the 
myocardium although gene expression remained limited and restricted to the injection site 
[71]. To increase the diffusion of poloxamer/DNA formulations into the myocardium, further 
experiments conducted in vivo on larger animals, through a clinically relevant administration 
route, were performed. As seen in Figure 3, this resulted in similar gene expression rate com-
pared to that of the same transgene delivered using an AAV1 vector. To provide more insight 
into poloxamer-based delivery systems, further studies addressing their mechanism of action 
as well as experiments evaluating the possibility to readminister these formulations should be 
carried out.

The principal limitation of most non-clinical studies and some clinical trials was the inability 
to efficiently transfer genes to the cardiac ventricles. Although in vivo experiments using small 
animals may show efficient gene transfer, many fundamental differences exist between small 
animal and human hearts. Large animal studies are best suited for comprehensive evalua-
tion at the preclinical stages of therapeutic development. It might seem obvious that delivery 
methods should meet all criteria of clinically relevant practices. Nevertheless, some preclini-
cal methods seem to lack this realism.

3.6. Administration strategies

With regards to the first step to translate in vivo gene transfer into clinically relevant gene 
therapy and based at least partly on the use of naked DNA, physical methods like direct 
intra-myocardial injections have demonstrated feasibility, but also limited efficiency. 
Derived from these pioneering steps, several refinements have been introduced over time. 
In the context of rhythm control, one should look with interest to techniques like gene 
painting [72]. Gene painting refers basically to an innovative technique aimed at a very 
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artery in a dog heart highlighting the route of administration. (B) Mid-ventricular cross-section after AAV1 vectorization 
of a lacZ coding cDNA. (C) Mid-ventricular cross-section after polymer P85 vectorization of a lacZ coding cDNA. X-gal 
staining reveals lacZ gene expression (unpublished results).
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cardioversion. Targeting the autonomous nervous system through gene therapy should be 
evaluated with reference to current beta-blockers. Inotropism might be improved by means 
of additive gene therapy, for example. However, beyond the diversity of gene therapy tar-
gets, combination with more conventional drugs might be improved by reinforcing the 
target pathways.
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Gene therapy is emerging as a suitable alternative, with substantial progress in preclinical 
models of cardiovascular disorders. Despite the fact that none of the clinical trials, which 
investigated new treatments for CMs, has met their primary efficacy endpoints,  subanalysis, 
however, has demonstrated potential efficacy. Inadequate gene delivery remains one of the 
underlying causes behind failures seen in clinical trials. Higher transduction efficiency is 
needed to achieve therapeutic effects. Use of block copolymers in gene delivery is a promising 
area of research, in which new and important developments are expected.

CMs can serve as a disease model for several aspects when it comes to the development of 
gene therapy strategies in the context of cardiac diseases, since they also engulf inherited 
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The emphasis on gene therapies was initially focused on inherited diseases notably rescuing 
cardiac phenotype by introducing a functional allele in the context of recessive disorders. 
Even gene therapies that would only help a couple of thousand people would be a remarkable 
achievement.

More recently the concept of gene therapy has been extended to a larger perspective, includ-
ing the reprogramming of failing myocardial cells beyond inherited diseases. Several non-
clinical studies have supported the concept, but the true challenge of gene therapy for CM 
remains translation into the clinic. Sticking to the old paradigm that a drug substance can 
only become a medicinal drug product, if one is able to formulate and administer it, it seems 
more obvious that gene therapy has to be clinically oriented. Treating the failing heart implies 
several strong constraints linked to the anatomy and physiology of the heart. Successful gene 
therapy approaches in other diseases support the notion, but cannot fully address the under-
lying specific challenges facing cardiac gene delivery.

The development of robust administration techniques and improved formulations are 
therefore needed before cardiac gene therapy can be integrated into the therapeutic 
armamentarium.
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