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Preface

Gene therapy is becoming a promising technology for the management of many human dis‐
eases. Hereditary and acquired disorders can both be tackled using the technique of gene ther‐
apy. This book provides detailed, up-to-date topics addressing basic principles of gene
therapy and discussing some of the challenges encountered by scientists in developing this
relatively novel technology. The development of new and efficient gene transfer vectors is of
utmost importance in the progress of the field of gene therapy. Both viral and non-viral vec‐
tors are extensively discussed. A detailed chapter elaborates the problem of host immune re‐
jection of transplanted donor cells or engineered tissue that can be avoided using the
encapsulation of transgenic cells, thus avoiding the use of drugs that achieve immunosup‐
pression.

Doaa Hashad, MD
Associate Professor of Clinical Pathology

Faculty of Medicine, Alexandria,
Egypt





Chapter 1

Cancer Gene Therapy

Hakan Akbulut, Muge Ocal and Gizem Sonugur

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/61775

Abstract

Cancer treatment has been the major goal of the gene therapy studies over
the decades.  Although there is  no cancer  gene therapy drug in the market
yet, substantial progress has been made in defining potential targets and in
developing  viral  and  nonviral  gene  delivery  systems  recently.  Numerous
genes have been studied as the targets for cancer gene therapy so far. Vari‐
ous  gene therapy strategies,  including suicide gene therapy,  oncolytic  viral
therapies, antiangiogenesis, and gene therapy vaccines have been developed.
The combination of  gene therapy with  conventional  methods,  such as  che‐
motherapy,  radiotherapy,  and  immunotherapy,  has  further  improved  the
therapeutic efficacy. Although the preclinical and experimental studies have
yielded highly encouraging results, there are still few gene therapy agents at
phase III trials. In the current chapter, we will review gene transfer systems,
targets, gene targeting strategies, and cancer gene therapy in the clinic.

Keywords: Cancer gene therapy, viral vectors, nonviral vectors, gene targeting

1. Introduction

The improvements in the past 20 years in the molecular biology have evoked optimism in
the treatment of cancer and yielded a number of targeted drugs in the market. However,
the curative treatment of the cancer has still  been possible with only the early diagnosis
and early intervention in the vast majority of the solid tumors. Almost half of the cancer
patients  diagnosed each  year  have  been  dying  of  the  disease  throughout  the  world.  In
particular,  the  patients  with  distant  metastasis  have  no  hope  of  cure  with  the  current
treatment modalities.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



2. Cancer is a complex genetic disease

It has long been suggested that the cancer has evolved from a single cell transformed by the
influence of the environmental factors such as physical, chemical factors, and viruses. Changes
in hundreds of genes, so-called mutations, are required to transform a normal cell into a cancer
cell. The major functional changes that transform a cell are mainly the activation of oncogenes
or inactivation of tumor suppressor genes.

The overexpression of oncogenes and loss of function of tumor suppressor genes usually
induce malignant transformation. Those changes are also required for further growth of tumor
cells.

A transformed cell usually gains some important biological properties to establish a malignant
disease. Those properties, including uncontrolled proliferation, evasion of growth suppres‐
sors, inhibition of apoptosis, replicative immortality, angiogenesis, proliferative signals,
invasion, and metastasis, are discussed in detail in a recent review of Hanahan and Weinberg
[1]. Although the conventional chemotherapy has mainly focused on direct tumor cell killing,
a vast majority of current targeted therapies have aimed to eliminate one or more of the above-
mentioned properties of cancer cells.

The targeting of angiogenesis, proliferation pathways, and immune system has yielded a
number of drugs that are already in the market. Nodules of cancer cells cannot grow beyond
1–2 mm without expanding their blood supply to access every increasing need for oxygen and
nutrients. In order to generate the additional blood supply, the tumor tissue stimulates the
elaboration of its own vessel network, through a process called angiogenesis [2]. If one could
cut the blood supply of the tumor, it cannot grow beyond 1–2 mm, which means that they
cannot grow enough to be diagnosed by the current diagnostic technology and cannot cause
a clinical disease. The tumor vascular targeting therapy or antiangiogenetic therapies like
bevacizumab and aflibercept targeting ligands of angiogenesis or small tyrosine kinase
inhibitors of angiogenesis pathway receptors or signaling molecules have already emerged as
standard therapeutic drugs in various tumors [3].

The overexpression of oncogenes and the loss of function of tumor suppressor genes are
usually involved in both malignant conversion of the cells and further growth of tumor cells.
A new generation of small molecules targeting proliferation pathways, like gefitinib, erlotinib,
and imatinib, has been developed to block the cancer-causing signals within cancer cells and
become standard treatments in those patients with mutations of EGFR or c-KIT [4]. Antibody
molecules, targeting the EGFR family of receptors like trastuzumab, cetuximab, and panitu‐
mumab also block the growth-promoting signals that push cancer cells into an unregulated
pattern of growth [5]. In contrast to standard chemotherapy, which is quite damaging to the
normal tissues of the body as well as the cancer tissue, the targeted drugs are quite specific for
the cancer cells and therefore relatively free of side effects.

Although majority of the cancer patients has a fairly intact immune system, the cells of the
immune system do not usually respond to tumor cells because the immune system cannot
differentiate the normal and cancer cells and therefore cannot fight against them. Immuno‐
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therapy or cancer vaccine therapy aims to activate immune system against tumors. Recently,
ipilumumab/tremelimumab and pembrolizumab/nivolumumab targeting checkpoints of
immune response such as CTLA-4 or PD1 have also been approved [6]. Likewise, a dendritic
cell-based vaccine, sipuleucel T, for the treatment of metastatic prostate cancer has been
approved 2 years ago [7].

Hundreds of genes have been involved in the action and regulation of those pathways. The
generation of cancer through a series of changes in the normal cellular genes makes the disease
a genetic disease at the cellular base. The involvement of genes in the development of the
disease also makes the disease a good candidate for gene therapy. Therefore, gene therapy has
emerged as the hope of curative treatment modality in cancer.

3. What is gene therapy?

Gene therapy can be defined as the delivery of genetic elements to the cancer cell or to the cells
of the immune response in order to correct the abnormalities in the cancer tissue or to induce
an immune response against the cancer cells. The corrective strategies can involve replacing
missing or defective genes, i.e., tumor suppressor genes [8], suppressing the action of cancer
promoting oncogenes [9], or programming normal or cancer cells to release into the systemic
circulation molecules which suppress the growth of cancer cells or their vasculature [10].

There are some prerequisites for a successful gene therapy program in cancer, such as a suitable
target to be replaced or modified, a carrier to reach the interest of gene to the cell, a successful
targeting of the vector, and a sufficient expression of the therapeutic genes in the target cells.
Besides a strong therapeutic efficacy, safety is also mandatory for the success of the treatment.

Unraveling the mystery of the genetic changes in the development of cancer has been proposed
many genes as targets for gene therapy studies. The second step in gene therapy following the
identification of a suitable gene is to introduce it into the target cell. Different vehicles (vectors)
have been used to introduce the genes into the cells, such as viral vectors, nonviral vectors,
and cell-based carriers. The mainly used viral vectors in cancer gene therapy are retroviruses,
adenoviruses, and adeno-associated viruses. The gene therapist uses the capability of the virus
to enter and reprogram the action of cells for purposes of therapy. The therapeutic genetic
element is first placed into a viral backbone to produce a complete therapeutic viral vector.
Alternatively, the therapeutic genetic elements can be delivered into the cancer cells through
droplets of fat called liposomes or nanoparticles. The genes themselves, in the form of naked
DNA or DNA packed into particles can be administered locally or systemically.

A third way of delivering genes to the target tissues is accomplished by using living cells such
as irradiated tumor cells, blood cells, and mesenchymal or neuronal stem cells. All of these
cells have the capability to home to particular types of target tissue through the blood stream.
In this way, the therapeutic genes can be placed into the brain or other target tissues because
of the homing properties of those cells.

Cancer Gene Therapy
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For the safety of the procedure and the increased therapeutic efficacy, the genes of interest
should be expressed in only target cells or tissues. Sparing of the normal cells and tissues is
one of the keystones in their clinical use. The target specificity of the vectors could be achieved
by the targeting of those specific to the tumor cells or tissues.

4. Gene transfer systems of cancer gene therapy

There are three main ways of transferring genes into the tumor cells: nonviral vectors, viral
vectors, and cell-based vehicles. For most of the tumors, a relatively short-term expression of
therapeutic genes may be sufficient to kill the tumor cells. Rapid clearance of viral vectors from
the blood stream has enabled the development of synthetic gene delivery vectors. However,
an important drawback for these approaches is to carry the DNA of interest to the distant
metastatic deposits. The nonviral gene delivery vectors have usually been injected locally to
the tumors. Although local injection is reasonable for tumors as melanoma, head and neck
cancers, or peritoneal carcinomatosis; it is not suitable in patients with hematogenous meta‐
stases. The limitations of the viral vectors are also valid for the nonviral vectors for gene
therapy. They have to survive through the blood stream to be arrested in the target tumor
tissue, to extravasate, and to bind to specific cells and to enter the cells and then to reach the
nucleus.

4.1. Nonviral vectors

Plasmid DNA, which is mostly used as nonviral gene therapy modality, is easily degraded by
nucleases [11]. Therefore, some strategies to reduce the size and prevent the degradation have
been developed. The most commonly used agents for gene delivery are cationic lipids [12]. The
cationic head group of the lipids binds to DNA and the lipid tail enables the collapse of the
DNA lipid complex [13]. Cationic lipid DNA complexes (lipoplexes) (LPD/DNA) enter the
target cell through an endosomal pathway. However, the transgene expression efficiency is
very low with lipoplexes. It has been shown that only a very small portion of the systemically
injected DNA could be reached to tumor tissue [14].

Lipid-based formulations of gene delivery have been predominantly limited to the intratu‐
moral or local applications. The systemic administration carries the potential risk of adverse
inflammatory and immune reactions. The development of systemic lipid delivery systems with
the modifications to reduce the systemic toxicity could have the potential for clinical use in
cancer gene therapy. In an animal model of breast cancer, folate-targeted lipid–protamine
DNA complexes (LPD-PEG-folate) have been shown to reduce the tumor volume and increase
the survival when administered systemically [14].

Neutral liposomes composed of DOPC (1,2-dioleyl-sn-phosphatidyl choline) and DOPE (1,2-
dioleyl-sn-phosphatidyl  ethanol  amine)  and  polycationic  carrier  proteins  as  protamine,
polylysine, polyarginine, polyhistidine, or polyethynilemine (PEI) are also suitable to carry
the  DNA [15–18].  The  hydrophobic  polymers,  such  as  polyethylene  glycol  (PEG),  polyhy‐
droxy propylmethacrylamide (pHPMA), and polyvinyl pyrrolidine (pVPyrr), have also been
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used to mask the positive charge of DNA to extend its half-life in the blood [19,20]. Both
the  neutral  liposomes  and hydrophobic  polymers  yield  less  toxicity  when administered
systemically.  The  leaky  nature  of  the  blood  vessels  of  the  tumors  allows  the  influx  of
macromolecules as polymer shielded DNA into the tumor. The PEGylation of plasmid DNA
has been reported to circulate in the blood several hours and passively accumulate in the
subcutaneous tumors in animals [21].

4.2. Viral vectors

Viruses have the natural ability to deliver the nucleic acids within its own genome to specific
cell types, including cancer cells. This ability makes those attractive and popular gene-delivery
vehicles. Retroviruses, adenoviruses, adeno-associated viruses, herpes simplex virus, poxvi‐
ruses, and baculoviruses are commonly modified and used as gene therapy vectors in cancer.
Additionally, chimeric viral-vector systems combining the properties of two or more virus
type are also developed.

Retroviral vectors derived from retroviruses contain a linear single-stranded RNA of around 7–
10 kb and have a lipid envelope. The viral particles enter the mammalian cells expressing
appropriate receptors for retroviruses [22]. After entering the cell, the viral reverse transcrip‐
tase transcribes the virus RNA into double-stranded DNA (dsDNS). The dsDNA transcribed
in the cytoplasm forms a nucleoprotein preintegration complex (PIC) by binding cellular
proteins [23]. The PIC migrates to the nucleus and thereby integrates the host genome. The
ability of transgene expression in only dividing cells is an advantage of retroviral vectors for
cancer gene therapy to avoid undesired expression in nondividing cells of surrounding tissues.
The incorporation of retroviral genes into the host genome provides long-term expression of
transgenes. Although this is advantageous, a nonspecific incorporation of viral DNA could
impair the function of host gene or induce aberrant expression of a cellular oncogene [24].
Although retroviral vectors have been the most widely used gene transfer vehicles in the clinic,
the risk of insertional oncogenesis seen in the trial of X-SCID infants in 2003 has limited the
use of retroviral gene transfer systems in humans [25]. The possibility of generating replication-
competent retroviruses is another safety issue regarding the clinical use of those vectors [26].

Lentiviral vectors derived from retroviruses can cause stable integration of the transgene into
the host genome with long-term gene expression. The ability of transducing both dividing and
nondividing cells make those vectors more suitable and efficient gene transfer vehicle over
retroviruses. Targeting strategies of vectors at the level of cell entry and transgene transcription
improved the use of lentiviral vectors in gene therapy trials [27]. However, the biosafety
concerns of random integration to the host genome as in retroviruses are the limitations of
those vectors.

Adenoviral vectors are widely used to introduce the therapeutic genes into the tumor cells. They
can infect a broad range of cell types, transfer the genes being not dependent on cell division,
and have high titers and high level of gene expression [28]. The most widely used serotypes
of adenoviruses to develop vectors in human cancer gene therapy studies are type 5 (Ad5) and
type 2 (Ad2). They have the capacity of approximately 8–10 kb of therapeutic genes with first-
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generation vectors and up to 36 kbp with gutless third generation adenoviral vectors [29].
However, along with the immunogenic potential, the broad range of host cells by adenovirus
limits its systemic use in human cancer gene therapy trials [30]. Targeting strategies have
enabled the use of adenoviral vectors in human gene therapy trials. Adenoviral vectors cannot
integrate to cellular genome and express the transgene episomally. They cannot induce
random mutations. However, the transgene expression is limited to 7–10 days postinfection
[31]. Therefore, repeated administrations of the vector are needed to achieve sustainable
responses in cancer treatment. Adenoviruses could be engineered either as replication
deficient by deleting the immediate early genes of E1 or replication-competent keeping the E1
region. Replication-competent adenoviral vectors will be further discussed in the section of
oncolytic viruses.

Adeno-associated viruses (AAV) are simple viruses with approximately single-stranded DNA of
4.7 kb in size [32]. They belong to parvovirus family and require a helper virus such as
adenovirus or herpes virus for lytic replication and release from the cell [33]. They can infect
a wide variety of cells independent of cell cycle. This property makes AAV as suitable vectors
for cancer gene therapy. Furthermore, unlike adenoviruses, they elicit little immune response
when infect the normal host cells. Another advantage of AAV over adenoviruses is their ability
to integrate the transgene into a particular spot on the 19th chromosome of human cells [34].
Unlike retroviruses, AAV cannot induce mutations. However, the major drawback of AAV is
its limited cargo capacity of approximately 4 kbp of therapeutic genes. AAV could transduce
certain cell types. Therefore, targeting strategies such as modification of viral capsid proteins,
binding monoclonal antibodies, or bispecific proteins have been developed to improve the
efficiency of AAV systems in cancer gene therapy [35,36].

Baculoviruses are enveloped viral particles with a large dsDNA of approximately 80–180 kb.
They naturally infect insect cells. There have been no diseases related to baculoviruses in
humans. Along with their highly safety profile in humans, they seem very useful gene therapy
vehicles with their highly large cargo capacity of approximately 40 kb with possible multiple
inserts, easy manipulation, and production [37]. Autographa californica multiple nucleopoly‐
hedrovirus (AcMNPV) is the most widely used types of baculovirus in gene therapy studies.
It has a circular dsDNA genome of 135 kb [38]. They can easily transduce mammalian cells,
including many types of cancer cells, and cause high transgene expression in the host cell [39].
They are already approved for the production of human vaccine components such as Cervarix
(GlaxoSmithKline) in cervical cancer and Provenge (Dendreon) in prostatic cancer [40].

Herpes simplex virus (HSV) is a large DNA virus with approximately 152 kb of dsDNA genome.
It has a natural tropism to nerve tissues and cannot integrate into the host genome [41]. The
HSV vectors can be designed in three different types as amplicons, replication-defective, and
replication-competent vectors [42]. In general, the replication-competent HSV vectors are used
as oncolytic agents in cancer gene therapy studies [43].

Poxviruses were the first viruses to be used as gene therapy vectors. They have been used in
the in vitro production of proteins and as live vaccines. The attenuated forms of poxviruses
have been developed and used in the development of genetic cancer vaccine trials [44]. The
immunostimulatory properties of poxviruses make them preferable agents to induce immun‐
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Herpes simplex virus (HSV) is a large DNA virus with approximately 152 kb of dsDNA genome.
It has a natural tropism to nerve tissues and cannot integrate into the host genome [41]. The
HSV vectors can be designed in three different types as amplicons, replication-defective, and
replication-competent vectors [42]. In general, the replication-competent HSV vectors are used
as oncolytic agents in cancer gene therapy studies [43].

Poxviruses were the first viruses to be used as gene therapy vectors. They have been used in
the in vitro production of proteins and as live vaccines. The attenuated forms of poxviruses
have been developed and used in the development of genetic cancer vaccine trials [44]. The
immunostimulatory properties of poxviruses make them preferable agents to induce immun‐
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ity against tumors. In particular, the attenuated MVA virus derived from chorioallantoid
vaccinia Ankara (CVA), a Turkish smallpox vaccine strain, has been widely used in cancer
vaccine development strategies [45].

5. Cells as the carriers of cancer gene therapy vectors

The systemic administration of the gene therapy vectors usually failed because of low titer
achieved in the target tissue and insufficient transgene expression. The clearance of the vector
by the immune system, sequestration, and nonspecific binding to nontarget tissues are the
major drawbacks of viral and nonviral vectors [46,47]. In general, in vivo targeting has relied
mainly upon the enhanced leakiness of the tumor vessels, allowing the extravasation and
access to tumor cells. Besides, the target tropism, extravasations in tumor site, and poor
penetration of the vectors into the tumor tissue are the major problems for the vectors to
eradicate the metastatic tumor deposits.

Cell carriers have the potential of eliminating those problems. They are stable and most of
them have tumor homing properties and can be administered locally, such as intraperitoneal
or intratumoral injections or systemically. In case of the use of autologous cells, they will not
be cleared by the immune system. Macrophages, bone marrow mesenchymal stem cells (MSC),
T cells, NK cells, and eosinophils are the known cells infiltrating the tumor tissues. Also, the
tumor cells themselves naturally have the potential of homing to the tumor deposits through‐
out the body.

Macrophages have been used to deliver therapeutic genes because of their naturally trafficking
ability to sites of neoplastic diseases [48]. Further refinement of the targeting of these cells by
using transcriptional promoters could avoid the transgene expression in other parts of the
body where the macrophages naturally traveled [49].

T cells can be used to transfer the therapeutic genes to target tissues because of their ability to
circulate through the body and arrest in tumor tissues [50]. T cells have the advantage of the
release of vectors that they carry in an antigen-binding-specific manner. The T cells could also
provide further antitumoral activity by their cytotoxic effects. Tumor infiltrating lymphocytes
(TIL) are the first example of cell-based carriers in cancer therapy in which they were trans‐
fected with cytokine genes [51].

Mesenchymal progenitor cells from either bone marrow (MSC) or adipose tissue (PLA) have
the potential to expand in culture and the differentiation along the adipogenic, osteogenic,
chondrogenic, and myogenic lineages [52,53]. It has been shown that lentivirally transfected
mesenchymal progenitors from the adipose tissue have sustained transgene expression, even
after the differentiation into adipogenic and osteogenic lineages [54]. Further modifications of
PLA cells transfected ex vivo in order to target tumor tissues of their natural potential
differentiation would provide an efficient gene delivery vehicle.

Some other cells such as fibroblasts and allogeneic cells have also been used as cell carriers for
gene therapy vectors [55,56]. Because of their homing properties to the tumor cell deposits,
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tumor cells could be good candidates to target the established metastases. An animal model
of MDA-MB-231 cells, transduced ex vivo by a CD carrying Ad vector, has been shown to
reduce the tumor volumes in the established metastases of the tumor [57].

6. Gene targeting in cancer gene therapy

In order to maximize the therapeutic index of cancer gene therapy, the expression of thera‐
peutic genes could be restricted to the target tissues. Therefore, the targeting of gene therapy
vectors is the major key for the success of those treatments. There are two main targeting
strategies: physical targeting and biological targeting.

6.1. Physical targeting

The first one is physical targeting by means of some physical methods such as local injections,
catheters, gene guns, and electroporation. This strategy is usually used for local delivery of
gene therapy vectors and is therefore not suitable for most of the cancer patients who may
have cancer spread throughout the body. Supercoiled DNA molecules and oligonucleotides
are also successfully delivered to the cells of the skin following intradermal injection to the
tumor deposits accessible by local injections. However, intratumoral injection might have only
the transducing capacity of the cells neighboring the needle. The tumor deposits in the body
cavities such as peritoneum, pleura, and meninges and in subcutaneous tissues are the
potential targets for the physical targeting of the gene therapy vectors in the clinic [58,59].

6.2. Biological targeting

In a second strategy, the viral or nonviral carriers of the genes are modified in such a way that
they can only bind to tumor cells but not the normal cells. Because of the low transduction
efficiency of the currently used gene therapy vectors in distant tissues when administered
systemically, the specific transgene expression or viral replication in target tissues could
provide an opportunity to achieve sufficient antitumor activity. To achieve this goal, tran‐
scriptionally and transductionally targeted vectors have been developed. For safety reasons,
mostly the replication defective vectors have been used to transfer the therapeutic genes into
tumor cells. However, because of limitations of vector delivery and relatively low levels of
gene transfer capacity, replication-deficient vector systems are usually inefficient for the
treatment of large solid tumors. Therefore, replicating vectors could efficiently transfer genes
and also increase the therapeutic efficiency by means of its oncolytic effect. Such vectors could
be targeted in such a way that they can replicate within the tumor cells but not in normal cells
and cause no local or systemic toxicity.

6.3. Transcriptional targeting

The clinical utility of a cancer gene therapy program will be dependent on its therapeutic index.
In order to maximize the therapeutic index, the expression of therapeutic genes could be
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restricted to the target tissues. The selective targeting of gene therapy vectors to specific cells
enables the delivery of therapeutic genes to the target cancer cells while sparing the normal
tissues. This has the potential of the reducing the dose of vectors and toxicity.

Transcriptional targeting, which utilizes DNA regulatory (promoter/enhancer) elements that
enable the expression of transgenes within specific cells, would probably decrease the toxicity
of the treatment while increasing the specificity. The promoters used to drive the transgenes
in viral or nonviral vectors targeted in cancer therapy could be tumor-selective, inducible, or
cell cycle regulated. Certain genes have been expressed specifically in tumors such as L-plastin,
survivin, telomerase, and midkine [60]. The vector constructs carrying tumor-specific pro‐
moters such as L-plastin, survivin, and midkine have been shown to efficiently eradicate tumor
cells while sparing normal cells [61–63].

Likewise, the tumor-type-specific group of selective promoters shows a pattern of tumor tissue
specificity. The promoters of oncofetal antigens such as carcinoembryonic antigen (CEA) and
alpha-feto protein (AFP), mucin 1 (muc1), and oncogenes such as c-erbB2 and MYC have been
used widely in the transcriptional targeting of gene therapy vectors to achieve specific
transgene expression in tumor tissue [64–68].

The phenotypically heterogeneous expression of certain genes in certain tissues constitutes the
basis of tissue-specific promoters in cancer gene therapy. The tissue specificity of those genes
is largely regulated at the transcriptional level. Therefore, the promoters of those genes have
been used to target cancer gene therapy vectors to specific tumor types in a specific manner
of their origin of tissues. The tissue-specific promoters such as PSA in prostatic cancer [69],
tyrosinase in melanoma [70], albumin in hepatocellular carcinoma [71], thyroglobulin (TG) in
thyroid cancers [72], glial fibrillary acidic protein (GFAP) in glioblastoma [73], and osteocalcin
(OC) in osteosarcoma [74] have been used to specifically target those tumors.

The inherent problems of tissue or tumor-specific promoters such as relative weakness and
lack of true restriction of gene expression to the tumor tissues have led to the use of new
promoters whose activity can be controlled exogenously. These systems also provide temporal
control of gene expression. Various stress genes of the body are usually silent under normal
conditions, but they are activated during the stress to protect the tissues. The stress genes up-
regulated during stress such as heat, hypoxia, glucose deprivation, irradiation, and chemo‐
therapy have opened a new avenue to the development of the tumor-specific targeting of gene
therapy. The use of human heat shock protein (HSP)-driven HSV-TK or CD suicide gene
therapy vectors has been a significant activity when combined with hyperthermia [75]. The
promoter region of the hypoxia-inducible factor (HIF-1), a key regulator of the transcriptional
response to oxygen, has been successfully used to target tumor cells [76]. MDR-1 gene encodes
a 170-kDa P-glycoprotein and belongs to the ATP-binding cassette (ABC) family of transport‐
ers, which mediates the transport of some chemo drugs out of the cells thereby decreasing the
efficacy of the treatment [77]. Therefore, the use of vector constructs carrying therapeutic genes
under the control of MDR-1 promoter could efficiently target chemo-resistant tumor cells [78].

Uncontrolled cell proliferation is the prominent feature of cancer cells. The retinoblastoma
family of proteins and their upstream regulators such as cyclin D, CDK4, and p16/INK4
regulate the G1 checkpoint in the cell cycle. Tumor suppression by Rb has been linked to its
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ability to repress E2F-responsive promoters such as E2F-1 promoter. It has been shown that
Ad vectors that contain transgenes driven by E2F-1 promoter can mediate tumor-selective gene
expression in vivo in glioma cells [79]. The promoters of cell cycle genes such as cyclin D, cyclin
A, cdc25c, cyclin-dependent kinase inhibitors, p16/INK4, p27, and p14 could be expected to
exert cell cycle arrest, thereby increasing the apoptosis when used in vector targeting strategies
in proliferating tumor or endothelial cells [80–83]. Additionally, drug-inducible systems such
as tat-on/tat-off regulated by tetracycline or rapamycin could provide a wide-dose response
range in the treatment [84].

6.4. Transductional targeting

The second strategy of biologic targeting is to engineer the either viral or nonviral vectors in
such a way that they can be captured only in tumor tissues, and therapeutic genes are produced
only in the environment of the tumor tissue. There have been numerous attempts to modify
the vectors with tumor cell-specific ligands that would increase the specific binding to tumor
cells and reduce the toxicity. Therefore, targeting DNA complexes to the tumor cell-specific
receptors is an attractive strategy. One of the well-known strategies is coating the surface of
the complexes with transferrin, an iron-binding plasma protein that is mainly an up-regulated
expression on rapidly proliferating cells as tumors [85]. Likewise, coating with EGF has also
been reported to cause a 50-fold increase in the transgene expression in hepatocellular
carcinoma cells [86]. The suicide gene HSV-TK/PEI complex mixed with a single chain
antibody (scFv) against EGFR with a negatively charged oligopeptide tail has exhibited EGFR-
specific gene transfer in vitro and in vivo [87].

The nonviral systems usually fail in promoting the delivery of DNA to the nucleus. Almost
99% of the internalized DNA from a nonviral vector is degraded in the cytoplasm [88].
Trafficking of exogenous DNA from cytosol to the nucleus may be improved by using the
nuclear localization signal (NLS) found in some nuclear proteins [89]. Dermaseptins, a family
of antimicrobial peptides that destabilize the membrane, have been successfully linked to NLS
of SV40-T antigen and HIV-1 Rev protein [90]. Likewise, mellitin, which is a membrane-active
protein, and viral protein r (vpr) of HIV-1, which binds directly to nucleoporins of the nuclear
pore complex, have been successfully bound to PEI/DNA complexes to improve nuclear
transport [91].

The selective targeting of viral vectors to specific cells permits the cell-specific expression
of transgenes and enables the systemic administration of the vectors. Avoiding the targeting
of the native receptor found on immune and inflammatory cell surfaces also reduces the
immunity  and  inflammation  to  those  vectors.  Replication-competent  retroviral  vectors
(RCR)  based  on  murine  leukemia  virus  (MLV)  represent  an  attractive  system  for  gene
delivery through their ability to replicate and provide long term transgene expression in
rapidly proliferating cells [92]. However, the uncontrolled spread of the RCR might cause
the infection of nontarget cells.  In order to develop tumor-selective RCR vectors, several
modifications have been made such as a modification of the envelope protein by insert‐
ing  single  chain  antibodies  (scFv)  [93]  and  peptide  ligands  [94].  Also,  the  specifically
targeted entry of replication-deficient retroviral vectors has been accomplished by combin‐
ing cell-specific monoclonal antibodies [95,96].

The  capability  of  an  Ad  vector  to  infect  a  cell  is  mainly  based  on  CAR  and  integrin
expression.  Following  the  attachment  of  an  adenoviral  vector  to  the  target  cell  via  C-
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terminal part of the fiber protein (knob) and CAR (Coxsackie’s B adenovirus receptor), the
alphaV beta3 and alphaV beta5 integrins mediate the internalization of the vector [97]. The
CAR deficiency of the primary tumor cells limits the success of the gene therapy proto‐
cols using Ad vectors [98]. Redirecting the Ad vectors to bind other cellular receptors would
allow CAR independent virus entry into the tumor cells. There are mainly two strategies
to  redirect  the  viral  vectors  to  the  cells:  conjugate-based  and genetically  modified  viral
membranes. Adenoviral vectors have been targeted to different cells by genetic modifica‐
tion of the capsid or by using adapter molecules. In the conjugate-based strategy, it is aimed
to  complex  the  vector  with  the  targeting  molecule  that  redirects  the  vector  to  the  cell-
specific  receptors.  Bispecific  molecules containing a first  specificity for the fiber knob to
block binding to CAR and the second specificity for a cell-specific receptor, such as bispecific
fusion proteins  (antibodies),  bispecific  peptides,  polymer mediated ligand coupling,  and
chemical  modifications  (biotin–avidin  bridges),  have  been  utilized  to  target  adenoviral
vectors [99–101].

Adeno-associated vectors (AAV) possess a highly favorable safety profile and have the unique
potential in certain cancer models. However, they have a restricted range of cells to transduce
transgenes to the target tissues. In order to augment the transduction efficiency of AAV in
various tissues retargeting strategies such as engineering of viral capsid, monoclonal antibod‐
ies and specific peptides have been used to successfully retarget the AAV vectors [102,103].

7. Targets for gene therapy of cancer

Current gene therapy studies have mainly focused on introducing the genes into the tumor
cells to block the action of oncogene expression and the development of tumor vasculature, or
to induce the development of an immune response against the cancer tissue. The major targets
of gene therapy are shown on Table 1.

Tumor suppressor genes (p53, RB, APC, BRCA1)

Oncogenes (RAS, BCL-2, MET, MYC, ERBB2, HPV E6E7, etc.)

Drug-metabolizing enzymes (cytosine deaminase, HSV-thymidine kinase, cytochrom p450, purine nucleoside
phosphorylase, carboxypeptidase A)

Direct cell killing (oncolytic vectors)

Angiogenesis (endostatin, angiostatin, VEGF, tissue factor, Tie2, etc.)

Cytokines (IL-2, IL-12, GM-CSF vb)

Immune system (T-cell receptor)/cancer vaccines (tumor-specific antigens, polynucleotide vaccines, genetically
modified dendritic cell-based vaccines, and adoptive immunotherapies)

Table 1. The major targets of gene therapy of cancer

7.1. Tumor suppressor genes

Loss of functions of tumor suppressor genes have crucial role in the development and spread
of cancer. Therefore, those genes were among the first targets of gene therapy studies. P53 is
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mutated in almost 60 percent of solid tumors. Reintroducing wild-type p53 has been one of
the common gene therapy approaches within the last two decades. The introduction of wild-
type p53 by retroviruses or replication-deficient adenoviral vectors into the cancer cells inhibits
tumor growth both in vitro and in vivo [104]. The use of adenoviral vectors carrying p53 has
yielded some clinical activities, particularly in patients with head and neck cancers and lung
cancers used either as a single agent or in combination with chemotherapy or radiotherapy
[105,106]. Likewise, strategies aiming at the activation of p53 pathway in patients with p53-
mutated tumors have also been tried. The introduction of small synthetic peptides like CDB3
derived from p53-binding protein 2 or p53 C terminal peptide have been shown to reactivate
the mutant p53 functions in vitro [107]. Furthermore, transductions of other family members
of p53 like p63 and p73, which are known to transactivate the downstream genes of p53
pathway, have been shown to induce apoptosis of tumor cells [108,109].

RB1 is a tumor suppressor gene involved in cell cycle regulation. Constitutively active RB1
potently inhibits cellular proliferation and induce persistent cell cycle arrest [110]. Since the
first cloning of the RB gene at the beginning of the nineties, researchers have tried to activate
the tumor suppressor function of the RB pathway. Gene transfer of truncated RB protein, such
as RB94, has been shown to restore the RB pathway and to induce potent tumor growth
inhibition both in vitro and in vivo [111]. However, these strategies have not been tested in the
clinical setting yet.

The restoration of functions of other tumor suppressor genes such as adenomatosis polyposis
coli (APC) in colorectal cancer cells [112] and BRCA1 in breast and ovarian cancers [113] has
been shown to slow the growth of tumor cells.

7.2. Oncogenes

The targeting of oncogenes has long been at the focus of drug development studies in cancer.
Small molecules of inhibitors of oncogene functions such as tyrosine kinase inhibitors have
already been used in the routine treatment of various cancers. Gene therapeutic strategies to
suppress oncogene functions are usually focused on the inhibition of those genes at mRNA
level. Usually small oligonucleotides or RNA inhibitors such as short-interfering RNA
(siRNA), short-hairpin RNA (shRNA), or micro-RNA (miRNA) have been used to interfere
the actions of oncogenes [114].

Chemically modified or unmodified small single-stranded DNA molecules, antisense oligo‐
nucleotides inhibit protein translation through the disruption of ribosome assembly or
utilization of RNase H enzymes to destroy mRNA. Numerous oligonucleotides and RNA
inhibitors have been designed to inhibit oncogenes, including RAS, MYC, BCL-2, or cell
signaling molecules survivin, IGF, VEGF, and PKCalphfa, have been tested. Although the
efficacy of these oligonucleotides has shown a great diversity, some of them have been tested
in phase II/III clinical trials in various cancer types [115]. Oblimersen, an antisense oligonu‐
cleotide targeting Bcl-2, is one of the oldest agents that have already tested in phase III studies
of Chronic Lymphocytic Leukemia CLL and multiple myeloma [116,117]. The members of the
RAS family of oncogenes have been found mutated in various solid tumors. Therefore, the
targeting of RAS would have been a hot topic in the development of recent therapeutics.
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Targeting RAS with an anti-RAS mRNA plasmid yielded significant tumor inhibition when
used alone or in combination with chemotherapy in hepatoma cells [118]. Antisense oligonu‐
cleotides targeting survivin, which are highly expressed in various cancer types, including
liver, lung, breast, and prostate, have been employed successfully to inhibit the expression of
the gene [119]. The phase I/II clinical trials have also shown some responses in cancers [120].

7.3. Gene-Directed Enzyme/Prodrug Therapy (GDEPT)

Conventional chemotherapeutic drugs are mainly directed to nonspecific direct cell killing.
However, dose-limiting toxicities avoid the use of higher doses of those drugs to eradicate the
disseminated cancer. However, if the drug was synthesized within the tumor tissue, then the
toxicity level would only increase in tumor cells but not other parts of the body. The tumor-
specific targeting of drug-metabolizing genes and the systemic use of a prodrug that is
converted to a cytotoxic agent by the action of transduced enzyme called gene-directed
enzyme/prodrug therapy (GDEPT) enable the achievement of that aim. GDEPT is also known
as suicide gene therapy. A lot of drug-metabolizing genes have been used to develop suicide
gene therapy/prodrug systems. Cytosine deaminase (CD) and herpes simplex virus 1 thymi‐
dine kinase (HSV1-TK) are the most widely studied ones in cancer gene therapy [121,122]. CD,
an enzyme found in fungi and bacteria, converts the nontoxic 5-fluorocyotsine into a toxic
chemotherapy drug of 5-fluorouracil. The lack of this enzyme in mammalian cells makes it a
convenient gene therapy tool to achieve intaratumoral chemotherapy. Others and we have
designed suicide gene therapy vectors to avoid systemic toxicity of 5-FU. We have shown that
Lp-driven CD carrying adenoviral vectors (AdLpCD) specifically target the epithelial cancers,
including breast, ovary, prostate, and lung [123]. It is possible to achieve a 5-FU dose in tumor
tissue as much as 200-fold of the dose when the drug is used intravenously at the standard
dose [123]. The 5-FU produced in the infected tumor cells can diffuse into the neighboring
tumor cells and kill them even not infected by the vector, which is called bystander effect [124].
Likewise, the combination of CD carrying vectors with conventional chemotherapy or
radiotherapy yields synergistic efficacy [125–127].

TK, one of the immediate early (IE) genes of HSV, converts ganciclovir (GCV) into a tri‐
phosphated form of GCV, which is an analogue of purine and inhibits DNA polymerase [128].
HSV1-TK suicide gene therapy loaded onto either adenoviral vectors or retroviral vectors has
been used to treat various tumors, including pancreatic cancer, hepatocellular carcinoma, lung
cancer, glioma, and leukemia [129–133]. Although the exact mechanism of HSV-TK carrying
vectors to kill tumor cells is not completely understood, they can induce apoptosis sensitizing
the TNF-related ligands or the sensitization of CD95-L, TNF-related apoptosis inducing
ligands may contribute to cell death [134]. The transcriptional targeting of HSV1-TK vectors
using tumor-specific promoters has decreased the potential side effects [130]. HSV-TK/GCV
prodrug systems have also been modified with other genes such as addition of E-cadherin to
increase the bystander effect of the vector [129].

Other prodrug-activating enzymes such as purine nucleoside phosphorylase to convert 6-
methylpurine-2-deoxyriboside to 6-methyl purine, cytochrome p450 cyclophosphamide and
ifosfamide to active metabolites of phosphoramide mustard and acrolein cyanide, and
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carboxypeptidase methotrexate-alpha peptides to methotrexate have also been reported to
decrease tumor burden in various preclinical models [135–137].

Dying tumor cells during suicide gene therapy could induce a tumor-specific immune
response. Therefore, combining prodrug/enzyme systems with an immnuomodulating
cytokine would further improve the efficacy. The addition of an IL-2 gene to the HSV-TK has
yielded more potent antitumoral activity when compared the each strategy alone [138].
Similarly, GM-CSF, IL-12, and IL-18 have also been used to increase the antitumoral activity
of suicide gene therapy [139,140]. Suicide gene therapy also successfully combines with other
strategies such as targeting tumor angiogenesis or adoptive transfer [141,142].

7.4. Oncolytic viral vectors

Viruses have long been recognized tumor cell lytic agents and tried to treat cancer patients.
However, the use of unmodified oncolytic viruses usually failed in the clinic. The engineering
of those viruses to increase their therapeutic index have been possible in the last two decades.
Herpes simplex virus (HSV), adenoviruses, parvoviruses, Newcastle disease virus, and
retroviruses have been modified as oncolytic viral vectors.

HSV with its high infective capacity of a large number of cell types has been one of the popular
oncolytic agents in the treatment of cancers. By deleting the genes thymidine kinase (TK),
ribonucleotide reductase (RR), or ICP34.5 alone or in combination, HSV vectors could be
selectively targeted many cancer types [143,144]. In order to further increase the cancer cell
specificity of the replicating vector, engineering of the expression of surface glycoproteins,
attachment of a novel receptor, or other macromolecules such as bispecific antibodies have
been tested [145]. Likewise, tumor cell-specific promoters to drive the immediate–early gene
expression, which is essential for viral replication, has been another effective strategy to obtain
tumor-selective HSV [146].

Adenoviruses can infect a wide variety of dividing and nondividing normal and tumor cells.
They can be engineered to have tumor-selective oncotropic properties or to be conditionally
replicative (CRAds) for selective cancer gene therapy.

In type I CRAds, usually a mutant Ad vector that replicates specifically in tumor cells with
aberrant cell cycle regulation has been developed. A deletion in the E1B 55-kDa region
abrogates the p53 binding of the vector, and therefore, the vector cannot replicate in cells with
intact p53 [147]. Therefore, this mutant Ad vector (dl1520) could replicate in only p53-deficient
tumor cells. However, further studies revealed that E1B 55-kDa mutant CRAds could also
replicate in p53 intact tumor cells [148,149]. The CRAds are already tested in phase II/III clinical
trials with some success in patients with p53-deficient tumors [150]. Accordingly, the combi‐
nation of CRAds with conventional treatment modalities provided better tumor control [151].
Although the combination of E1B-55kD mutant Ad vector with chemotherapy has yielded a
promising result of 63% partial response in patients with head and neck cancer administered
intratumorally [151], no objective responses were seen when the vector used alone [152,153].

Another way to achieve tumor-specific adenoviral replication is to take the advantage of
altered cell cycle regulation at G1-S phase checkpoint in which the retinoblastoma 1 (RB1] gene
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functions. In most of the cancer cells, there is a mutation in RB1 gene. Therefore, an Ad vector
having a mutation in the RB-binding site of E1A cannot induce the quiescent cells to pass the
checkpoint. A mutant CRAd carrying an E1A deletion, Ad5-∆24, is unable to replicate in
normal cells with the wild-type RB1 gene [154]. It has been shown that this E1A mutant Ad
vector has strong oncolytic activity in in vitro experiments of glioblastoma cells. Also, a similar
vector with E1A mutations at RB-binding sites (dl922-947) has also been shown to have strong
antitumor activity in other tumor models such as breast and colon cancer [155]. An additional
promising strategy to achieve specific oncolytic activity to the CRAds is the use of tumor-
specific promoters that drive the genes of the vector responsible for the replication, referred
to as type II CRAds. There have been many replication-competent vectors carrying tumor- or
tissue-specific promoters such as prostate-specific antigen (PSA), alphafeto protein (AFP),
Tcf4, MUC1, and CEA that have been developed [156–160]. We have designed replication-
competent adenoviral vectors carrying Lp-driven E1A, which are specifically replicated in
various tumor cell lines but not in normal cells [161]. We have also constructed a bicistronic
CRAd vector carrying both cytosine deaminase (CD) gene and E1A linked by an IRES
component driven by the Lp promoter (AdLpCDIRESE1A) [162]. The new bicistronic construct
also has been shown to have significant oncolytic activity in the colon (HTB-38), breast
(MCF-7), ovary (Ovcar 5], and prostate (LNCaP) cancer cell lines but not in normal human
mammary epithelial cells [162]. Also, the combination of the construct, AdLpCDIRESE1A/
5flourocytosine system, and chemotherapy has shown synergistic activity [163].

Different replication-competent viruses are currently being studied for their potential use in
cancer gene therapy. The naturally occurring tumor-selective viruses in their replication and
cytolysis might have the potential in cancer treatment. Autonomous parvoviruses (APV) have
been shown to replicate more efficiently in transformed cells than normal cells [164]. The
members of the rodent group of APVs such as LuIII, MVM (minute virus of mice), and H1,
which can infect human cells, are currently being studied as vectors for cancer gene therapy.
The replication of APV depends on cellular functions expressed during the S phase of the cell
cycle. The oncogenic transformation of cells favor the replication of APVs and therefore makes
them as oncolytic viruses [165]. The overexpression of the RAS signaling pathway [166] and
the defects in the interferon pathway of the transformed cells [167] could possibly enhance the
oncolytic activity of the APVs. Further manipulation of the specific targeting of those vectors
to achieve tumor-specific transgene expression such as inserting binding sites for the hetero‐
dimer beta-catenin/Tcf transcription factor to the MVM P4 promoter to make it responsive to
wnt signaling would make those attractive vectors for cancer gene therapy [168].

Newcastle disease virus (NDV) is an animal virus showing oncolytic activity in transformed
cells. In murine tumor xenograft models, the intratumoral administration of NDV has caused
significant tumor reduction [169]. Also, the intraperitoneal injection of the virus has resulted
in complete regressions of tumor xenografts. A replication-competent strain of NDV, PV701,
has been shown to replicate in tumor tissues of patients with solid tumors when administered
intravenously [170]. In that phase, trial objective responses have also been achieved at higher
and repeated doses of the virus.
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The murine hepatitis coronavirus (MHV), an oncolytic virus, is a positive-strand RNA virus
displaying strong species specificity with a replication cycle of 10–15 h and efficiently kills cells
by fusion of the infected cells with their neighboring cells [171]. Substituting its spike protein
by the other species such as porcine amino peptidase could change the host cell tropism of the
MHV. The resulting recombinant corona virus pMHV thus only infects porcine cells via the
porcine amino peptide N (pAPN) receptor. In vitro studies have shown that the tumor cells
could be more susceptible to that recombinant corona virus [172]. It is also likely to further
manipulate those vectors by using specific antibodies.

7.5. Tumor vascular targeting therapy

Unraveling the mechanisms of tumor-induced angiogenesis, which is a key event in tumor
growth and metastasis, has opened a new therapeutic era in cancer treatment. The antiangio‐
genic gene therapy approaches have been reported to inhibit the tumor-induced angiogenesis
and therefore tumor growth. The main strategies in antiangiogenic gene therapy are targeting
specifically the endothelial cells (direct antiangiogenic gene therapy) and interfering with a
tumor-derived angiogenic factor or the receptor for it or delivery of genes that encode
angiogenesis inhibitors (indirect antiangiogenic therapy).

Proangiogenic cytokines such as vascular endothelial growth factor (VEGF) and basic fibro‐
blast growth factor (bFGF) mainly secreted from tumor cells are required for the new vessel
formation. The indirect strategies were mainly focused on the inhibition of proangiogenic
cytokines or receptors involved in VEGF pathway or basic fibroblast growth factor (bFGF).
VEGF binds two high affinity receptors (VEGFR1/FLT-1 and VEGFR-2/KDR) that are ex‐
pressed on endothelial cells. An adenovirus-mediated transfer of a secreted form of the
extracellular domain of the FLT-1 (AdsFLT) has been shown to inhibit the growth of metastatic
tumor deposits when administered intravenously to preestablished splenic and liver meta‐
stases from a murine colon carcinoma cell line in syngeneic mice [173].

Likewise, the delivery of genes encoding antiangiogenic proteins such as endostatin, angios‐
tatin, platelet factor 4, interferon alpha, and thrombospondins have also been tested [174]. The
intratumoral administration of a plasmid encoding murine endostatin under the control of a
CMV promoter has provided elevated concentrations of endostatin high enough to obtain
growth arrest of murine renal carcinoma cells and breast cancer model [175]. Likewise, an
adenoviral vector carrying human endostatin gene markedly reduced the blood vessel density
of the tumor in an orthotopic liver tumor model [176].

The viral vector constructs of other angiogenesis inhibitors such as angiostatitn, thrombo‐
spondin, platelet factor 4, and hepatocyte growth factor antagonists have also been shown to
successfully inhibit endothelial cell proliferation and tumor growth [177–180]. However, there
are conflicting results regarding the tumor inhibiting activity of antiangiogenic gene therapy
modality in experimental models. The combination of antiangiogenic gene therapy with
chemotherapy or radiation could be an efficient way of the inhibition of tumor growth [181].

Many vector constructs carrying therapeutic or reporter genes driven by endothelium-specific
promoters such as preproproendothelin-1 (PPE-1), VEGFR kinase insert domain receptor
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(KDR), VEGF, E-selectin, and endoglin/CD105 have been reported to specifically target
endothelial cells [182,183]. The replication-competent adenoviral vectors driven by the
regulatory elements of FLK-1 and endoglin have successfully been targeted to the dividing
endothelial cells, and therefore, this strategy could be used as an antiangiogenic treatment for
cancer [184]. The activation of proapoptotic caspases such as caspase 9, driven by endothelium-
specific promoters such as VEGF and FGF, could be another strategy to destroy endothelial
cells [185].

Antisense approaches also are being tested for the inhibition of VEGF. A recombinant adeno-
associated virus (rAAV) vector encoding an antisense mRNA against VEGF has been shown
to inhibit the production of endogenous tumor cell VEGF [186]. The adenovirus-mediated
delivery of an uPA uPAR antagonist, which inhibits FGF, has been shown to inhibit angio‐
genesis-dependent tumor growth and metastasis in mice [187].

7.6. Immune system as the target of cancer gene therapy

The immune system is the most important defense mechanism of the body against cancer.
Recent developments in gene therapy have suggested to many cancer therapists that cytokine–
chemokine-based gene therapies, tumor antigen-specific vaccination strategies, and gene-
modified cellular therapies have great potential for future use either in the treatment of an
established disease or in the prevention of cancer in people having high risk of developing
cancer.

Cytokine/chemokine-based gene therapy has been widely used to induce immune system
against tumors. The delivery of immunomodulatory cytokines by gene therapy vectors has
opened a new avenue both to decrease the toxicity of these cytokines when used systemically
and to augment antitumor immunity. A wide variety of cytokines such as GM-CSF, IFN-a,
IFN-g, IL-2, IL-4, IL-12, IL-18, and IL-24 have been tested so far [188–191]. Also, the vector
constructs, including the combination of these cytokines, have also been tested in cancer. The
coexpression of IL-12 and GM-CSF has been reported to yield significantly more immune
response than the either cytokines alone [192]. In particular, implementing the cytokine genes
into oncolytic viruses has great potential for use in clinical trials [193]. Chemokines recruit the
immune effector cells to the tumor microenvironment. The delivery of chemokines such as
CCL-5 using viral vectors has also resulted in significant tumor reduction through increasing
tumor infiltration of DCs, macrophages, and CTLs [194].

Tumor-associated antigens (TAA) loaded on to gene therapy vectors have been tested in cancer
treatment (DNA vaccines) [195,196]. However, the efficacy of using TAA alone is not enough
to get a sufficient immune response to decrease tumor size. Therefore, researchers have focused
on the augmentation of the immune response by combining immune cytokines or costimula‐
tory molecules and TAA. This strategy seems much better than using either gene alone. We
have previously shown an increased efficacy of an adenoviral vector encoding a fusion protein
of CD40L and MUC1 in preclinical models [197]. The addition of prodrug/enzyme system to
DNA vaccination further increased the efficacy [198]. This strategy has also been tested in early
clinical trials with some success. Vector vaccinations using cytokines or costimulatory
molecules and tumor-associated antigens (TAA) have increased the immune responses and
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caused antitumor responses in preclinical models and even some responses in earlier clinical
trials. In a small clinical trial, an attenuated vaccinia vector carrying IL-2 and MUC1 has been
found effective in a small group of patients with advanced prostatic cancer [199]. Likewise, a
vector vaccine of canary poxvirus encoding B7.1 and CEA has been tested in a group of patients
with epithelial tumors [200]. Hundreds of different DNA vaccines have been tested in clinical
trials so far [202]. However, no DNA vaccine is available in the market.

Gene therapy vectors have also been used to transduce either autologous tumor cells or
dendritic cells. In the earlier studies, irradiated autologous tumor cells transduced to express
immunostimulatory molecules have been tested. In a syngeneic colon cancer model, the
subcutaneous injection of CT26 colon cancer cells transduced with an adenoviral vector
carrying GM-CSF gene has eliminated both the established tumors and prevented the growth
of new tumor nodules when rechallenged with tumor cells [201]. Later on, this strategy has
also been tested in human tumors. Autologous tumors transduced with GVAX, an adenovirus
carrying GM-CSF, have induced tumor-specific immunity in a variety of tumors, including
melanoma, prostate, and lung cancers [203]. Although a slight increase in overall survival has
been reported in those trials, no significant tumor responses observed [203,204].

The  ex  vivo  transduction  of  dendritic  cells  with  gene  therapy  vectors  carrying  either
immunostimulatory genes or TAAs is another promising strategy. When injected subcuta‐
neously,  the  dendritic  cells  exposed to  vectors  migrate  to  the  lymph nodes  where  they
prime cytotoxic T cells and induce a strong immune response. A number of vectors have
been designed to activate dendritic cells for the past two decades. We have tested the use
of ex vivo transduced dendritic cells with an adenoviral vector carrying a fusion protein
of  CD40L and MUC1 in a  syngeneic  mouse tumor model  [205].  The intratumoral  injec‐
tion of activated dendritic cells induced a potent tumor-specific T-cell response. Further‐
more, the combination of suicide gene therapy of a CD/5FU system and activated dendritic
cells  caused a more potent immune response and increased tumor response [205].  Like‐
wise,  retroviral  vectors  and lentiviral  vectors  are  both  used to  transduce  dendritic  cells
[206].  A  dendritic  cell  vaccine  based  on  the  ex  vivo  activation  of  mononuclear  antigen
presenting cells by a fusion protein consisting prostatic acid phosphatase and GM-CSF has
extended  the  progression-free  survival  of  patients  with  advanced  prostatic  cancer  and
approved by FDA in 2010 (Provenge®, Dendreon, USA) [207].

Recently, an adoptive therapy of cancer using genetically modified T cells armed with chimeric
antigen receptors (CAR) has gained great popularity with the announcement of success in
advanced malignancies [208]. CAR is a fusion receptor of an antibody-derived targeting
domain and T-cell signaling domain and expressed on T cells by a retroviral vector [209]. CARs
target antigens, including proteins, carbohydrates, and glycolipids without antigen processing
or HLA recognition. They can be generated in significant quantities ex vivo and used with the
minimal risk of autoimmunity or graft versus host disease [210,211]. However, because of the
severe side effects, the most troublesome being cytokine-release syndrome, researchers try to
obtain better CAR T cells with further refinement of receptor and better targets [212].
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8. Cancer gene therapy in the clinic—Future prospects

The vast majority of the clinical trials of gene therapy have been devoted to the treatment of
cancer so far. The gene therapy agents have been tested in many types of cancer in the clinic.
Almost 1200 clinical trials (approximately 64% of all gene therapy trials) in cancer have been
started, conducted, or completed [202]. Less than 4% of those are phase II or III and only few
of them are phase IV trials [202]. Although the preclinical and experimental studies have
yielded highly encouraging results, the progress in the clinic is not so remarkable. There is no
gene therapy agent available in the market yet.

The most important factor that has limited the success of clinical gene therapy trials in human
subjects is the delivery of the vector genetic elements or their products to the target cancer cells
and their vasculature. A second problem has been toxicity. Recent advances on improving the
delivery and specificity of gene therapy vectors have suggested these trials may be more
successful in the coming years. This is especially true of the attempts to use vectors to activate
the immune response against the tumor tissue. Continued testing of these strategies in the
context of clinical trials may lead to new opportunities for individuals engaged in a personal
struggle with cancer to control their disease.

Indeed, the nature of the distant spread of the disease, which causes the failure of conventional
treatment modalities, is also one of the main drawbacks of gene therapy of cancer.
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Abstract

Non-viral gene delivery vectors with messenger RNA (mRNA) as a carrier of genetic
information are among the staple gene transfer vectors for research in gene therapy,
gene vaccination and cell fate reprogramming. As no passage of genetic cargo in and
out of the nucleus is required, mRNA-based vectors typically offer the following five
advantages: 1) fast start of transgene expression; 2) ability to express genes in non-
dividing cells with an intact nuclear envelope; 3) insensitivity to the major gene
silencing mechanisms, which operate in the nucleus; 4) absence of potentially
mutagenic genomic insertions; 5) high cell survival rate after transfection procedures,
which do not need to disturb nuclear envelope. In addition, mRNA-based vectors
offer a simple combination of various transgenes through mixing of several mRNAs
in a single multi-gene cocktail or expression of a number of proteins from a single
mRNA molecule using internal ribosome entry sites (IRESes), ribosome skipping
sequences and proteolytic signals. However, on the downside, uncontrolled extrac‐
ellular and intracellular decay of mRNA can be a substantial hurdle for mRNA-
mediated gene transfer. Procedures for mRNA delivery are analogous to DNA
transfer methods, which are well-established. In general, there are three actors in the
gene delivery play, namely, the vector, the cell and the transfer environment. The
desired outcome, that is, the efficient delivery of a gene to a target cell population,
depends on the efficient interaction of all three parties. Thus, the vector should be
customised for the target cell population and presented in a form that is resistant to
the aggressive factors in the delivery milieu. At the same time, the delivery environ‐
ment should be adjusted to be more vector-friendly and more cell-friendly. The
recipient cells should be subjected to a specific regimen or artificially modified to
become receptive to gene transfer with a particular vector and resistant to the
environment. As a rule, barriers outside tissues (e.g. mucus) and an aggressive
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intercellular environment complicate gene delivery in vivo, which, therefore, requires
more complex gene transfer procedures than transfection of tissue culture cells. This
review is focused on transfection methods for mRNA vectors, which rely either on
the forceful propulsion of mRNA inside the target cells (e.g. by electroporation or gene
gun) or on the complexing of mRNA with other substances (e.g. polycationic
transfection reagents) for delivery via endocytic pathways.

Keywords: Gene therapy, epigenetic reprogramming, gene vaccination, mRNA gene vec‐
tors, transfection methods, gene transfer

1. Introduction

1.1. Why messenger-RNA-based vectors are used in gene delivery?

DNA or RNA fragments of choice can be amplified in bacteria and eukaryotic cells by
piggybacking on replicating episomes, called ‘cloning vectors’. In contrast to ‘cloning vectors’,
‘gene vectors’ are the vehicles that transfer genes into cells. All gene vectors contain nucleic
acids or their analogues (e.g. Peptide Nucleic Acid – PNA) as the carriers of genetic informa‐
tion. The complexity of gene vectors ranges from naked DNA or RNA to multi-component
nano-devices with a finely ordered internal structure, which can be either virus-derived or
purely synthetic. The aim of gene delivery is often the presence of specific proteins in the target
cells. One way to achieve this is to transfer an immediate information source for protein
biosynthesis, that is, messenger RNA (mRNA), into target cells. Presently, mRNA-based
vectors are established multipurpose gene vectors applicable to a diverse range of tasks in gene
therapy, gene immunisation and transgene-mediated cell-fate reprogramming [1-4].

The long-term storage of genetic information in cells is mediated by DNA, while short-term
cellular memory is stored in RNA. So, if a permanent genetic change in the target cells is
desirable, either DNAs or RNA-templates for reverse transcription into DNA are used as
carriers of genetic information within the gene vectors. If only a non-permanent genetic change
is wanted, then gene vectors containing a translatable ‘sense’ RNA strand (‘positive strand’)
seem to be particularly suitable. Such vectors, whether based on mRNA generated in vitro or
cellular mRNAs (including cellular mRNAs isolated through packaging into viral capsids),
can reach ribosomes and express genes in the cytosol, without nuclear entry. There are five
important implications of the extra-nuclear status of mRNA vectors.

Firstly, as mRNA does not require transfer to nucleosol for expression, mRNA-based vectors
can be used in applications where a rapid and transient effect is required, e.g. wound healing
or antigen-presenting. The transgene expression is fast because mRNA vectors, as opposed to
DNA vectors, do not need to pass through the barrier of the nuclear envelope, which confines
the nucleosol in non-dividing cells and do not need to enter the nucleus and then to exit it. In
addition, no time is wasted on intra-nuclear transcription in both dividing and non-dividing
cells.
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Secondly, the fact that gene delivery with mRNA vectors is capable of attaining transgene
expression in non-mitotic cells with a closed nuclear envelope is remarkable per se. Thus,
mRNA vectors can be more efficient than DNA vectors for the transfection of clinically
important post-mitotic cells like neurons and cardiomyocytes [5]. In fact, in non-dividing cells
there is no dilution of externally delivered mRNAs and their protein products in cell divisions;
this circumstance can contribute to longer persistence of mRNA-vector-mediated transgene
expression in these cells in comparison to dividing cells.

Thirdly, the major mechanisms of transgene silencing, e.g. chromatin remodelling and
genomic DNA methylation [6], are entirely intra-nuclear and, thus, are irrelevant for the
desired expression of exogenous mRNA.

Fourthly, for the successful implementation of many therapeutic strategies, it is important that
gene delivery with mRNA vectors cannot cause potentially deleterious mutations via inser‐
tional gene inactivation or undesired position effects like gene activation in the neighbourhood
of a chromosomally integrated transgene. Indeed, in many cases the full long-term conse‐
quences of the genomic insertions are difficult to predict and so any permanent genetic change
is often unwanted. As any gene delivery with mRNA-based vectors does not leave an unde‐
sired genomic trace, gene transfer with mRNA vectors in vivo benefits from the absence of the
safety risks and ethical controversies of vector elements being incorporated into the human
germ line and subsequently being transmitted vertically through future generations.

Fifthly, as only extra-nuclear localisation of externally delivered mRNA is required for
transgene expression, ‘milder’ transfection conditions (e.g. shorter electric field pulses during
electroporation) might be sufficient for delivery of mRNA into its ‘expression milieu’. Indeed,
‘milder’ conditions increase the cell survival rate and, hence, offer higher transfection effi‐
ciency with mRNA vectors in comparison to DNA vectors [7].

Another advantage of mRNA-based vectors is the flexibility to combine several mRNAs into
a single multi-gene cocktail. In addition, a number of proteins can be expressed from a single
mRNA using internal ribosome entry sites (IRESes), ribosome skipping sequences or bona
fide proteolytic signals. The ease of transgene reshuffling makes mRNA-based vectors partic‐
ularly convenient in the complex tasks of epigenetic engineering, where multiple combinations
of transgenes need to be screened to assess their cell-fate reprogramming effectiveness.
However, on the downside, uncontrolled extracellular and intracellular decay of mRNA can
be a substantial hurdle for mRNA-mediated gene transfer.

1.2. What strategies are used to deliver mRNA-based vectors to cells?

Methods for mRNA delivery are similar to DNA transfer procedures, which are well-estab‐
lished. Overall, there are three actors in the gene delivery play, namely, the vector, the cell and
the transfer environment. The desired outcome, the efficient transfer of a gene to a target cell
population and its installation as a functional transgene depends on the productive interaction
of all three parties. Thus, the vector should ideally be targeted to reach the desired cells
selectively and efficiently and also presented in a form that is resistant to the aggressive factors
in the delivery milieu. At the same time, the delivery environment should be adapted to be
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better vector-accommodating and better cell-accommodating. The recipient cells should be
subjected to a specific set of treatment procedures or artificially modified to become receptive
to gene transfer with a particular vector and resistant to the environment.

In general, mRNA-based vectors can be delivered to cells in tissue culture (in vitro) and
intracorporeally (in vivo). In vitro gene delivery is a necessary step in ex vivo strategies of gene
immunisation [8, 9], gene therapy [10] and therapeutic cell-fate reprogramming [4]. As a rule,
barriers outside tissues (e.g. mucus) and an aggressive intercellular environment complicate
gene delivery in vivo, which, therefore, requires more complex transfection procedures than
transfection in vitro. The standard transfection routes rely either on the forceful propulsion of
mRNA inside the target cells (e.g. by electroporation or gene gun) or on the complexing of
mRNA with other substances (e.g. polycationic transfection reagents) for delivery via endo‐
cytic pathways.

2. Gene delivery with mRNA-based vectors

The key parameter describing gene delivery is ‘efficiency of gene transfer’. This variable can
be defined as a ratio of a number of cells, which successfully received the intended genetic
cargo, to the number of all cells, into which delivery of the genetic cargo was attempted.
‘Successful’ gene transfer normally implies not only the delivery of the genetic material per
se but also its adequate expression in the recipient cells. Overall, ‘efficiency of gene transfer’
unavoidably depends on the hierarchy of multiple factors, which includes the efficiency of
passage of the genetic cargo into the target cells and the efficiency of transgene expression.
Instability of mRNA is a critical factor limiting the efficiency of gene transfer with mRNA-
based vectors because extracellular degradation of mRNA precludes its entry into the cell and
intracellular degradation of mRNA silences expression of mRNA-borne transgenes. Relative
instability of mRNA is part and parcel of the general design of the living cell, as it allows the
cell to change its gene expression profile depending on external stimuli and internal differen‐
tiation program. Thus, all methods of mRNA transfer into mammalian cells need to address
instability as an inherent feature of mRNA. Thus, we prelude the description of the current
methods of mRNA-based gene delivery with an in-depth overview of the technical means to
increase the stability of mRNA.

2.1. Increasing the stability of mRNA in extracellular and intracellular environments

Comparative instability of RNA is determined by its molecular structure. In general, DNA and
RNA have similar structures; they are polymers of nucleotides, composed from nucleobases,
pentose sugar components and phosphate group residues. Three of the nucleobases – cytosine,
adenine and guanine – are identical in RNA and DNA; the fourth nucleobase is uracil in RNA
and its methylated analogue, thymine, in DNA. The sugar component in RNA is ribose and
the sugar component of DNA is deoxyribose. An extra negative charge of the hydroxyl group
in the RNA’s ribose repels the negatively charged phosphate group and, so, makes RNA less
amenable to folding into a double helix in comparison to DNA. The formation of hydrogen
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bonds between two neighbouring RNA strands is less efficient than between comparative
DNA strands, contributing to the transiency of the existence of double-stranded RNA.
Abundance of single-stranded segments in mRNA makes it poorly suitable for faithful repair,
while stability of double-stranded genomic DNA in living cells is upheld through template-
led enzyme-mediated repair. As a result, mRNA is vulnerable to strand breaks and sponta‐
neous mutations.

In general, mRNA can dissipate in the form of an in vitro preparation, in the intercellular setting
or within living cells. There are several types of degradation.

Firstly, as a substantially thread-like molecule, mRNA is susceptible to ‘mechanical’ degrada‐
tion due to strand breaks caused by fluid shear stress or surface tension forces.

Secondly, mRNA degradation can be catalytically mediated by enzymes leading to RNA
decomposition via 3’-terminal deadenylation, 5’-terminal decapping or endonucleolytic
degradation. Cellular RNases are either proteins or ribozymes; the latter group is exemplified
by RNase MRP and RNase P [11]. Important co-factors in enzymatic mRNA decay can be small
metal ions, e.g. Mg2+.

Thirdly, RNA decomposition can be catalysed by metal ions only, without enzymes. Thus,
Mg2+ and lanthanides ions are known to accelerate RNA decay [12]. In practical terms, it is
difficult to exclude a role for a trace amount of protein-based or RNA-based ribonucleases,
even in ostensibly ion-led RNA degradation.

Fourthly, similarly to DNA, RNA is vulnerable to degradation in acidic conditions via
‘depurination’. Depurination is the loss of adenine and guanine from the nucleic acids due to
hydrolysis of their N-glycosyl linkages to ribose. Sensitivity of mRNA to low pH can compro‐
mise the transfer of mRNA vectors that are delivered to cells via endocytosis because mRNA
faces degradation in acidified endosomes.

Kinetics of mRNA degradation is often described with exponential models of decay, with the
‘half-life’ of mRNA molecules being used as a parameter. Indeed, typical features of exponen‐
tial decay can be observed during the extinction of expression of transgenes delivered to
mammalian cells with mRNA vectors. Thus, the expression of transferred EGF-FLAG mRNA
had reached the maximum level between 12 and 72 hours post-delivery and was very small
but still detectable after 14 days [13].

While appropriate stability of many natural mRNAs was honed by natural selection, artificial
mRNA vectors, e.g. new chimeric mRNAs, might be more vulnerable to attack by RNAses.
The mechanism of such instability can rely on the formation of double-stranded segments
within mRNA. It is thought that the co-evolution of eukaryotic cells and their viruses resulted
in cellular ‘friend or foe recognition systems’ perceiving specific regions of double-stranded
RNA as hostile. Thus, it is not unusual for double-stranded RNA to be a target for an RNAse
attack, e.g. by the Dicer endoribonuclease, which is normally a part of RNAi silencing
machinery. Double-stranded RNA is also a known inducer of the TLR3-mediated innate
immune response, which can potentiate RNA degradation. Therefore, the emergence of non-
desired segments of double-stranded RNA within molecules of mRNA gene vectors or
between different molecules in mRNA vector mixtures should be considered in the design of
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mRNA vectors and their cocktails. Clearly, the longer the individual mRNA vector molecules
and the higher the number of individual mRNA species in the vector cocktails, the higher the
chance for the appearance of double-stranded RNA segments through spurious sequence
homologies. Thus, the design of mRNA vectors is bound to include the search of such
homologies in silico and minimisation of any potential unwanted double-stranded-RNA-
forming regions through appropriate nucleotide changes. Some short regions of double-
stranded RNA, e.g. ‘stem’ segments in tRNAs, do not induce adverse cell responses. Such short
RNA-duplex-forming regions could be intentionally introduced into mRNA vector molecules
to achieve high compactness with ensuing increased resistance to shear stress. Such compact‐
ing could be particularly relevant for long RNA molecules. In addition, extra compactness of
mRNA vectors might result in their beneficial resistance to RNAse-mediated degradation
because of reduced RNA access to the catalytic centres of RNAses. Suitable segments for RNA
self-compression can be provided not only by short duplex-forming regions but also by G-
quadruplex-forming sequences [14]. Furthermore, compacting of mRNA vectors can be
achieved using peptides and proteins. For example, poly(A)-binding protein (PABP) has roles
in nuclear export, enhancement of translation and mRNA stability and can be complexed with
mRNA vectors to achieve their condensation. Another mRNA compacting option is the
employment of cytoplasmic polyadenylation element binding protein (CPEB). Clearly, in
addition to their employment in mRNA compacting, peptides and protein ligands can be used
to link mRNA to elements required for efficient cell penetration and localisation within
intracellular compartments capable of efficient support of protein synthesis.

Mechanical instability of mRNA vectors is more critical in the transfer systems such as gene
gun, aerosol, electroporation and sonoporation, where potentially powerful shearing forces
can emerge. However, encouragingly, mRNA, which is ‘shaved off’ along the trajectory of the
gene gun particle in tissue, was shown to be functionally active [13]. Clearly, more studies of
mRNA stability in extreme conditions are required.

In laboratory environment, mRNA is normally stored at -80 oC as autodegradation and other
forms of degradation are substantially limited at this temperature. Freeze-thaw cycles, which
can cause breaks in RNA during phase transitions, are better avoided, e.g. by splitting mRNA
preparations into smaller aliquots. As many RNA degradation pathways are active only in
solutions, lyophilisation (drying from the frozen state) is often used to improve storage
stability of mRNA. Precautions to prevent the degradation of RNA in vitro by RNAses are
important. RNaseZapTM, a proprietary mixture of three RNase inhibitors, can be used to
inactivate RNases on various surfaces. A common RNA protection agent is RNAsin, a
commercial version of a placental protein with RNAse A inhibitor activity. Vials with RNA
are often packaged into antistatic bags to avoid the adsorption of RNAse-contaminated dust
due to electrostatic attraction. Suitable ‘protective packaging’ of mRNA vectors can also be
applied at the molecular level with mRNAs being coated in a suitable biodegradable or soluble
material within micro-droplets. Another protection option offered by nanotechnology is
mRNA packaging in pleated sheets of hairpin RNA, which form ‘micro-sponges’ [15].

The stabilisation of mRNA is particularly important when the mRNA populations are
extracted from cells; in this case, mRNA preservation with cell-permeable RNase inhibitors
can be accomplished using proprietary tissue storage and RNA stabilization RNAlaterTM
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solution (Life Technologies). Another approach for the protection of cellular mRNAs from
RNAses is to use Proteinase K to destroy all the proteins in the crude preparation including
RNAses. Furthermore, it is possible that defence against RNAses by RNAsin could be extended
to the intracellular environment via the development of cell-permeable versions of RNAsin.
Indeed, cell-permeable versions of various proteins, which were furnished with ‘protein
transduction domains’ (PTDs), were reported in the literature [16, 17].

2.2. Methods of transfection with mRNA vectors

Procedures for mRNA delivery are analogous to DNA transfer methods, which are well-
established. In general, there are three actors in the gene delivery play, namely, the vector, the
cell and the transfer environment. The desired outcome, that is, the efficient delivery of a gene
to a target cell population, depends on the efficient interaction of all three parties. Thus, the
vector should be customised for the target cell population and presented in a form that is
resistant to the aggressive factors in the delivery milieu. At the same time, the delivery
environment should be adjusted to be more vector-friendly and more cell-friendly. The
recipient cells should be subjected to a specific regimen or artificially modified to become
receptive to gene transfer with a particular vector and resistant to the environment.

2.2.1. Delivery of mRNA using transfection reagents

Transfection of cells using specialised chemicals, called ‘transfection reagents’, is a well-
established approach for the delivery of DNA to cells [18]; it is also proven to be suitable for
mRNA transfer. For example, this transfection strategy was used by Weide and co-authors,
who bound mRNA to a polycation protamine and used the resultant transfection-competent
complexes for mRNA-mediated gene delivery [19].

In general, this type of transfection technology relies on the abrogation of the electrostatic
repulsion of the negative charge of RNA and the negative charge of the cell surface. This is
accomplished through complexing the RNA and the cell surface with polycations to neutralise
the negative charges or, alternatively, through ‘positive overcharging’ of RNA-polycation
complexes to cause attraction between positively charged complexes and the negatively
charged cell surface. Thus, the electrostatic interaction between negatively charged phosphate
groups of RNA and positively charged groups residing in the polycation ‘carrier’ polymer
(typically amines or amidines) results in the compaction of RNA into globular complexes called
polyplexes. The ensuing condensation is useful to protect mRNA from hostile factors in the
transfer environment (e.g. RNAses and sheer stress). Condensation is also useful to enhance
mRNA penetration into the recipient cells through the endocytosis route. Essential factors that
control mRNA condensation are the local concentrations of mRNA and other components of
the complexes, which can be substantially increased through ‘molecular crowding’ in water
solutions using hydrophilic polymers like poly (N-vinyl) pyrrolidone. The important param‐
eter of the resultant colloid is the ‘electrokinetic potential’ (also known as ‘zeta potential’) of
the particles, which determines the likelihood of the undesired coagulation and flocculation
of the complexes. Low colloidal stability of lipoplexes and polyplexes (aggregation of the
vector particles) can be a particular problem upon systemic administration in vivo. Stability of

Methods of Transfection with Messenger RNA Gene Vectors
http://dx.doi.org/10.5772/61688

43



the complexes can be enhanced through furnishing the surface of the vector particles with a
layer of an additional polymer (e.g. a derivative of polyethylene glycol), which can also mask
the particles from immune surveillance in vivo. Various extra-elements can be covalently
attached to the polycation polymer backbone or incorporated into polyplexes through non-
covalent bonds. These mRNA vector elements can include moieties promoting gene transfer
and expression, such as cell-targeting peptides, membrane-penetration-enhancing PTDs,
cytoskeleton attachment elements and other agents for targeted intracellular localisation. The
architecture of the vector particles can be quite intricate. For example, mRNA can be contained
within bubble-like ‘neutral’ liposomes. The liposomes can be encrusted with targeting ligands
and viral membrane-fusion proteins resulting in ‘virosomes’ [20, 21].

Undesired binding of the transfection complexes to elements of the environment with
subsequent loss of transfection activity should always be taken into account [22]. In particular,
binding of vector particles to serum proteins is a known issue. Transfection reagents vary in
their affinity to serum. Thus, Lipofectamine-based transfection is inhibited by serum, while
FugeneHD-based transfection is not.

Many transfection reagents are toxic. For example, the toxicity of DEAE-dextran is well-
known; therefore, normally transfection with DEAE-dextran requires repeated cell washing
steps. Less toxic reagents can be obtained through optimised chemistry. An example of a less
toxic polycation is the polysaccharide chitosan, which is produced from the shells of crusta‐
ceans or fungi. The toxicity of transfection reagents is cell-specific and should be carefully
evaluated for the relevant target cell types.

A common problem that arises in mRNA delivery with transfection reagents is the degradation
of mRNA, primarily through depurination, in acidified intracellular compartments such as
acidified endosomes. Methods to avoid this degradation include: 1) buffering of endosomes
with an externally added compound, e.g. chloroquine; 2) employment of endosome-disruption
agents to enhance and accelerate mRNA escape from the endosomes. Both endosome buffering
and membrane disruption can be performed by the transfection reagent itself. One example
of such a multifunctional transfection reagent is polyethylenimine (PEI), a polymer, which
contains protonable amines and, therefore, acts as both the acidity regulator and the agent
providing the vector with an efficient escape route from endosomes into the cytosol through
the ‘proton-sponge’ mechanism [23]. As ruptured endosomes could release aggressive
proteolytic enzymes, excessive disruption of endosomes is detrimental for cell survival. Thus,
transfection reagents falling into the ‘golden mean’ in terms of their endosome-disruption
properties should be sought. Peptide elements, such as Listeriolysin O (LLO, encoded by the
hly gene of Listeria monocytogenes) [24], which can produce pores in endosomes and, thus, can
allow mRNA to avoid degradation in the acidic environment, are potentially useful tools to
achieve high efficiency of transfection with mRNA-based vectors. Ideally, the endosomolytic
activity of such peptides should be reversible, with pores forming in weak acidic conditions
and then sealing back after the release of mRNA.

A number of techniques known to enhance DNA transfection are likely to be suitable for the
improvement of RNA transfection. Thus, the employment of ‘smart’ thermo- and pH-sensitive
polymers can augment transfection [25]. The candidate procedures also include transfection
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enhancement with laser light treatment [26], glycerol cell shock and dimethylsulphoxide
(DMSO) cell shock. Another possible transfection enhancement method is magnet-assisted
gene delivery. As RNA cannot move in the magnetic field by itself, in this scenario mRNA
vectors need to be complexed with paramagnetic particles, which move in the magnetic field
but do not become magnetized themselves. Extra-strong permanent rare-earth-metal-based
magnets (samarium-cobalt or neodymium-iron-cobalt types) are currently standard tools in
DNA transfection. Alternatively, devices generating a vibrating magnetic field (1Hz – 5Hz),
e.g. manufactured by Nanotherics, can be employed [27]. One of the advantages of magnetic
gene delivery is the ability to focus it and, thus, to target only selected cell populations in
vivo [28].

2.2.2. Transfer of mRNA into cells after their treatment with a high-strength electric field

One of the common methods of mRNA-mediated gene transfer is electroporation [7, 29], which
relies on the ability of a high-strength electric field to induce the formation of transient pores
in cellular lipid membranes. As mRNA is negatively charged, it can be moved through these
pores via electrophoresis driven by the electric field. Electroporation can be performed in
carefully controlled conditions in vitro and also in vivo for the gene transfer in situ, including
a single cell format [30]. Both adhesive and suspension cell types can be transfected using
electroporation. Adhesive cells often require detachment, loading into a cuvette and re-
attachment after electroporation; this procedure might reduce the cell survival rate and,
consequently, reduce electroporation efficiency for adhesive cells in comparison with suspen‐
sion cells.

The removal of ionic conductors prior to electroporation is important to avoid the ion-
mediated electric current with the associated overheating and arcing. In addition, the purifi‐
cation of RNA from macromolecular substances prior to electroporation, e.g. the removal of
RNA-binding proteins, is conducive for unimpeded RNA electrophoresis through the pores.

The choice of cell medium is critical for the success of mRNA delivery by electroporation in
vitro. Electroporation buffer composition is determined by the requirements for: 1) minimal
electrical conductivity; 2) optimal conditions (including pH and osmotic strength) for cell
survival in a high-voltage and high-temperature environment; 3) safe milieu for the stability
of mRNA vectors; 4) optimal parameters for mRNA transfer into the cells [31].

Buffer components should be chosen to avoid their degradation in a strong electric field and
elevated temperature with the undesired release of ionic conductors. Cell-survival-supporting
osmotic pressure in electroporation buffers can be achieved with non-ionic substances such as
glycerol and also sugars such as sorbitol. Negatively charged cells are the subjects of electro‐
phoresis, with some cell death occurring at the positive electrode. Cell death at the positive
electrode might adversely change the electric parameters within the electroporated mixture.
Therefore, minimisation of cell electrophoresis through the neutralisation of the cell surface
charge by electroporation buffer components is desirable. An important parameter affecting
cell survival is cell density. The presence of anti-apoptotic factors in the cell pre-treatment
medium, electroporation mixture and/or cell after-treatment (recovery) medium might be
useful [32]. Thus, anti-apoptotic ROCK II-kinase (Rho-kinase) inhibitors could be particularly
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valuable for maintaining the viability of stem cells, as some of these inhibitors (e.g. Y-27632)
were shown not to affect their totipotency or pluripotency status. Alternatively, mRNA coding
for electric-field-resistance, heat-resistance and/or anti-apoptotic factors could be included in
the mRNA vector cocktail.

Pure mRNA or mRNA vector complexes can also be adversely affected by mRNA degradation,
in particular because of overheating and mechanical shear stress due to the high strength
electric field. Thus, electroporation with mRNA, if compared to electroporation with DNA, is
likely to benefit from the fact that treatment by a less intense electric field for a shorter time
seems to be required for mRNA vectors to reach their expression milieu within the cells in
comparison to DNA vectors. This is because the pore formation in the plasma membrane is a
sufficient membrane opening event for the successful transgene expression with mRNA
vectors, while transgene expression using DNA vectors, particularly in non-dividing cells,
appears also to depend on electric-field-induced pore formation in the nuclear envelope [33].

Efficient electroporation requires the optimisation of a number of electrical parameters. The
fundamental variable in electroporation is the electric field strength, the magnitude of which
is often measured as the number of volts applied to a centimetre of an electric circuit’s length.
The high strength field is often delivered as a voltage pulse with the voltage decaying through
‘natural’ kinetics of exponential extinction. Either resistance or capacitance parameters in the
electroporation circuit can be used to control the rate of voltage drop in the ‘exponential decay’
protocols. The greater the resistance, the longer the decay and the larger its ‘time constant’,
which is registered by electroporation equipment. Similarly, the greater the capacitance, the
larger the ‘time constant’of the decay. However, the capacitance parameter is the only one
available to regulate the rate of exponential decay, when resistance is ‘set to infinity’ (that is,
when the voltage output circuit is left open). Exponential decay transfection is thought to take
advantage of the ‘post-electroporation’ stage when mRNA is driven by an electric field into
the not-yet-closed pores in the membrane. Alternatives to the exponential decay electropora‐
tion protocols are offered by ‘square’ voltage pulse regimens where the voltage drops mo‐
mentarily after being constant during a specified time. Both ‘exponential decay’ and ‘square’
voltage electroporation procedures could be optimised in terms of the number of pulses and
duration of a pause between the pulses. Electric field strength can vary between different
pulses. Thus, the initial low voltage step could be used for the preliminary ‘loading’ of the
recipient cells’ surface with mRNA. Clearly, the composition of the electroporation medium
and the electrostatic details of the vectors also play an important role in the desired pre-
electroporation adsorption of gene vectors on recipient cells.

Electroporation in vitro is accomplished either in cuvettes or in a multielectrode array format
with a defined distance between the electrode plates [32]. Some commercial electroporators
like BioRad GenePulser XCell provide a voltage versus time plot. However, ideally, current
should also be recorded by an oscilloscope, providing a diagnostic signature of the electropo‐
ration experiment. Indeed, it was observed that the occurrence of rapid spontaneous current
undulations during treatment of bacterial cell specimens by the electric field correlated with
the efficiency of DNA delivery into the cells [34].
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2.2.3. Ultrasound-assisted delivery of mRNA

In addition to electroporation, the formation of membrane pores can also be achieved via micro-
cavitation induced by ultrasound in the presence of microbubbles (e.g. lipid-encased octafluor‐
opropane gas). The transfection technique, which exploits these pores, has become known as
‘microbubble-assisted sonoporation’ [35] and was successfully used with mRNA vectors [36].
Sonoporation was discovered when it turned out that the microbubbles, which were used as
contrast agents for ultrasound-imaging, were, in fact, potent gene transfer enhancers. Microbub‐
bles are extremely flexible transfection tools. They can be prepared in cationic, anionic or neutral
forms and can be PEGylated for increased stability in vivo. Microbubbles can be made more
effective through their covalent attachment to the recipient cells’ surface [37]. Sonoporation can
be combined with chemical methods of transfection [38]. Directing the transfer of the vector
particles by focusing the ultrasonic waves to the target tissue is a practical option [39, 40].

2.2.4. Gene gun delivery of mRNA

Delivery with a gene gun, also called bio-ballistic or biolistic gene delivery, is one of the
established methods for mRNA transfer in vivo [13, 41]. Typically, for biolistic delivery, mRNA
is precipitated with ethanol, isopropanol or CaCl2/spermidine on the surfaces of the metal
projectiles. The obtained mRNA-coated projectiles are then propelled by gas pressure pulse
into the recipient cells. Normally, an inert gas, such as helium, is employed. The metal core of
a projectile is composed of tungsten or gold. Bombardment in vivo normally reaches the outer
1 mm of the target tissue, which defines the range of amenable tissues. The penetration depth
also depends on the gas pressure, the particle size and the type of tissue. Gas delivery pres‐
sure is an important parameter to optimise in order to achieve maximal efficiency of delivery.
Gene transfer can be focused to the target area with straightforward mechanical protection of
the surrounding tissue from bombardment. Some mRNA can be lost extracellularly prior to the
projectiles reaching the desired recipient cells because stripping of mRNA can occur as the
particles pierce the tissue [13].

2.2.5. Delivery by injection

Direct intracellular microinjection into cells is tedious and limits the experiment to modus
operandi with only one cell at a time. However, microinjection continues to be a commonly used
method of gene delivery with mRNA vectors to large cells like oocytes [42].

In  contrast  to  DNA vectors,  no intra-nuclear  transfer  of  mRNA vectors  is  desired.  This
circumstance is likely to simplify the use of the multi-needle/multi-cell format for mRNA
delivery. Indeed, multi-cell microinjection of nucleic acids was successfully performed with
silicon microneedles [43] and carbon nanotubes [44]. Technology for manufacturing dissolva‐
ble and biodegradable microneedles is available [45, 46] and is likely to be used for gene delivery
with mRNA vectors in the future.

2.2.6. ‘Bactofection’ and ‘mycofection’ for mRNA delivery

A well-known method to deliver an mRNA–DNA mixture into cells’ interior is ‘bactofection’,
which capitalizes on the phagocytic properties of the target cells and/or the cell-invasive
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properties of some pathogenic bacteria. Thus, a self-destructing invasive Listeria monocyto‐
genes strain was employed to deliver mRNA directly into the cytoplasm of macrophages,
dendritic cells and epithelial cells [47]. In this study, the powerful T7 RNA polymerase
transcription system was used to over-express mRNAs coding for EGFP protein and ovalbu‐
min in bacterial cells, with mRNAs being adapted for translation in eukaryotic cells through
the insertion of an IRES element into its 5’ untranslated portion. In order to benefit from bona
fide caps and poly(A) tails on the delivered mRNA, which are expected to direct its efficient
translation in the recipient eukaryotic cells, a yeast-based modification of bactofection was
devised, which was called ‘mycofection’[48]. ‘Mycofection’ involves the biosynthesis of the
desired translation-competent mRNA in yeast and its delivery into the target cells via inter‐
nalisation of mRNA-delivering yeast by the target cells. In the above study, baker’s yeast, a
non-invasive microorganism, was used for mRNA delivery, so the spectrum of recipient cells
was restricted to the cells capable of phagocytosis. It should be noted that while, on the one
hand, this restriction presents a limit to the usefulness of the yeast-based mRNA delivery
system, on the other hand, it can be used for selective targeting of specific cell populations,
e.g. human dendritic cells.

2.3. Methods of detection of mRNA post-delivery

The efficiency of transfection using mRNA can be evaluated, with the mRNA introduced to
cells being detected both in the form of mRNA per se and as mRNA-encoded protein.

Methods of mRNA detection should focus on the intracellular mRNA because of the back‐
ground of undelivered mRNA, which is difficult to avoid. A number of approaches are
available. Total cellular RNA or poly(A)+ mRNA can be fractionated using electrophoresis in
an agarose or polyacrylamide gel supplemented with a chaotropic agent to remove the
heterogeneity in the RNA’s gel-mobility due to variations in the secondary structure of RNA
molecules. Analytical approaches based on hybdridization of homologous strands of nucleic
acids include both classical Northern blotting and modern microarray formats. In addition,
microscopy methods, such as in situ hybridization, can provide important information on the
intracellular localisation of the detected mRNA. An efficient strategy for highly sensitive and
intracellular-location-specific detection of mRNA is the insertion of the bacteriophage MS2
stem-loop region into particular mRNAs for their recognition by the fusion protein composed
of MS2 coat protein and GFP protein domains [49]. Reverse transcription polymerase chain
reaction (RT-PCR) and quantitative ‘real time’ RT-PCR can detect and quantify very small
amounts of mRNA, including in the single-cell mRNA analysis scenario.

If the proteins, encoded by mRNA vectors, have an easily tested function, the successful
delivery of mRNA can be confirmed by measurement of that function. However, many
therapeutically important mRNAs, such as those used in epigenetic reprogramming, code for
proteins with regulatory activities, which cannot be straightforwardly tested. Antibody-based
detection methods, e.g., immunostaining and Western blotting, can be used, provided a
specific antibody is available. Alternatively, fusions of the target proteins with a moiety from
a fluorescent protein, such as EGFP or dsRed, can be employed. Other easily detected protein
domains include enzymes and antibody-tags. Commonly used short tags include FLAG, V5,
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Myc, HA peptide sequences, for which antibodies are commercially available. An antibody-
independent tag, HaloTag® peptide, which can be bound to fluorescent labels attached to
HaloLinkTM adapter, was developed by Promega. Strong ligands, including glutathione S-
transferase (GST), maltose binding protein (MBP), protein A, protein G, streptavidin and His-
tag moieties can be used both for the detection and preparative isolation of proteins expressed
from mRNA vectors. The mRNA sequence can be designed to encode a testing domain on the
N-terminus of the protein, on the C-terminus of the protein or on both the termini. As many
native eukaryotic proteins are secreted into the endoplasmic reticulum with coincidental
cleavage of the ‘signal peptide’, the placement of a testing domain on the N-terminus is often
more challenging, because, firstly, it should not be cleaved off by the signal peptidase and,
secondly, it should not interfere with the secretion process. Detection of proteins, ‘proteomics’,
is currently a rapidly progressing field both in terms of improvement of its sensitivity and in
terms of its expansion to the analysis of multiple samples [50].

2.4. Combined delivery of multiple gene messages using mRNA vectors

Combined delivery of multiple gene messages is often desired. Thus, future advances in gene
therapy are likely to require simultaneous delivery of several curative genes. The simultaneous
delivery of several messages is strictly required in current cell-fate reprogramming procedures.
Immunisation with several genes for antigens is also common. Another typical gene co-transfer
scenario is the combined delivery of a target gene and a marker gene. Conveniently, mRNA
vectors also possess properties facilitating the delivery of several transgenes in one go. In
general, the strategies for the mingling of several messages include the assembly of mRNA
cocktails, construction of polycistronic mRNA vectors and engineering of mRNAs coding for
fusion proteins or fusion proteins ‘split-up’ using the ribosome skipping mechanism.

Indeed, mRNA-based vectors are straightforward to assemble into multicomponent cocktails
including bouquets of total mRNA extracted from specific cell populations. Admixture of
mRNA capable of expressing a marker protein GFP was successfully used to monitor the
delivery of a target gene mRNA [51]. Clearly, the same ‘internal control’ co-delivery strategy
can be applied to the transfer of cocktails of curative, cell fate reprogramming or antigen-
encoding mRNAs, which can be spiked with a marker gene mRNA.

Alternatively, several transgenes can be expressed from a single mRNA. The construction of
polycistronic mRNA is often a convenient strategy to combine several reasonably short
messages. The translation of the downstream cistrons in eukaryots can occur only after re-
initiation at IRES sequences positioned between the cistrons. As a rule, an IRES element (e.g.
borrowed from Encephalomyocarditis Virus) is embedded within a sequence of about 500
bases. The efficiency of the IRES elements can be regulated by changing the length of the inter-
cistronic sequence [52]. Multiple transgenes were previously successfully assembled into a
single and efficient IRES-joined transcription unit [53]. Again, a common scenario is a single
transcript co-delivery of a target gene and an easily detected marker as an internal control used
to gauge the level of expression of the target gene. However, one should be aware that in
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polycistronic gene co-delivery, the expression level of the downstream transgene is not
necessarily equal to the expression level of the upstream transgene.

Another possible strategy to combine several messages for the simultaneous expression of
several functions is to generate mRNA for a fusion protein, e.g. the target protein fused with
a readily detectable moiety. Fusion proteins can be conveniently ‘split up’ into individual
polypeptide chains using viral ‘ribosome skipping’ sequences like 2A or, alternatively, using
bona fide proteolytic signals for resident proteases in recipient cells.

3. Future perspectives of mRNA-based gene delivery methods

There is a considerable scope for improvements of the procedures for gene delivery with
synthetic mRNA. Further advancements in the field of mRNA-based gene delivery are likely
to include the development of more stable, easily deliverable and gene-expression-efficient
forms of mRNA vectors, incorporating specialised ligands for cell-specific targeting, cell
penetration and intracellular targeting. The vector improvements, the use of potent stimulators
of targeted cells’ receptivity, the refinement of the mRNA cellular entry procedures and also
the employment of optimised modulators of the intercellular environment are expected to
increase the efficiency of gene transfer and the efficiency of body-locus-targeting, especially
in clinical applications.

The potential for advancement of gene delivery with synthetic mRNAs looks strong in
comparison to alternative rapid delivery methods. Indeed, high speed and other benefits of
non-viral synthetic mRNA vectors are shared by: 1) virally encapsidated RNAs; 2) cell-
permeable proteins. Thus, the packaging of mRNA (in positive-strand RNA viral vectors) or
a template for mRNA (in vectors containing negative-strand RNA, e.g. Sendai virus-based
vectors) within viral capsids is an attractive method of condensing and protecting RNA cargo
destined for delivery into the cytosol of target cells. However, there are two unavoidable
downsides of viral packaging in RNA transfer. Firstly, viral capsids dictate rigid size con‐
straints for vector RNA. Secondly, this strategy tends to be tedious because the encapsidation
of each RNA species requires the laborious insertion of an appropriate viral packaging
sequence. Similarly, if compared to protein delivery by protein transduction into cells, gene
transfer mediated by synthetic mRNAs is more advantageous since each protein to be
delivered through direct cell entry requires time-consuming insertion of an effective PTD
sequence. Clearly, various delivery methods can be combined. For example, as protein
transduction is a very fast method of increasing the concentration of specific proteins in target
cells, so, it can, in principle, be used to augment mRNA transfer. So, as cell viability currently
appears to be a critical hurdle in mRNA-based gene delivery, it is possible that most significant
future advances in mRNA-mediated gene transfer will be achieved through extensive
employment of cell penetrating proteins capable of supporting the viability of cells before,
during and after mRNA delivery procedures. The refined mRNA-based transfection techni‐
ques can also be applied to delivery of other medicinally important species of RNA, such as
siRNA.
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Abstract

This chapter examines key concepts with respect to cancer gene therapy and the cur‐
rent issues with respect to non-viral delivery. The biological and molecular barriers
that need to be overcome before effective non-viral delivery systems can be appropri‐
ately designed for oncology applications are highlighted and ways to overcome these
are discussed. Strategies developed to evade the immune response are also described
and targeted gene delivery is examined with the most effective strategies highlighted.
Finally, this chapter proposes a new way forward based on a growing body of evi‐
dence that supports a multifunctional delivery approach involving the creation of vec‐
tors, with a unique molecular architecture designed using a bottom-up approach.

Keywords: Cancer gene therapy, Multifunctional delivery systems, Non-viral gene
delivery, Bio-inspired vectors, Tumour-targeted delivery

1. Introduction

Progress in the treatment of cancer in recent times has been unprecedented as cancer survival
in the UK has doubled in the last 40 years, with 50% of adult cancer patients diagnosed in 2010–
2011 in England and Wales predicted to survive 10 years or more [1]. Improvements in cancer
screening techniques have led to improved prognosis through early detection, with breast
cancer screening estimated to prevent up to 1,300 deaths per year; women who are diagnosed
with the earliest stage of breast cancer have a 90% 5-year survival rate [2]. Likewise, if
diagnosed early, prostate cancer responds well to treatments such as hormone therapy, with
65–90% of men diagnosed in stage 1 or 2 likely to live at least 10 years post diagnosis [3]. Despite
improvements in screening and early detection methods, conventional treatment options are
not always effective. Mainstay cancer treatment options including radiotherapy, chemother‐
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apy, and surgery are extremely arduous on patients, and often have only moderate success.
Existing anticancer drugs are generally cytotoxic, but lack specificity for the target tumour,
which results in severe side effects. Not only do these traditional therapies cause damage to
healthy cells, they are rarely effective against all transformed cells, and sometimes lack potency
entirely. Failure of treatment can result in disease recurrence, often in a more aggressive form,
with chemo- and radio-resistant aggressive malignancies ensuing. Resistance to conventional
therapy causes treatment failure in over 90% of patients with advanced metastatic cancer [4].

Gene therapy is an exciting research area that involves the delivery of genetic material into
cells to alter their function. Diseases that arise consequential of anomalous DNA (e.g., cystic
fibrosis [5, 6]) are appropriate for gene therapy intervention; as cancer’s origins lie in DNA
damage, this group of diseases is also particularly suitable for gene-based therapeutics [7]. The
strategy of gene therapy is generally to replace or repair faulty genes by the transfer and
insertion of corrective or therapeutic genes [8]. Alternatively, the strategy of gene therapy can
be the supraphysiological expression of cytotoxic proteins, or the expression of proteins to
affect metabolism of prodrugs, for direct or indirect cytocidal effects, respectively [9]. Silencing
of problematic genes is a nascent and very popular strategy that uses RNAi therapeutics to
inhibit the expression of certain undesirable genes at the post-transcriptional level [10]. Some
of the most common strategies of cancer gene therapy include suicide gene therapy, tumour
suppressor gene therapy, antiangiogenic therapy, and cancer immunotherapy [11].

1.1. Tumour suppressor gene therapy

Mutation of tumour suppressor genes, such as p53, has been highlighted as a mechanism of
proliferation and resistance in some cancers. Functional p53 interacts with other cellular
pathways including the death-receptor pathways and caspases, as well as inhibiting anti-
apoptotic mediators, such as the BCL family, leading to the suppression of tumour growth [12].
For this reason, the delivery of transgenes that encode tumour suppressor genes, including
genes encoding p53, IL-2, EGFR, and E1A, has received considerable attention. Promising
results have been obtained, with Senzer et al. reporting the systemic administration of targeted
liposomal nanoparticles with an anti-transferrin receptor targeting moiety (TfR); they deliv‐
ered the p53 tumour suppressor gene in complexes known as SGT-53 for advanced solid
tumours in a phase I clinical trial [13]. SGT-53 was administered to patients with a range of
advanced cancer types, including cervical cancer, thyroid cancer, and colorectal cancer.
Median survival was 340 days and 7 of the 11 patients treated exhibited stable disease at 6-
week assessment, with one patient reclassified from inoperable to operable due to significant
tumour necrosis. The authors also demonstrated the tumour targeting ability of SGT-53 with
biopsies of tumour tissue and normal tissue; normal tissue showing negligible exogenous p53
levels. However, the main aim of the study was to assess safety and further studies would be
required to fully assess therapeutic effects.

1.2. Suicide gene therapy

Suicide gene therapy, also known as gene-directed enzyme-producing therapy (GDEPT),
involves the administration of an enzyme-encoding transgene to the tissue, with a separate

Gene Therapy - Principles and Challenges58



apy, and surgery are extremely arduous on patients, and often have only moderate success.
Existing anticancer drugs are generally cytotoxic, but lack specificity for the target tumour,
which results in severe side effects. Not only do these traditional therapies cause damage to
healthy cells, they are rarely effective against all transformed cells, and sometimes lack potency
entirely. Failure of treatment can result in disease recurrence, often in a more aggressive form,
with chemo- and radio-resistant aggressive malignancies ensuing. Resistance to conventional
therapy causes treatment failure in over 90% of patients with advanced metastatic cancer [4].

Gene therapy is an exciting research area that involves the delivery of genetic material into
cells to alter their function. Diseases that arise consequential of anomalous DNA (e.g., cystic
fibrosis [5, 6]) are appropriate for gene therapy intervention; as cancer’s origins lie in DNA
damage, this group of diseases is also particularly suitable for gene-based therapeutics [7]. The
strategy of gene therapy is generally to replace or repair faulty genes by the transfer and
insertion of corrective or therapeutic genes [8]. Alternatively, the strategy of gene therapy can
be the supraphysiological expression of cytotoxic proteins, or the expression of proteins to
affect metabolism of prodrugs, for direct or indirect cytocidal effects, respectively [9]. Silencing
of problematic genes is a nascent and very popular strategy that uses RNAi therapeutics to
inhibit the expression of certain undesirable genes at the post-transcriptional level [10]. Some
of the most common strategies of cancer gene therapy include suicide gene therapy, tumour
suppressor gene therapy, antiangiogenic therapy, and cancer immunotherapy [11].

1.1. Tumour suppressor gene therapy

Mutation of tumour suppressor genes, such as p53, has been highlighted as a mechanism of
proliferation and resistance in some cancers. Functional p53 interacts with other cellular
pathways including the death-receptor pathways and caspases, as well as inhibiting anti-
apoptotic mediators, such as the BCL family, leading to the suppression of tumour growth [12].
For this reason, the delivery of transgenes that encode tumour suppressor genes, including
genes encoding p53, IL-2, EGFR, and E1A, has received considerable attention. Promising
results have been obtained, with Senzer et al. reporting the systemic administration of targeted
liposomal nanoparticles with an anti-transferrin receptor targeting moiety (TfR); they deliv‐
ered the p53 tumour suppressor gene in complexes known as SGT-53 for advanced solid
tumours in a phase I clinical trial [13]. SGT-53 was administered to patients with a range of
advanced cancer types, including cervical cancer, thyroid cancer, and colorectal cancer.
Median survival was 340 days and 7 of the 11 patients treated exhibited stable disease at 6-
week assessment, with one patient reclassified from inoperable to operable due to significant
tumour necrosis. The authors also demonstrated the tumour targeting ability of SGT-53 with
biopsies of tumour tissue and normal tissue; normal tissue showing negligible exogenous p53
levels. However, the main aim of the study was to assess safety and further studies would be
required to fully assess therapeutic effects.

1.2. Suicide gene therapy

Suicide gene therapy, also known as gene-directed enzyme-producing therapy (GDEPT),
involves the administration of an enzyme-encoding transgene to the tissue, with a separate

Gene Therapy - Principles and Challenges58

administration of a relatively innocuous prodrug. Transgene expression produces the enzyme
within cancerous cells and subsequently the prodrug is converted to its toxic form by this
enzyme [14]. GDEPT strategies include cytosine deaminase/F-fluorocytosine (CD/5-FC),
where the CD transgene metabolises 5-FC to 5-Fluorouracil (5-FU); herpes simplex virus
thymidine kinase/ganciclovir (HSVtk/GCV) where HSVtk coverts GCV to its cytotoxic
triphosphate derivative; and E. coli nitroreductase/CB1954 (NTR/CB) where NTR activates the
prodrug CB1954 resulting in toxicity to tumour cells [15]. Multiple GDEPT systems have made
it to clinical trials and Sangro et al. reported on a recent phase 1 clinical trial of HSVtk/GCV in
the treatment of advanced hepatocellular carcinoma. Intra-tumoural injection of the TK gene
in a replication deficient adenovirus vector (Ad-TK) was followed with systemic administra‐
tion of GCV in 10 patients [16]. Although the main aims of the trial were to assess feasibility
and safety of treatment, anti-tumour effects were also assessed. Stabilisation of tumour was
observed in 60% of patients, with two patients who received the high dose treatment showing
tumour necrosis and one patient surviving for 26 months. Such therapies, which may be used
in addition to radiotherapy, have the advantage of being activated only in the cancerous cells
due to direct intra-tumoural delivery, reducing toxic side-effects to normal cells. A ‘bystander
effect’ where neighbouring cells receive the toxic treatment through gap junctions has also
been observed, which could be beneficial for therapy as reduced amounts of treatment are
needed for the same therapeutic effect; conversely, this bystander effect may limit the potential
of the therapy if neighbouring healthy cells receive the toxic treatment. However, problems in
vector development still need to be overcome before these treatments are to be successful [17].
Despite progression to clinical trials, no GDEPT therapy has made it to the market and the use
of such treatment strategies may be limited to locally available tumour sites due to the need
for intra-tumoural injection.

1.3. Anti-angiogenic therapy

In contrast to suicide gene therapy and tumour suppressor therapy, which are quite specific
in focus, targeting angiogenesis may attack the root of the greater tumour establishment. There
are various ‘classical’ protein-based angiogenesis inhibitors, including receptor tyrosine kinase
inhibitors, which block the activity of vascular endothelial growth factor (VEGF), and mono‐
clonal antibodies against VEGF-A such as bevacizumab (Avastin®). However, as angiogenesis
is required for normal function in the body, such as wound healing, complete blockade of
angiogenesis is not desirable. In addition, it may seem that rather than kill tumours, inhibitor
therapy may merely retard further tumour growth. Moreover, the existence of various
resistance mechanisms to angiogenic inhibitors, including alternative signalling pathways
poses major drawbacks to such therapy. Alternatively, a gene therapy approach targeting the
genes behind the pro-angiogenic factors may be more suitable [18, 19]. Doan et al. described
a gene silencing approach that halts the effects of the pro-angiogenic factors VEGF and kinesin
spindle protein (KSP), which play a critical role in cellular proliferation [20]. Hep3B hepato‐
cellular carcinoma cells were treated with a cocktail of anti-VEGF and anti-KSP siRNAs, and
a significant reduction in both VEGF and KSP expression was observed; in vitro, this mani‐
fested reduced proliferation of the cells, assessed by WST-1 assay and clonogenic survival
assay. The results demonstrate the potential for anti-angiogenic gene therapy, but translation
to in vivo studies is required to establish this further.
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1.4. Cancer immunotherapy

Cancer immunotherapy is the process of harnessing the immune system to attack cancer cells.
Cancer cells present antigens, known as tumour-associated antigens (TAAs) or tumour-
specific antigens (TSAs) on their surface; recognition of these antigens by immune cells has
been exploited in the development of cancer DNA vaccines. Cancer vaccines may be prophy‐
lactic or therapeutic in their design, which would generate an active immune response
specifically to tumours while also providing memory cells to control future recurrence [21].
DNA encoding the genes for TAAs is delivered to cancer cells that subsequently express the
transgenic TAA, eliciting an immune response against the tumour cells and many cancer DNA
vaccines are being assessed in clinical trials [22]. Chudley et al. reported on a phase I/II clinical
trial of a DNA vaccine encoding a domain (DOM) from fragment C of a tetanus toxin linked
to an HLA-A2-binding epitope from prostate-specific membrane antigen (PSMA) in patients
with prostate cancer [23]. Following intramuscular administration of the DNA vaccine to 30
patients, 29 had a measurable CD4+ T-cell response and PSMA-specific CD8+ T cells were
detected in 16/30 patients. As a result, PSA doubling time increased significantly from 11.97
months pre-treatment to 16.82 months denoting slower progression of the disease. Staff et al.
reported on a phase I clinical trial in patients with colorectal cancer with a DNA vaccine [24].
The plasmid vaccine was administered by Biojector® and encoded human carcinoembryonic
antigen (CEA), which is known to be over expressed by a large number of epithelial neoplasias,
including colorectal cancer. No serious adverse effects were observed with the vaccine and of
the 10 patients, 8 showed no evidence of disease at follow-up. However, despite the promising
trial results and 4 DNA vaccines licensed for use in animals including Oncept® for Canine
Melanoma [25], no product has made it to the market in humans. Many trials use direct
injection of the vaccines to tumours and efficiency may be enhanced if delivery vectors were
to be used, which could maximise transduction.

To date, cancer has been the most common disease focus for gene therapy, with 64% of all
ongoing gene therapy clinical trials targeting a malignancy [26]. However, the progress of gene
therapy beyond clinical trials has been disappointing, with only three products currently
having made it to the market, namely, Gendicine®, Oncorine®, and Glybera®. Gendicine®
and Oncorine®, which deliver p53 tumour suppressor genes for the treatment of head and
neck cancer, are licenced in China; while Glybera®, used for the treatment of severe lipoprotein
lipase deficiency, is the only gene therapy product licensed in Europe [27]. Despite the many
promising therapeutic strategies for gene therapy, the common limiting factor has been the
lack of a suitable delivery vehicle that has the ability to specifically target tumour cells, whilst
being non-immunogenic and non-toxic. Consequently, a vast amount of research has therefore
focused on delivery systems for gene therapy. In order for the potential of gene therapy to be
realised, the focus needs to be on the design of an appropriate delivery vehicle that will meet
all the demands in terms of functionality and satisfaction of regulatory bodies.

2. The biological barriers to gene delivery

The safest way to deliver gene therapy is by direct administration of the therapeutic to the
target site. However, this is extremely inefficient, unreliable, and feasible only in tumours in
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target site. However, this is extremely inefficient, unreliable, and feasible only in tumours in
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superficial sites. Generally, gene therapy approaches are delivered via the intravenous route;
as nucleic acids are susceptible to degradation by nucleases and rapid clearance in systemic
circulation [28], a vector is required to package, protect, and transport the genetic material to
its site of action.

Viral vectors, derived from naturally evolved viruses capable of transferring their genetic
material into host cells, remain the most efficient gene delivery agents [29]. However, difficulty
in large scale production, limitation in size of DNA that can be carried, and concerns about
mutagenesis, toxicity, and immunogenicity have hindered the progression of viral vectors [30,
31]. As a result, much research has focused on the design of non-viral vectors, which have the
potential to circumvent the problems associated with viral vectors [32]. Non-viral gene
delivery encompasses a wide variety of delivery systems including cationic polymers,
liposomes, proteins, and peptides that have the ability to package nucleic acids and deliver
them into cells [33]. However, transfection efficiency of non-viral vectors remains significantly
lower than viral vectors [34], and many factors are to be considered and hurdles overcome
when designing an efficient non-viral delivery system. Successful gene therapy relies largely
on the development of an efficient vector that can overcome the various extracellular and
intracellular barriers to deliver the genetic material to its target site [35].

2.1. Extracellular barriers

Although delivery vectors have the ability to protect the DNA from endonuclease attack, the
vectors themselves may also be susceptible to recognition and clearance. In the systemic
circulation, vectors may be rapidly cleared from circulation by the reticulo-endothelial system
(RES), also known as the mononuclear phagocyte system (MPS) [36]. Many non-viral delivery
vectors are cationic in nature, a desirable characteristic for condensing DNA and promoting
cellular uptake. However, this cationic nature can be problematic for systemic administration
due to interaction with blood components, such as serum proteins, which may result in
opsonisation. Consequently, large aggregates are formed that cannot traverse cell membranes
and may become lodged in microvascular networks or accumulate in MPS organs such as the
liver or spleen [37]. Further to this, cationic systems may interact with cell membranes
indiscriminately, affecting normal cells as well as cancerous cells, and strong cationic charges
can induce damage of cellular membranes and apoptosis [38]. Thus, a balance must be reached
in the design of a delivery vector such that the nucleic acid/vector complex has cationicity of
appropriate magnitude, so as to permit proper association with target cells whilst preventing
aggregation.

The circulation of gene therapy delivery systems is often cut short due to rapid hepatic
metabolism and clearance, and often this clearance occurs before the particles can reach their
target site to deliver the therapeutic. The use of ‘stealth particles’, such as those that contain
polyethylene glycol (PEG), has been shown to increase the circulation time of various delivery
systems by shielding the charge of the particles, reducing binding with serum proteins and
aggregation, whilst evading the immune system [39]. Various strategies in evading this
clearance have been employed, which will be discussed in a later section. However, if the vector
can avoid clearance, extravasation from blood circulation needs to occur in order to reach the
tumour cells, which can be hindered by the chaotic blood supply, poor permeability, and high
interstitial pressure within the tumour [40].
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2.2. Intracellular barriers

Surviving the systemic circulation and reaching the target cell is not the only hurdle faced by
non-viral gene delivery systems. The nature of conventional gene therapy requires the genetic
material to be transcribed by the cell, which requires delivery to the nucleus (or in the case of
siRNA technology, delivery to the cytoplasm). A number of intracellular barriers exist that
may impede this delivery include traversing the cell membrane, escape from the endosome,
and release of the nucleic acid payload into the cytoplasm, followed by active transport to the
nucleus with subsequent nuclear import.

2.2.1. Cell membrane/internalisation

Cell membranes are lipophilic anionic structures that are generally impermeable to large
macromolecular anionic nucleic acids [32]. Non-viral gene delivery systems aim to complex
nucleic acid cargo, thereby masking their native negative charge, to give an overall net cationic
complex capable of interaction with cell membranes. Not only does this allow for electrostatic
interactions between the vector and the membrane, it also condenses the DNA to a size suitable
for cellular uptake (≤200 nm diameter). Various pathways of cellular uptake exist that are size
dependent. For example, the cell penetrating peptide TAT, derived from the human immu‐
nodeficiency-1 virus (HIV-1) [41], enters cells via different routes depending on the size of the
cargo. Larger cargoes of proteins or quantum dots that exceed the 500 Daltons restriction limit
are internalised with TAT via the caveolae or macropinocytosis routes, and smaller cargoes
such as peptides less than 30–40 amino acids via the clathrin route [42]. Further to this, the
internalisation route may also depend on other factors such as cell type, receptors present on
the cell, temperature, incubation time, concentration of the vector, and properties of the vector
including cargo and linkage type [7, 43]. Different internalisation pathways also have an effect
on the fate of the vector once inside the cell. As a result, much research has centred around
elucidating the mechanisms involved in cellular uptake in order to improve the efficiency of
gene therapy [44]. Endocytosis (clathrin-mediated, caveolae-mediated, or macropinocytosis)
is thought to be the main uptake pathway for most gene delivery.

2.2.2. Clathrin-Mediated Endocytosis (CME)

CME is the most well-defined route of endocytosis and involves the internalisation of cargo
via receptors on the cell membrane, such as proteoglycans, into vesicles known as clathrin
coated pits, which are about 100–150 nm in diameter. These pits are transported via microtu‐
bules of the cell cytoskeleton deeper into the cell, where they form endosomes (acidic,
degradative compartments that transport material back to the membrane for recycling, or to
lysosomes for degradation). The term ‘receptor-mediated endocytosis’ is often used to describe
CME, however, endocytosis via receptors does not exclusively occur via CME [45]. The
addition of ligands, such as transferrin, to delivery systems has allowed for targeting to cancer
cells overexpressing the transferrin receptor that binds to the ligand and facilitates internali‐
sation via CME [46].
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2.2.3. Caveolae-Mediated Endocytosis (CvME)

CvME is initiated by flask-shaped invaginations known as caveolae that have lipid-raft
formations involving cholesterol and sphingolipids, which are around 50–200 nm in diameter.
Internalisation occurs in an actin-dependent manner, forming a type of endosome known as
a caveosome. Caveosomes are not as acidic or destructive as CME endosomes, but can still
ultimately merge with the lysosomal machinery [47]. It has been observed that many com‐
monly used cancer cells lines (e.g., PC-3 prostate cancer cells) lack the ability to form caveolae
that may have significance for delivery systems relying on this route for internalisation [48].
Furthermore, it has been observed that caveolae may be upregulated in some cancer cells
providing a possible target for delivery systems. Nguyen et al. reported that a polysorbitol-
mediated transporter (PSMT) was used to deliver plasmid DNA encoding the p53 tumour
suppressor gene into human cervical cancer (HeLa) cells and normal human diploid fibroblast
(HDF) cells. PSMT entered cancer cells selectively via CvME with transgene expression
resulting in cellular damage and apoptosis [49].

2.2.4. Macropinocytosis

Macropinocytosis involves the uptake of large amounts of fluid-phase materials. It occurs via
an actin-driven mechanism that causes ruffling of the cell membrane to form protrusions that
engulf the extracellular material into macropinosomes, which eventually merge with the
endosomal pathway [50]. Anaka et al. reported that macropinocytosis was the main cellular
uptake pathway of the peptide STR-CH2R4H2C when complexed with plasmid DNA and
delivered to COS7 kidney fibroblast cells, attributing the position of arginine residues exposed
on the surface of the complexes as the reason for this internalisation route [51].

2.2.5. Direct internalisation

Cationic vectors, especially those rich in arginine, have been observed to enter cells via non-
endocytic routes through direct internalisation triggered by non-specific electrostatic interac‐
tions [52]. This form of internalisation is a more attractive route for non-viral gene delivery, as
direct delivery into the cytoplasm avoids the endosome. In the case of arginine-rich cell
penetrating peptides, an initial electrostatic interaction with the cell membrane is followed by
formation of a peptide-cargo-phospholipid complex with the positively charged guanidium
group of arginine bound to the phosphate groups of the phosphatidylcholine (PC) and/or
sphingomyelin (SM) of the outer leaflet of the cell membrane. A ‘capacitor’ is then formed
between the cationic arginine residues and the anionic phosphatidylserine creating an electric
field strong enough to form a reversible pore, which allows the CPP-cargo to pass through the
membrane [53]. Arginine-rich peptides, such as octa-arginine (R8), have therefore been utilised
for gene delivery due their strong cell penetrating ability. However, little is known about this
entry route, and evidence suggests that vectors can enter cells via multiple mechanisms [54].
Understanding the various routes through which vectors can enter cells can aid the gene
therapist in the design of vectors; ensuring appropriate size and charge, for example, can allow
for targeted internalisation via a specific mechanism.
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2.3. Endosomal entrapment

Following endocytosis, vectors may be trapped in the endosomal pathway. Endosomal
entrapment poses a major limiting step to efficient gene therapy. The endosomal compartment
provides cells with a way of regulating what enters and leaves the cell and material within the
endosome can be either recycled to the cell membrane or progressed to lysosomes. It is essential
that therapeutics escape the endosome in order to avoid degradation of the nucleic acid
payload [55]. Endosomal escape can be achieved by different mechanisms and typically non-
viral delivery systems are designed to facilitate this. The ‘proton sponge’ effect is exploited by
polymers that contain amine groups such as polyethylenimine (PEI) or by histidine-rich
peptides, which have been used in many delivery systems for gene therapy [56]. Fusogenic
peptides evoke membrane destabilisation by interacting with anionic lipids in the endosomal
membrane, thereby disrupting the membrane, allowing release of the endosomal contents [57].
INF-7 peptide is an example of a synthetic fusogenic peptide derived from influenza virus
hemagglutinin protein, which enhances endosomal escape. Oliviera et al. report that the
addition of INF-7 peptide to Lipofectamine for delivery of anti-kRas siRNA resulted in 3.5-
fold improved gene silencing effect and subsequent reduction in kRas protein expression in
C26 murine colon carcinoma cells in vitro when compared to Lipofectamine/siRNA complexes
alone [58].

2.4. Intracellular trafficking

Following endosomal escape, the vector and its cargo must be delivered to the correct cellular
compartment, i.e.,  DNA delivered to the nucleus, or siRNA assembly into RNA-induced
silencing complexes (RISC) in the cytoplasm [59, 60]. However, this is not without its challeng‐
es due to the restricted movement of macromolecules in the cell, slowing the mobility of vectors
towards the nucleus [61], while endonucleases may degrade any naked nucleic acid [62]. The
vector is therefore required to protect and transport the nucleic acid through the cytoplasm in
order to reach its target organelle. Movement in the cytoplasm is restricted due to overcrowd‐
ing of organelles, the cell cytoskeleton and high protein concentrations, which collectively result
in a major impediment to non-viral delivery of even relatively small cargoes [63]. A network of
microtubules and associated motor proteins (dyneins and kinesins) are responsible for the
maintenance of correct organelle location [64] and intracellular transport of vesicles, lyso‐
somes, and endosomes [65]. If non-viral gene delivery vectors could utilise the microtubule
network within the cell, it would serve as a direct route to the nucleus and transfection efficiencies
may be greatly improved. Toledo et al. presented a recombinant fusion protein based on the
dynein light chain LC8 that facilitated plasmid DNA uptake into HeLa cells and transported
DNA via microtubules to the nucleus for GFP transgene expression [66].

2.5. Nuclear import

In the case of DNA gene therapy, once the vector reaches the nucleus, it must gain entry and
deliver its genetic payload in order for the gene to be transcribed and elicit its effect. The
nucleus is protected by a bilayer known as the nuclear envelope, and entry into the nucleus
through the nuclear envelope is tightly controlled by the nuclear pore complex (NPC) [67].
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The NPC only allows the passive entry of molecules that do not exceed 10 nm in diameter,
which limits the entry of DNA; active traversing of the nuclear envelope is hence required.
The NPC therefore poses the last major hurdle to gene therapy and is a huge rate-limiting step
in transfection efficiency. The addition of short amino acid sequences known as nuclear
localisation signals (NLS) to vectors has been useful in trafficking and facilitating nuclear entry
[68]. The nuclear localisation signal from the simian virus 40 (SV40), large tumour antigen has
been used to enhance transfection efficiency in many delivery systems. Wang et al. demon‐
strated that the addition of SV40 NLS to R8 resulted in a transfection efficiency of up to 80%
as effective as jetPEITM (transfection reagent) with no cytotoxic effects in HeLa cells [69].

Understanding the various barriers to gene delivery allows the rational design of delivery
systems that can overcome these hurdles. The ideal non-viral gene delivery vector is a multi-
functional system with the ability to condense DNA effectively, overcome the various intra-
and extracellular barriers and must also be non-toxic and non-immunogenic. Furthermore,
vectors can be designed specifically to exploit the characteristics of cancer cells and tumours,
including the enhanced permeability and retention (EPR) effect associated with tumour
vasculature; where gene therapy delivery systems exploit the permeability of the tumour
vasculature to localise and accumulate in the tumour through passive diffusion [70]. Other
factors, including tumour microenvironment, and the aberrant expression of certain enzymes
and proteins commonly associated with cancer cells may also be targeted or exploited. Figure
1 represents how a multi-functional non-viral gene delivery system may be composed.
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Figure 1. Schematic of a multi-functionalised vector for therapeutic transgene delivery.
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Anionic plasmid DNA cargo is condensed using a cationic material such as poly-L-lysine or
protamine. Vectors are functionalised with adjuncts to aid in evasion of the various barriers
that are posed to gene therapy strategies, as highlighted above. The various functional groups
will be discussed below.

3. Evading the immune response

When gene delivery systems are administered systemically they are usually cleared rapidly
from circulation, mainly by Kupffer cells in the liver and macrophages in the spleen. This is a
form of defence by the host designed to recognise and clear potentially harmful invaders from
the system as quickly as possible, and involves a two-step process initiated by opsonisation
with subsequent phagocytosis [71]. Opsonisation is the adsorption of foreign particles by
opsonin proteins such as immunoglobulins, blood serum proteins, and complement proteins.
Subsequently, macrophages may bind directly to the opsonised particle, engulf and remove it
from circulation or the complement system may be activated, also leading to phagocytosis [72].
The characteristics of the particle in circulation play an important role in the recognition
process and therefore are extremely important parameters to consider in the design of a
delivery vector. Particles larger than the renal threshold of approximately 5,000 Daltons
(usually greater than 200 nm hydrodynamic radii) are more likely to activate the complement
system and are usually cleared more rapidly than their smaller counterparts. Surface charge,
hydrophobicity, and the presence of certain functional groups are also important, with a more
cationic nature favouring interaction with the anionic blood proteins and enhancing opsoni‐
sation [73].

Initial opsonisation of particles is critical to their subsequent removal, so if opsonisation can
be reduced or avoided, then clearance may be circumvented. An extensively used method to
overcome opsonisation is the utilisation of shielding groups or ‘stealth’ molecules that are
generally long hydrophilic polymer chains. These are typically flexible and charge neutral,
which can block the electrostatic and hydrophobic interactions between opsonins and the
nucleic acid/vehicle complex, improving the stability of the particles in the systemic circula‐
tion. Various polymers have been used including polyacrylamide, poly(vinyl alcohol), poly(N-
vinyl-2-pyrrolidone), and poly ethylene glycol (PEG) [72].

PEG is the most commonly used and effective polymer for stealth molecules; PEG is non-toxic,
non-immunogenic, non-antigenic, highly water-soluble, and FDA approved. PEGylating a
cationic complex shields the positive charge, thereby reducing interaction with blood compo‐
nents, and inhibiting clearance, allowing increased circulation time and opportunity for
vectors to reach their target site. It also reduces non-specific binding to non-target cells and
stabilises particles, reducing aggregation. The increased circulation time is highly desirable for
passive tumour targeting, facilitated by the leaky tumour vasculature. Extravasation of vectors
from the blood stream occurs with retention and accumulation in the tumour site by the EPR
effect. It has been suggested, however, that repeat administrations may sensitise the immune
system to PEG resulting in rapid clearance of PEGylated liposomes from circulation and
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formation of anti-PEG antibodies [74, 75]. However, the validity of the assays used to test for
anti-PEG antibodies have been questioned over flaws and lack of specificity [76].

In order for PEG to properly oppose the attractive forces between the opsonins and the cationic
particle surface, it must have a sufficient surface coverage, which is usually correlated to the
molecular weight, surface chain density, and conformation of PEG. It is generally held that
sufficient stealth character is achieved with a molecular weight of 2,000 Daltons or more, with
loss of flexibility in shorter chains being the probable cause for lack of stealth. As molecular
weight increases, the blood circulation half-life also increases. Surface chain density and
conformation are also important so that adequate surface coverage is achieved to avoid gaps
where opsonins may bind, while also maintaining flexibility in the PEG layer responsible for
the steric hindrance properties. By fine-tuning such properties of PEG, an improved biodis‐
tribution and the pharmacokinetic profile of the therapeutic may be achieved; such tunings
have led to many different PEGylation strategies being developed [72].

3.1. The PEG dilemma

A major problem with the use of PEG for cancer gene therapy is that it may hinder gene
expression by impeding the entry of the delivery system into tumour cells. The initial inter‐
action of cationic delivery systems with cell membranes relies on electrostatic association, so
masking by PEG may have an unfavourable effect. Further to this, the improved stability of
PEGylated particles disrupts membrane fusion and may reduce the effects of fusogenic
peptides either during cell internalisation or for endosomal disruption. The term ‘PEG
dilemma’ was coined to describe the balance that must be struck between availing of the
beneficial characteristics that PEG provides while not being limited by them. Appropriate
vector design must ensure that an appropriate balance is struck between the facets that make
PEG an attractive supplement to a vector and those that limit its effectiveness [77].

Various strategies have been employed in order to overcome the problems posed by the PEG
dilemma. Once the PEGylated vector has survived in circulation and reaches its target cell, the
PEG chain becomes redundant. By removal or detachment of PEG from the surface of the
vector, interaction with the cell membrane can occur and initiate internalisation. One strategy
that has gained much attention is the addition of targeting ligands to PEG that bind to cell
surface receptors exclusive to the target cells, limiting endocytosis of the PEGylated delivery
system to the target cells [78]. However, this may involve the introduction of a charged moiety
onto the PEG, reducing the effectiveness of PEG in evading clearance. The bulky PEG chain
may also still hinder the gene delivery system overcoming the various intracellular barriers
discussed above. Therefore, the design of a detachable or reversible PEGylation has resulted
in ‘smart’ delivery systems that can exploit different aspects of the intracellular or extracellular
tumour environment, including pH, enzyme complement, or reduction, while also functioning
as a targeting tool to direct vectors to tumours [79, 80].

3.2. pH-sensitive PEG linkers

Using linkages such as ester and hydrazine bonds, which are stable in circulation but hydro‐
lysed in acidic conditions, is a promising way of creating a detachable PEG. The acidic tumour
microenvironment may cleave off the PEG chain, thereby releasing the therapeutic at the target
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site and allowing interaction of the cationic delivery system with cell membranes, initiating
internalisation. Alternatively, the acidic pH within the endosome may also serve to cleave PEG
from the delivery system after receptor-mediated endocytosis. This will unmask the vector
allowing endosomal escape by, for example restoring fusogenic activity, facilitating cytosolic
delivery and subsequent gene expression [79]. Fella et al. described a targeted polyplex system
with PEG attached via an acid labile hydrazone linkage that afforded a 14-fold increase in
transgene expression in HUH7 hepatocellular carcinoma tumours compared to the non-acid
sensitive formulation. The system was able to protect the vector in the systemic circulation,
facilitate entry to the cells via EGF-receptor mediated endocytosis, and exploit endosomal pH
to execute the removal of PEG, which permitted release of the vector from the endosome [81].

3.3. Enzymatic cleavage of PEG

Various proteolytic enzymes are known to be secreted into the extracellular environment by
cancer cells. The knowledge of specific enzymes and their substrates can then be exploited to
tether PEG to a vector via an appropriate enzyme-cleavable linker. Matrix metalloproteinases
(MMPs) are a family of proteases commonly secreted by tumours, degrading the extracellular
matrix facilitating growth and progression of tumours [82]. Li et al. took advantage of the
presence of MMP-7 proteases in the extracellular environment by functionalising polymeric
nanoparticles with PEG via a MMP-7 cleavable linker for delivery of anti-luciferase siRNA.
The authors reported a 2.5-fold increase in transfection efficiency in MDA-MB-231 breast
cancer cells in the presence of MMP-7 in vitro compared to transfection efficiency in the absence
of MMP-7 [83]. These results, however, would need to be further reinforced with in vivo studies
in order to fully assess the pharmacokinetic profile of this system.

3.4. Reduction-sensitive PEG linkage

A reduction-sensitive linkage may be used to attach PEG to a vector using disulphide bonds.
These bonds are susceptible to reduction by glutathione (GSH), a peptide with various
functions within the cell such as antioxidant defence, metabolic processes, and regulation and
maintenance of cellular redox status. The intracellular concentration of GSH is three orders of
magnitude higher than in the extracellular compartment [84], which allows for reduction of
the disulphide bonds and detachment of the bulky PEG chain once the functionalised vector
is inside target cells. Alternatively, extracellular reduction may occur through the action of
thiol-containing cell surface receptors [85]. Lei et al. described a targeted delivery system
functionalised with PEG attached via a disulphide linkage. Polyethylenimine (PEI) nanopar‐
ticles that were functionalised with a reduction-sensitive linked PEG were twice as potent as
their counterparts that lacked the reduction-sensitive linker in terms of GFP and RFP reporter
gene delivery in vitro and in vivo in U87 glioblastoma tumours [86].

3.5. Copolymers

While the use of a cleavable linker for PEGylation has shown promise for gene delivery, issues
may arise if the linker is not accessible for cleavage due to the shielding action of PEG. The
nature of polymers renders them easily modifiable; changing the characteristics of the PEG
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polymer itself by forming crosslinks may produce a degradable copolymer suitable for
controlled release [79]. Fan et al. reported on a copolymer that comprised polyethylene glycol
5000 (PEG114), Vitamin E (VE), and thioctic acid (TA), termed PEG114:VE:TA, which assem‐
bled into micelles with poly-disulfide crosslinks [87]. The copolymer resulted in improved
thermodynamic and kinetic profile of the anticancer drug paclitaxel. Reduction of the disul‐
phide crosslinks occurred in response to glutathione causing rapid disassembly of the micelles
and accelerated drug release that resulted in approximately 3-fold higher plasma concentration
than the non-crosslinked micelles leading to increased drug accumulation in the SKOV-3
human ovarian cancer xenograft mouse model. Although this study did not deliver gene
therapy, it demonstrates the potential of modifying polymer crosslinks to achieve desirable
characteristics for drug delivery.

The production of copolymers, which combine the characteristics of more than one polymer,
has shown promise where a balance is struck between PEGylation and copolymer reducible
characteristics. Recently, Lai et al. presented a reducible copolymer comprising poly(ethylene
oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide)-SS-P[Asp(DET)] (P(EPE)-SS-
P[Asp(DET)]), which possesses a redox potential-sensitive disulfide linkage between the
P(EPE) polymer and the cationic block P[Asp(DET)]. The copolymer was used to deliver the
pGL4 DNA vector for luciferase expression, and a 2-fold increase in transfection efficiency was
observed compared to delivery with non-reducible copolymer counterparts in MDA-MB-231
breast cancer cells in vitro [88]. However, much work is yet to be done to elucidate the exact
characteristics and polymer design needed to produce optimal transfection efficiencies.

Systems that combine two or more mechanisms for masking delivery vectors while improving
uptake have been investigated, with PEG being combined with other polymers or peptides.
Huang et al. designed a multifunctional delivery system that uses a combination of an MMP-
sensitive linkage, a pH-sensitive mask to quench the cationic charge of nona-arginine (R9), and
PEG to improve steric stabilisation in circulation [89]. The masking peptide was pH-sensitive
with an isoelectric point (pI) of 6.4, affording the masking peptide a negative charge at
physiological pH, which interacts with the cationic R9 cell-penetrating peptide (CPP). How‐
ever, a tumour’s acidic environment neutralises the masking peptide, allowing the cationic
nature of R9 to come to the fore. Cleavage of the PEG by MMP-2 allowed the CPP-cargo
complex to enter cells. The authors used in vivo imaging to demonstrate the specificity of these
nanoparticles to target human hepatocellular carcinoma cell (BEL-7402) xenografts.

Although PEGylation provides a means of enhancing circulation times, allowing vectors to
reach their target site, reliance on the EPR effect as a means of passive targeting may not be as
reliable as initially thought. The variability displayed in tumour biology as well as the
disordered and discontinuous tumour vascular structure means that the accumulation of
delivery vectors by the EPR effect may not give a tumour-wide distribution. Although it may
give an added advantage, total reliance on the EPR effect cannot give reliable results and so
there is a need for an active targeting strategy [90].
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4. Targeting in non-viral systems

Early approaches to gene therapy involved direct introduction of genetic material into locally
accessible tumours. While this proved useful in some cases, the invasive nature of these
methods renders them impractical for internal and disseminated tumours. Therefore, a
systemically administered cancer gene therapy vector that can target tumours is ideal.
Traditional chemotherapeutic cytotoxic drugs cause such harsh and debilitating side effects
because they affect rapidly dividing cells and do not differentiate between normal or cancerous
cells. In order to avoid these off-target effects, it is necessary to target the therapeutic directly
to the cancer cells without affecting normal healthy cells. Improved knowledge of cellular,
metabolic, and signalling pathways essential for tumour growth has led to the identification
of targets on cancer cells [91]. Different types of cancerous cells tend to have distinct charac‐
teristics, which set them apart from normal cells, meaning that a range of potential molecular
targets exists that can be targeted to direct gene therapy towards tumours. Cancer cells
typically overexpress certain proteins on their surface, which may be exploited through
targeting strategies; commonly overexpressed proteins include integrins [92], transferrin
receptors [46], epidermal growth factor receptors (EGFR) [93], folate receptors [94], and
proteoglycans [95], and targeting such receptors has been found to increase the specificity and
efficacy of drug delivery, while reducing side effects [96]. Active targeting using ligands that
target overexpressed receptors specific to cancer cells is therefore an attractive targeting
strategy for systemically administered non-viral gene delivery and much research has focused
around this.

4.1. Targeting ligands

Through phage display techniques, ligands for specific receptors commonly overexpressed on
cancer cells have been successfully identified and incorporated into vectors [97]. When the
delivery vector reaches the tumour environment, the overexpressed receptors bind the ligand
on the surface of the vector and it is subsequently internalised via receptor-mediated endocy‐
tosis. This strategy serves to both target the cells and facilitate uptake by cells, but the endocytic
pathway used can depend on the targeting ligand and cell type [98]. RGD peptide is a
commonly used peptide targeting ligand. It is a tripeptide of Arg-Gly-Asp that was derived
from fibronectin, which mediates cell attachment. RGD peptide is involved in cell adhesion to
cell surface integrins [99]. Integrin receptors, such as αvβ3 integrin and related αv-integrins,
are commonly upregulated on the surface of angiogenic endothelial cells and can have a
profound effect on the ability of tumours to survive and progress through regulation of
stemness, metastasis, and resistance [100]. This activity makes integrins valuable for targeting
aggressive cancers and various strategies have been used to incorporate RGD into non-viral
delivery systems for targeting angiogenic tumours [101]. Kim et al. presented a tumour-
targeting, RGD-conjugated, bio-reducible polymer for the delivery of vascular endothelial
growth factor (VEGF) siRNA. The RGD-functionalised vectors showed 20–59% higher cellular
uptake in MCF-7 breast cancer cells and PANC-1 pancreatic cancer cells compared to non-
targeted vectors. In addition, MCF-7 and PANC-1 cancer cells had significantly reduced VEGF
gene expression (51–71%) and cancer cell viability (35–43%) compared with control [102]. Nie
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et al. described a dual functionalised system that boasts two targeting ligands, namely RGD
and B6 peptide, which target transferrin receptors. Transfection efficiency of the dual targeting
system resulted in 8- and 4-fold higher luciferase reporter gene expression compared to single
targeted control formulations with either B6 or RGD in DU145 and PC3 prostate cancer cells,
respectively [103].

When formulating a targeted non-viral gene delivery system, there are a number of factors to
be considered that may have an effect on the overall efficiency of the delivery system, such as
ligand density and positioning on the surface of the vector, vector size, and choice of targeting
ligand [90]. Vector ligand density should be optimised to ensure efficient binding to receptors.
Furthermore, the binding of a ligand to its substrate may facilitate binding of neighbouring
receptors in a thermodynamically favourable way [104]. In addition, the strategies used to link
the targeting moieties to vectors, as well as many other factors including relative specificity,
expression of target receptors, and physiological factors need to be considered in order to
improve effectiveness and avoid interference or loss of biological activity [105].

One such problem with active targeting is that it is dependent on the expression of certain
receptors by tumour cells. In breast cancer, oestrogen, progesterone, and human epidermal
growth factor (HER) receptors have been identified and targeted. However, 15% of breast
cancers, termed triple negative, are defined by a lack of these receptors. Absence of these
receptors makes such cancers difficult to target and treat, hence patients with triple-negative
disease have poorer prognoses [106]. Therefore, there is a need for a more general targeting
strategy that targets the common characteristics of cancer cells and is not reliant on the
expression of any one receptor. This would also broaden the scope of disease states that may
be treated using any individual gene therapy strategy, making them more marketable for the
pharmaceutical industry. Additionally, drug resistance can develop if mutation of cancer cells
affects the expression of the target receptors. The receptors may be down-regulated resulting
in reduced targetability and subsequent reduced cellular uptake of the vectors, or conversely
up-regulation of receptors could render the vector inefficient. Receptors may also be expressed
in different isoforms, altering their recognition of the targeting moiety [107]. Moreover,
heterogeneity of tumours may result in different levels of receptor expression within a single
tumour [108].

Although ligand-targeted vectors have proven to be safe and efficacious in preclinical models,
it has not yet been unambiguously proven that targeting ligands contribute to the efficacy of
vectors, and it seems that targeting ligands do not cause localisation within the target tissue,
but rather provide benefits in terms of internalisation to target cells and retention at the target
site once the delivery system has arrived [109]. While this method of targeting may enhance
non-viral gene delivery systems, it has not completely met expectations and other targeting
strategies have been explored.

4.2. Targeting at the transcriptional level

In an attempt to overcome these problems with the targeting of proteins expressed by cancer
cells, it has been suggested that targeting the upstream genetic causes of dysregulated genes
may be more successful [110]. Regulation of gene expression at the transcriptional level for
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cancer gene therapy can occur in a cell-specific manner with a focus on tissue-specific and
tumour-specific promoters, or alternatively the use of inducible promoters, which allow gene
expression to be controlled exogenously by factors such as heat or radiation. The major
drawback with tissue-specific promoters, however, is that toxic gene expression occurs in all
cells in the tissue, both healthy and cancerous, which limits use of this method to tissues that
are not critical to the survival of the patient such as thyroid or prostate [111]. Use of inducible
promoters to drive transgene expression requires the activation by exogenous factors, but the
tumour specificity that this strategy affords may be useful in supplementing the potency of
other therapies, such as the use of a radiation-inducible promoter for enhancement of iNOS
transgene expression [112]; this dual approach to therapy can limit toxic effects in normal cells.
However, for simplicity, we will focus solely on tumour-specific promoters.

The complex interplay of various factors involved in gene expression is often altered in cancer
cells, and through exploiting this genetic signature of cancer, reduced off target effects and
toxicity should result. Certain genes are upregulated in cancer through the over activation of
transcription factors, which activate the upstream promoter of these genes. This can then be
exploited to give tumour-specific targeting by using promoters that are activated by tran‐
scription factors known to be overexpressed in cancer cells to drive expression of the transgene
in tumour cells only. Tumour-specific promoters are sub-categorized as follows: cancer specific
promoters, tumour-type specific promoters, tumour microenvironment-related promoters,
and tumour vasculature-related promoters, and are extensively reviewed by [113] and [114].

4.2.1. Cancer-specific promoters

The identification of genes that are expressed in cancer cells only may lead to targeting of
cancer gene therapy in a broad sense regardless of cancer type. One such example is telomerase,
involved in telomere maintenance, which is considered crucial in the progression and
immortalisation of cancer cells and is expressed in the vast majority of cancers [115]. Telomer‐
ase expression is regulated by the human telomerase reverse transcriptase subunit promoter
(hTERTp), which was recently used by Xie et al. in a non-viral delivery system. The hTERTp
promoter was used to drive expression of a transgene amplification vector VISA (VP16-GAL4-
WPRE integrated systemic amplifier) to target a phosphoprotein that is enriched in astrocytes
(PEA-15) in advanced breast tumours. PEA-15 is known to affect signal-regulated kinase (ERK)
in the cytoplasm, thereby inhibiting cell proliferation and inducing apoptosis [116]. Transgene
expression was found to be highly specific, inducing cancer-cell killing in breast cancer cell
lines (T47D, MCF-7, MDA-MB-231, MDA-MB-468, MDA-MB-361, MDA-MB-453, BT474, 4T1,
SKBR-3) in vitro without affecting normal mammary epithelial cells (184A1 and MCF-10A).
Furthermore, an in vivo study in a MDA-MB-231 xenograft mouse model demonstrated that
the expression of PEA-15 driven by the hTERTp driven VISA vector prolonged mouse survival
more effectively than PEA-15 driven by cytomegalovirus (CMV) promoter whilst showing no
acute toxicities. The authors demonstrated that the use of the hTERT promoter achieved
targeting and selective cell kill in triple negative MDA-MB-231 breast cancer cells, a selectivity
that was lacking when transgene expression was promoted by the CMV promoter [116].
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Survivin is a protein that functions in the inhibition of apoptosis, therefore, its overexpression
in cancer cells can facilitate uninhibited growth. It is known to be upregulated in cancer cells
and expression is controlled by various transcription factors including nuclear factor kappa B
(NF-kB), Runx2 and the Ras family that bind to the survivin promoter, triggering expression
[117, 118]. The survivin promoter (pSURV) has therefore been incorporated into gene delivery
systems to drive transgene expression preferentially in cancer cells. Qu et al. used pSURV to
drive the expression of the herpes simplex virus thymidine kinase (HSVtk) gene for suicide
gene therapy. The authors used pSURV/GFP to demonstrate that gene expression occurred in
HepG2 hepatocellular carcinoma cells, while no gene expression was observed in LO2 normal
human liver cells. Apoptotic rates of up to 55% were achieved in HepG2 cells with pSURV/
HSVtk demonstrating the possibility of this system for suicide gene therapy. However, further
in vivo studies need to be carried out to properly assess the targeting ability of this system [119].

4.2.2. Tumour-type specific promoters

Many different types of cancer overexpress various genes, which are characteristic of that
tumour type, and the promoters responsible for this expression can then be exploited for
tumour-type specific targeting. Osteocalcin is a protein normally found in the bone matrix but
has been found to be elevated in cancers such as ovarian and prostate cancer and is associated
with the progression and formation of bone metastases; McCarthy’s group used the human
osteocalcin promoter (hOC) for tumour-limited gene expression. It has been shown that hOC
has strong promoter activity in cancer cells, with transcription factors such as Runx2 involved
in gene upregulation [120, 121]. In this case, hOC was used to drive the expression of inducible
nitric oxide synthase expression in PC-3 and DU145 prostate cancer cells. The authors
demonstrated significant delay in tumour growth with no toxic side effects in vivo, highlight‐
ing the potential for hOC to target prostate cancer tumours [122]. The advantage of using this
tumour-type specific promoter is that it may facilitate the targeting of the primary tumour, as
well as disseminated metastatic lesions that are often the most aggressive and hardest to treat
forms of cancer. Figure 2 represents the targeting strategy of a tumour-type specific promoter
that is activated in cancerous cells but not in normal cells.

Figure 2 summarises active internalisation of gene delivery vector and initiation of transgene
expression in a non-transformed and a transformed cell. Gene delivery vectors are commonly
functionalised using an antibody that targets HER-2 [123], while the human osteocalcin
promoter has been employed to drive inducible nitric oxide synthase gene expression in
prostate and breast cancer cells [122].

4.2.3. Tumour microenvironment-related promoters

The tumour microenvironment provides a unique environment that provides ideal conditions
for growth and progression of tumours. Hypoxic conditions are often associated with chemo-
and radio-resistance in tumours, and hypoxia is thought to be a key element for the cancer
stem cell niche [124]. Various genes have been identified to be upregulated in the hypoxic
environment with hypoxia response elements (HREs) working in concert with transcription
factors, such as HIF-1, to activate transcription in response to hypoxia. Fujioka et al. reported
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the construction of a vector combining a hypoxia response promoter with the CMV promoter

(HRE-CMV) that resulted in a 2-fold increase in apoptotic gene expression compared to
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Figure 2. Targeted therapeutic transgene expression using affibodies and a tumour-specific promoter.
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Figure 2. Targeted therapeutic transgene expression using affibodies and a tumour-specific promoter.
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expression driven by CMV alone. In vivo, BCL-2 shRNA activity driven by the HRE-CMV
promoter in hypoxic colon 26 tumours resulted in tumour volume reduction that was signif‐
icantly greater than when bcl-2 shRNA was driven by CMV alone [125]. Although this study
demonstrates the action of the HRE promoter for treatment in hypoxic tumours, the authors
used intra-tumoural injections to deliver the vector, which does not give an indication of the
tumour targeting specificity of this strategy.

4.2.4. Tumour vasculature-related promoters

The ability of tumours to trigger angiogenesis for increased tumour blood supply has been
associated with more aggressive tumours, metastases, and poor prognosis. Identification of
the genes involved in this process has led to the use of promoters that can be exploited for
targeting. One such example is VEGF, which has been shown to have a major role in tumour
angiogenesis by activating tyrosine kinase receptors VEGFR1 (Flt-1) and VEGFR2 (kinase
insert receptor (KDR) in humans/Flk-1 in mice). KDR was found to be overexpressed in
activated endothelial cells of newly formed vessels and strongly associated with invasion and
metastasis in human malignant diseases [126]. Wang et al used the KDR promoter to drive
thymidine kinase (TK) gene expression, which activated the prodrug ganciclovir (GCV) for
suicide gene therapy. The authors demonstrated that the KDR promoter and TK/GCV showed
a targeted killing effect on transfected human umbilical vein endothelial cells (HUVEC). Cells
transfected with KDR-TK were 2- to 5-fold more sensitive to GCV compared to non-transfected
HUVEC and HepG2 cells [127]. Again, however, confirmation of these impressive in vitro
results in an in vivo setting using systemic delivery is required to validate tumour targetability
and efficacy of the suicide gene/prodrug system.

5. RNA interference

Most of the strategies of cancer gene therapy discussed so far have involved introduction of
therapeutic transgenes. An alternative strategy that is gaining considerable attention in the
cancer gene therapy field involves inhibiting expression of problematic genes. Inhibition of
gene expression can be facilitated by RNA interference (RNAi) that binds to mRNA. RNAi,
discovered by Fire and Mello in 1998 [128], can be defined as a mechanism of gene-silencing
produced by small RNAs. These RNAs include endogenous miRNA and exogenous siRNA or
shRNA and their gene silencing activity is highly dependent on gene sequence [129]. These
small RNAs then recruit cellular proteins, such as the RNA-induced silencing complex (RISC),
to elicit their effect either through degradation of the mRNA or blocking the translation of
mRNA [130, 131]. RNAi interference is therefore a highly attractive approach to cancer gene
therapy and is currently a major research focus.

5.1. siRNA and shRNA

siRNA is a short (usually 21-bp) double-stranded RNA with phosphorylated 5’ ends and
hydroxylated 3’ ends with two overhanging nucleotides. siRNA exerts its effect by directly
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incorporating into RISC, where its guide-strand binds to and cleaves the complementary
mRNA with a perfect match. The cleaved mRNA is subsequently released and the siRNA
guide-strand-bound RISC is free to bind to another mRNA and start a new round of cleavage
[132]. However, the short half-life of siRNA has resulted in production of shRNA, which has
been developed as an alternative RNA molecule. Transcription of shRNA occurs in the nucleus
from an expression vector that bears a short double-stranded DNA sequence with a hairpin
loop. This shRNA transcript is then processed by RNase enzymes and incorporated into RISC
in the cytoplasm [133].

The use of siRNA and shRNA to silence unfavourable genes that are overexpressed in cancer
has gained much attention. Multidrug resistance (MDR) genes, responsible for resistance to
chemotherapeutics have been problematic in the treatment of cancer and associated with poor
prognosis. By silencing these genes using siRNA, it has been possible to improve response to
conventional treatments. For example, Chen et al. used siRNA to silence the MDR1 gene in
doxorubicin resistant MCF-7 breast cancer cells, which resulted in 85–90% reduction in MDR1
gene expression and subsequently sensitisation of 70% of cells to doxorubicin [134]. Another
approach is to target and silence pro-angiogenic genes such as the Notch pathway. Yang et al.
used a non-viral delivery system to deliver siRNA for silencing the Notch-1 gene in breast
cancer and found that transfected MDA-MB-231 cells exhibited significantly decreased
expression of Notch-1, inhibited cell proliferation, and increased cell apoptosis [135]. One
advantage of using siRNA to down-regulate overexpressed proteins is that non-specific
delivery is often less toxic than the delivery of plasmid DNA that encodes genes such as IL-2
and TNF-alpha. However, to limit any toxicity that does exist, many groups have added
targeting ligands to the delivery systems to increase tumour specificity [136].

5.2. MicroRNA

MicroRNAs (miRNA) are highly conserved short non-coding RNAs that negatively regulate
a wide range of physiological processes at the post-transcriptional level including apoptosis,
proliferation, and migration [137]. Initially, miRNA is transcribed in the nucleus as a primary
transcript (pri-miRNA), which is processed to give a two-nucleotide overhang at its 3’ and is
termed a pre-miRNA. Pre-miRNA is subsequently exported to the cytoplasm where it is
further cleaved and mature miRNA is loaded into RISC to elicit its effect [138]. miRNAs can
be either oncogenic or tumour suppressive in nature and as a result, may be overexpressed
(e.g., miR-132, miR-20, and miR-17-92 family) or underexpressed (e.g., miR-34a and miR-126)
in cancer cells making them targets for cancer gene therapy. A vast amount of information has
been obtained in recent years on many different miRNAs and their role in cancer and with
cancer stem cells, and by characterising their function, it may be possible to exploit them in
cancer gene therapy [139, 140].

A single miRNA may have several varied targets to which it could bind and bring about gene
silencing. miRNA-34a, known to be down-regulated in various cancers, has been shown to be
a potent tumour suppressor that has various targets including the Notch pathway, BCL-2,
survivin, c-Myc, and c-Met transcription factors [141]. Hu et al. demonstrated the value of
miR-34a-mediated tumour suppression with the in vivo systemic administration of a non-viral
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miR-34a delivery system. Nanoparticles were used to deliver the miR-34a using a tumour-
targeting and penetrating bifunctional CC9 peptide (CRGDKGPDC) conjugated to β-cyclo‐
dextrin-polyethylenimine in a PANC-1 pancreatic cancer xenograft model; the miR-34a-
loaded particles significantly inhibited tumour growth and induced cancer cell apoptosis [142].
Conversely, the inhibition of some miRNAs using complementary miRNA antagonist
oligonucleotides (anti-miRNAs) can be an attractive gene therapy strategy to neutralise
miRNA function. miR-132 acts as an angiogenic switch at the endothelium, inducing tumour
neovascularization. Anand et al. reported the systemic administration of anti-miR-132
containing liposomes incorporating an integrin αvβ3-targeting cyclic RGD peptide to inhibit
angiogenesis [143]. The authors demonstrated that anti-miR-132 blocked the action of mi-132
on angiogenesis induced by a VEGF-secreting ID-8 ovarian carcinoma in mice, and signifi‐
cantly reduced tumour burden and angiogenesis in an MDA-MB 231 xenograft model of
human breast carcinoma when compared to treatment with scrambled miR-132. There is a
huge potential of miRNA therapeutics for cancer. However, miRNA gene therapy is still in its
infancy and more research is required to elucidate the exact pathways and possible targets
available.

The active targeting of cancer gene therapy is hugely important for efficiency and safety. Yet
despite the plethora of characteristics that can be targeted, active targeting remains elusive in
many non-viral gene delivery systems. A move towards a combination of targeting strategies
in one delivery system may hold promise for improved specificity using non-viral vectors.

6. The future: Molecular engineering

Strategies involving PEGylation and the use of targeting ligands have shown great promise
for cancer gene therapy in overcoming certain hurdles, but in order to maximise the efficiency
of non-viral delivery, vectors must have the ability to overcome all the barriers to gene delivery.
Recent research in the field has focused on the development of vectors for nucleic acid delivery
that efficiently evade the barriers to gene delivery highlighted above, and provoke adequate
transgene expression in vivo following systemic delivery.

6.1. Multifunctional Envelope-type Nano Devices (MENDs)

Harashima et al. presented a multifunctional envelope-type nano device (MEND) that was
produced on the concept of ‘programmed packaging’ with a rational design to overcome
barriers to delivery and assembly into nano-sized vectors. Generally, a MEND comprises a
DNA core condensed using a cationic polymer such as poly-L-lysine (PLL), which is wrapped
in a separate lipid envelope fortified with various functional attachments including targeting
ligands, PEG, and groups facilitating cellular uptake and endosomal escape [144]. One of the
first MEND systems described consisted of a PLL DNA condensing core, surrounded by a lipid
envelope, and functionalised with stearylated octaarginine (R8) to promote cellular uptake to
deliver anti-luciferase siRNA [145]. The gene silencing effect of the MEND was found to be
comparable to that of the transfection reagent Lipofectamine 2000, without any detectable
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cytotoxicity and further optimisation of this system to include protamine as the DNA con‐
densing agent resulted in a 70% silencing effect in transfected COS7 fibroblast cells.

The nature of the MEND system renders it relatively easy to modify in order to optimise
transfection efficiency. When the lipid component of egg phosphatidylcholine (EPC) and
cholesterol were replaced with the fusogenic lipids DOPE and cholesteryl hemisuccinate
(CHEMS), respectively, an overall 2-fold improvement was observed due to the optimisation
of the lipid component [146]. Furthermore, functionalization of MEND with octa-arginine R8
(R8-MEND) for enhanced cellular uptake resulted in a transfection efficiency of more than 80%
in HeLa cells [147]. The addition of pH-sensitive endosomal escape motifs to MEND, such as
INF7 derived from the HA2 protein of the influenza virus envelope, has also proven beneficial,
and the combination of INF7 with R8 resulted in the production of R8/INF7/MEND. In vivo
administration of R8/INF7/MEND to ICF mice produced luciferase expression 240-fold higher
in liver and 115-fold higher in spleen than that of R8-MEND alone, demonstrating the
importance of optimising functionality of the MEND system [148].

In a similar approach, the pH-sensitive fusogenic peptide GALA was incorporated into a
MEND system as an endosomal escape enhancer in a system that comprised of R8 and an
MMP-cleavable PEG functionality. Increased gene silencing effect was observed for delivery
of anti-luciferase siRNA in HeLa-luc cells in vitro when compared to an unmodified MEND
[149]. In addition to this, an in vivo study using a HT1080-luc xenografted model demonstrated
that the cleavable PEGylated GALA/R8/MEND exhibited efficient luciferase gene knockdown
in comparison to PEG-MEND, which was unable to cause any gene knockdown.

Incorporation of targeting motifs has also proved useful in MEND systems. The addition of
RGD peptide to MEND, which is a targeting ligand for integrins, resulted in significant tumour
growth delay in OS-RC-2 human renal carcinoma bearing mice when RGD-MEND was used
to deliver anti-VEGF siRNA in vivo [150]. GALA peptide was also used as a targeting ligand
for sialic acid-terminated sugar chains on pulmonary endothelium as reported by Kusumoto
et al. [151]. Following intravenous administration of GALA-MEND delivering antiCD31
siRNA in vivo, approximately 50% inhibition of lung metastasis in a Murine melanoma B16-
F10 mouse model was observed when compared with control groups. Examples of MENDs
and the various functionalities that have been employed are detailed in Table 1.

Name Condensing
material and
nucleic acid
cargo

Lipid Envelop Endosomolytic
component

Nuclear
localisation
component

Other functional
groups

Activity

R8/INF7-
MEND

Protamine
(plasmid DNA
for luciferase
transgene
expression)

Egg
phosphatidylcholine
(EPC), cholesterol
(Chol), 1,2-dioleoyl-
sn-glycero-3-
phosphocholine

INF7 peptide
derived from N-
terminal domain
of the HA2
protein influenza
virus envelope

Protamine - Luciferase
transgene
expression levels
240-fold higher in
liver and 115-fold
higher in spleen

Gene Therapy - Principles and Challenges78



cytotoxicity and further optimisation of this system to include protamine as the DNA con‐
densing agent resulted in a 70% silencing effect in transfected COS7 fibroblast cells.

The nature of the MEND system renders it relatively easy to modify in order to optimise
transfection efficiency. When the lipid component of egg phosphatidylcholine (EPC) and
cholesterol were replaced with the fusogenic lipids DOPE and cholesteryl hemisuccinate
(CHEMS), respectively, an overall 2-fold improvement was observed due to the optimisation
of the lipid component [146]. Furthermore, functionalization of MEND with octa-arginine R8
(R8-MEND) for enhanced cellular uptake resulted in a transfection efficiency of more than 80%
in HeLa cells [147]. The addition of pH-sensitive endosomal escape motifs to MEND, such as
INF7 derived from the HA2 protein of the influenza virus envelope, has also proven beneficial,
and the combination of INF7 with R8 resulted in the production of R8/INF7/MEND. In vivo
administration of R8/INF7/MEND to ICF mice produced luciferase expression 240-fold higher
in liver and 115-fold higher in spleen than that of R8-MEND alone, demonstrating the
importance of optimising functionality of the MEND system [148].

In a similar approach, the pH-sensitive fusogenic peptide GALA was incorporated into a
MEND system as an endosomal escape enhancer in a system that comprised of R8 and an
MMP-cleavable PEG functionality. Increased gene silencing effect was observed for delivery
of anti-luciferase siRNA in HeLa-luc cells in vitro when compared to an unmodified MEND
[149]. In addition to this, an in vivo study using a HT1080-luc xenografted model demonstrated
that the cleavable PEGylated GALA/R8/MEND exhibited efficient luciferase gene knockdown
in comparison to PEG-MEND, which was unable to cause any gene knockdown.

Incorporation of targeting motifs has also proved useful in MEND systems. The addition of
RGD peptide to MEND, which is a targeting ligand for integrins, resulted in significant tumour
growth delay in OS-RC-2 human renal carcinoma bearing mice when RGD-MEND was used
to deliver anti-VEGF siRNA in vivo [150]. GALA peptide was also used as a targeting ligand
for sialic acid-terminated sugar chains on pulmonary endothelium as reported by Kusumoto
et al. [151]. Following intravenous administration of GALA-MEND delivering antiCD31
siRNA in vivo, approximately 50% inhibition of lung metastasis in a Murine melanoma B16-
F10 mouse model was observed when compared with control groups. Examples of MENDs
and the various functionalities that have been employed are detailed in Table 1.

Name Condensing
material and
nucleic acid
cargo

Lipid Envelop Endosomolytic
component

Nuclear
localisation
component

Other functional
groups

Activity

R8/INF7-
MEND

Protamine
(plasmid DNA
for luciferase
transgene
expression)

Egg
phosphatidylcholine
(EPC), cholesterol
(Chol), 1,2-dioleoyl-
sn-glycero-3-
phosphocholine

INF7 peptide
derived from N-
terminal domain
of the HA2
protein influenza
virus envelope

Protamine - Luciferase
transgene
expression levels
240-fold higher in
liver and 115-fold
higher in spleen

Gene Therapy - Principles and Challenges78

Name Condensing
material and
nucleic acid
cargo

Lipid Envelop Endosomolytic
component

Nuclear
localisation
component

Other functional
groups

Activity

(DOPC), and
dioleoylphosphatidyl
ethanolamine (DOPE)

than that of the
R8-MEND in vivo
[148].

GALA/
PPD-
MEND

Stearylated
octahistidine
(STR-H8) (anti-
luciferase
siRNA
condensation)

DOPE, 1,2-dioleoyl-3-
trimethylammonium-
propane(DOTAP),
Chol

pH-responsive
fusogenic GALA
peptide derived
from HA2

N/A (MMP-cleavable
PEG)

Intratumoural
injection of PPD/
GALA- MEND
HT1080-luc into
human
fibrosarcoma
mouse xenografts
resulted in more
efficient luciferase
gene silencing
compared with
unmodified
MENDs in vivo
[149].

RGD-
MEND

Protamine (anti
VEGF siRNA)

YSK05 (pH dependent
cationic lipid), 1-
Palmitoyl-2-oleoyl-sn-
glycero-3-
phosphoethanolamine
(POPE), Chol

YSK05 (YSK05
consists of two
linoleyl fatty acid
chains and a
tertiary amino
group, which are
responsible for
pH-responsive
fusiogenicity in
endosomes)

N/A Cyclo (RGADPK)
(cRGD) peptide
ligand for αVβ3
integrin
PEG

Significant
tumour growth
delay was
observed in OS-
RC-2 human
renal carcinoma
bearing mice
when RGD-
MEND was used
to deliver anti-
VEGF siRNA in
vivo [150].

GALA-
MEND

Polyethylenimin
e (PEI) (anti-
CD31 siRNA)

EPC, Chol GALA peptide N/A GALA peptide
(ligand for sialic
acid-terminated
sugar chains on
pulmonary
endothelium)
PEG

Murine
melanoma B16-
F10 lung
metastasis
significantly
inhibited by
approx. 50%
compared with
control groups
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Name Condensing
material and
nucleic acid
cargo

Lipid Envelop Endosomolytic
component

Nuclear
localisation
component

Other functional
groups

Activity

following
intravenous
administration of
GALA-MEND
delivering anti-
CD31 siRNA in
vivo [151].

Table 1. MEND non-viral delivery systems, their components and applications to gene therapy

The potential of controlled intracellular delivery using the MEND system was also highlighted
by Toriyabe et al. who used stearylated-octahistidne (STR-H8) as a pH-responsive component
to facilitate the efficient release of siRNA in the cytoplasm [152]. STR-H8 was used to complex
anti-luciferase siRNA and delivered using a conventional R8/GALA functionalised MEND.
The authors demonstrated that luciferase gene knockdown was significantly higher in HeLa-
GL3 cells treated with the STR-H8 MEND than with a MEND containing stearylated octaar‐
ginine (STR-R8) to condense the siRNA. This may be explained by more efficient de-
condensation and release of siRNA from STR-H8 in the cytoplasm, which was confirmed by
a RiboGreen assay showing siRNA release efficiency from STR-H8 was much higher than
siRNA release from STR-R8 at pH7.4 (intracellular pH). It is clear, therefore, that PEGylation
and unpackaging of DNA are important considerations in the development of MEND systems,
and with further optimisation and characterisation, MENDs have great promise as effective
non-viral gene delivery agents.

6.2. Bio-inspired systems

Viral vectors still remain the most efficient gene therapy delivery vehicles with no non-viral
delivery system producing comparable gene delivery potencies. Viruses have evolved
naturally to infect and transfer their genetic material into host cells [153]. Understanding the
various mechanisms by which viruses elicit delivery of genetic material has led to exploitation
of viral peptide motifs by gene therapists and molecular engineers [154]. Functional peptide
motifs derived from viruses have been engineered and incorporated into a wide range of bio-
inspired non-viral delivery systems with great success, thereby benefiting from the viruses’
expertise, while circumventing immunogenicity and safety concerns associated with viruses
[35, 154]. Peptides are an attractive alternative to polymer and lipid-based non-viral vectors
as they are less toxic, easily synthesised, and only weakly activate the complement system
therefore enhancing safety [155]. The main peptides of interest are generally classified
according to their function, i.e., DNA condensing peptides, cell penetrating peptides, endo‐
somolytic peptides, and nuclear location sequences [156].
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6.3. DNA-condensing peptides

Cationic peptides containing lysine or arginine residues interact electrostatically with the
negatively charged phosphate backbone of DNA, condensing and packaging DNA into
complexes with a net positive charge, which protects DNA from degradation and allows
interaction with cell membranes [157]. Examples include histones, including H2A, which are
natural basic proteins [158], µ (mu) peptide derived from adenovirus [159], and TAT peptide
from HIV-1 [160]. Condensing peptides alone have a limited role because they cannot over‐
come many of the barriers to gene delivery; although some peptides, such as TAT, have cell
penetrating properties, which makes them more attractive options in vector development
[161]. However, the unpredictable nature of interactions between peptides and nucleic acids
remains an issue and further research is needed for optimisation of vectors [157].

6.4. Cell Penetrating Peptides (CPPs)

Cell penetrating peptides (CPPs) are generally short peptides that have the ability to cross
the cell membrane via various mechanisms including endocytic pathways or through direct
translocation,  without the need for  receptors or  other carriers  [162].  Such peptides have
been shown to deliver various cargoes to a range of cell types; peptide sequences are easily
modifiable  to  optimise  properties  such as  cargo transport  or  subcellular  targeting [163].
Natural  peptides  exhibiting  this  penetrating  activity  include  Penetratin  (RQI‐
KIYFQNRRMKWKK), derived from the third helix of the homeodomain of Antennapedia
[164], and TAT (GRKKRRQRRR) derived from HIV-1 [41]. Both have regions of basic amino
acids and an alpha-helical conformation with the ability to translocate a cargo across cell
membranes, which highlights the potential application of CPPs in gene therapy. Novel CPPs
have  since  been  derived  and  include  peptides  with  a  wide  range  of  structures  and
characteristics; however, generally CPPs are cationic/basic, amphipathic, or hydrophobic in
nature [156].

Amphipathic peptides are composed of both hydrophobic and hydrophilic domains in
primary or secondary conformation. The secondary structure produces an alpha-helical
structure with the hydrophobic residues such as leucine, glycine, or tryptophan localised on
one face of the helix and the hydrophilic residues such as lysine, arginine, or histidine localised
on the other. This amphipathic structure has been shown to be essential for passage across the
cell membranes [165]. Structural changes of amphipathic peptides contribute to their binding
affinity for cell membranes, and insertion of hydrophobic portions of the peptide into the
membrane are important for interaction with the lipid membrane and subsequent uptake [54].
However, although amphipathic peptides have shown much promise, not all CPPs rely on this
amphipathic nature for internalisation. For example, in the case of Penetratin, it is the positive
charges rather than the helical structure that is responsible for cell penetration [166]. Therefore,
increasingly, attention has been paid to developing simple linear peptides rich in cationic
amino acids such as arginine. Cationic CPPs are composed mainly of basic amino acid residues
including arginine, lysine, and histidine [167] and electrostatically bind to various anionic
species present on the extracellular surface of the cell membranes, e.g., lipid head groups or
proteoglycans such as heparin sulphate [168].
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It has been reported that peptides containing arginine residues have stronger cell penetrating
ability than peptides comprising lysine and histidine, with the guanidine moiety possessed by
arginine being held as crucial for cell entry [169]. As a result, arginine-rich peptides have been
extensively researched in order to characterise their activity [170–172]. The discovery that the
basic portion of TAT responsible for the cell penetrating activity is rich in arginine residues
prompted much research into the characterisation of mechanisms involved in the cellular entry
of arginine-rich peptides [41]. It has been elucidated that the exact peptide sequence involved
is not as crucial as the length of sequence and number of arginine residues incorporated, with
between 6 and 15 arginine residues required for optimum activity [54]. In a study carried out
by Wender et al., it was observed that truncated versions of TAT with arginine residues
replaced with alanine exhibited reduced cellular uptake, but a 9-mer oligoarginine peptide
(R9) was 20-fold more efficient than TAT [173]. Further to this, Mitchell et al. used peptides
composed of multiple arginine residues termed oligoarginines, labelled with fluorescein to
demonstrate that negligible cell uptake was exhibited with fewer than 6 arginine residues, but
that when peptides of 7 arginines or more were tested, fluorescence increased as a function of
peptide length up to 15 arginine residues, beyond which no increase in fluorescence was
observed. Peptides containing more than 15 arginine residues can still penetrate cells, although
this happens at a reduced efficiency and with toxicity to cells [169].

CPPs have the ability to enter any cell they come in contact with and this lack of specificity is
problematic for gene therapy [174]. The use of ‘smart’ delivery vectors with ‘activatable’ CPPs
(ACPs) has been explored, where a CPP is connected to a neutralising polyanion via a cleavable
linker, reducing the overall charge and non-specific electrostatic uptake by cells. Enzymes
produced in cancerous cells, such as MMPs, can then cleave the linker and allow the CPP to
enter cancer cells [175]. For example, Mei et al. reported an ACP that includes a masking
sequence of anionic E8 (sequence: EEEEEEEE) to shield the cationic nature of R8 [176]. The
mask was linked to R8 by a MMP-2 sensitive linker; when the ACP nanoparticles were in the
tumour environment, which overexpresses MMP-2, the mask was cleaved exposing R8 to
tumour cells allowing tumour specific uptake. The authors used in vivo imaging to demon‐
strate this, while also showing lower ACP nanoparticle distribution in other tissues.

Another strategy for targeting and cell specificity has focused on the use of cell-penetrating-
homing peptides (CPHPs) [97, 177] that combine targeting and cell penetration abilities. Kondo
et al. described a CPHP known as RLW (peptide sequence: RLWMRWYSPRTRAYG) found
through systematic selection from a random peptide library that had the ability to selectively
target and penetrate A549 non-small cell lung cancer cells via an unknown mechanism thought
to involve specific RLW ligand receptors on A549 cells [178]. Gao et al. demonstrated that when
RLW was anchored onto poly(ethyleneglycol)-poly(ε-caprolactone) (PEG-PCL) nanoparticles
loaded with infrared dye (DiR) cellular uptake was 2-fold higher in A549 cells than in umbilical
vein endothelial cells in vitro [179]. Further to this, in vivo imaging showed the RLW nano‐
particles targeted A549 xenografts specifically over U87 xenografts, with only low levels seen
in normal organs in comparison to PEG-PCL nanoparticles functionalised with R8, which
evoked DiR accumulation in all tissues. The specificity of CHCPs is a great asset; however,
elucidation of the exact mechanism of how CHCPs work and a broader spectrum of activity
may be more attractive so that a peptide may be used to treat more than one cancer type.
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The cargo being carried by the vector must also be considered when designing a vector, as
CPPs interact with various cargoes in different ways. For example, TAT mediates internalisa‐
tion by at least two distinct pathways. Large cargoes, e.g., proteins, enter via caveolae endo‐
cytosis and macropinocytosis leading to endosomal entrapment, whereas small cargoes, e.g.,
peptides, enter slowly by endocytosis and rapidly by transduction by an unknown mechanism
that gives direct access to the cytosol [42]. As endosomal entrapment is a major barrier to
transfection, CPPs have been functionalised with endosomolytic peptides. Liou et al. described
a fusion peptide that combines R9 for cell penetration and hemagglutinin-2 (HA2) for endo‐
somal escape; the resulting vector was tagged with red fluorescent protein (RFP) for imaging
purposes [180]. Significantly more RFP was detected in vitro when A549 human lung carci‐
noma cells were treated with the R9-HA2 peptide in comparison to R9 alone.

Problems with CPPs, such as humoral immune response induction, as seen in studies with
Penetratin [181], and stability need to be addressed. Amino acids exist in different isoforms
with variable susceptibility to degradation by proteases in serum. The L-isoform found in
abundance in nature is sensitive to degradation, but the D-isoform is more resistant due to the
altered stereochemistry that affects protease recognition. The use of the D-isoform of amino
acids has therefore been suggested as a modification to render CPPs protease-resistant,
enhancing stability [182]. However, further characterisation of the structure-activity relation‐
ship of individual CPPs is needed to allow the tailoring of specific CPPs to particular intra‐
cellular targets, optimising efficiency and reducing side effects [183].

6.5. Endosomolytic peptides

The harsh endosomal environment can lead to degradation of peptides and their cargo, as
CPPs, such as TAT and oligoarginines, lack the ability to escape the endosome unaided,
resulting in poor transfection efficiencies [184]. Histidine-rich peptides are usually endoso‐
molytic in nature and can facilitate endosomal escape through the proton sponge where the
protonation of imidazole groups in histidine-rich peptides facilitates buffering of the endo‐
some causing endosomes to swell and burst, releasing their contents [185, 186]. Another
mechanism employed by histidine-rich peptides is the ‘flip-flop’ effect, which may operate
depending on the number of histidine residues or their arrangement in a peptide [187]. In a
study conducted by Lo et al., the addition of 10 histidine residues to TAT increased luciferase
transgene expression up to 7,000-fold in the human glioma cell line U251 in vitro [188].
Bafilomycin A1, a known inhibitor of the proton sponge effect for endosomal escape, in turn
inhibited transfection significantly, supporting the idea that the activity of histidine as an
endosomal escape motif could improve the transfection efficiency of TAT. However, in vivo
administration of the TAT-histidine peptide/DNA complexes to deliver the luciferase reporter
gene into the brain of rats showed 5-fold lower expression than was achieved using PEI 25
kDa/DNA complexes, suggesting more work needs to be done to ensure in vitro results
translate to the in vivo setting. One example of a histidine-rich peptide that has shown great
promise is H5WYG, derived from the HA2 subunit of haemaglutinin (HA) protein of the
influenza virus. H5WYG causes endosomal escape through the proton sponge effect, when
the histidine residues become protonated at around pH 6. H5WYG is unaffected by the
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presence of serum that gives it an added advantage of being suitable for in vivo gene delivery
[189]. Asseline et al. reported a 2-fold increase in luciferase mRNA levels when H5WYG was
added to an antisense oligonucleotide (2’-Ome RNA705) targeting aberrant splicing of
luciferase pre-mRNA in HeLa pLuc705 cells [190].

Fusogenic peptides have also been of great importance in facilitating endosomal escape [191].
Pore formation may be mediated by cationic amphiphilic peptides that bind to the lipid bilayer
of the endosomal membrane, causing internal stress or tension leading to pore formation.
Fusogenic peptides are known to adopt an amphipathic α-helical structure when pH drops to
around 5 within the endosome, causing interaction with the phospholipid membrane and
endosomal disruption [156, 192]. This fusogenic activity also allows these peptides to interact
with cell membranes and facilitate internalisation, giving some fusogenic peptides a dual
function with ability to package nucleic acid to avoid degradation and be delivered into the
cytoplasm of the cell. One such example is RALA (WEARLARALARALARHLARALARAL‐
RACEA), a 30 amino acid fusogenic peptide with a cationic nature [193]. It is composed of a
hydrophilic arginine (R) region that facilitates condensation of anionic complexes, e.g., DNA;
a hydrophobic leucine (L) region that interacts with lipid membranes; and an alanine (A)-rich
region that gives the peptide amphipathicity. This structure allows RALA to maintain α-helical
conformation at low pH, enabling endosomal escape. The design of RALA was informed by
the understanding of two similar peptides, namely GALA (WEAALAEALAEALAEHLAEA‐
LAEALEALAA) and KALA (WEAKLAKALAKALAKHLAKALAKALKACEA), peptides that
were in turn derived from the HA2 subunit of the influenza virus, with GALA being the first
cell penetrating amphipathic peptide demonstrated to possess fusogenic activity [192].
However, GALA carries an overall negative charge and therefore cannot be used for delivery
of DNA alone. KALA was derived by substituting the glutamic acid (E) in GALA with lysine
(K); the resulting derivative was positively charged, and thereby more suitable for delivery of
DNA. This E to K substitution resulted in improved interaction with negatively charged cell
membranes and allowed condensation of negatively charged DNA cargoes [194]. RALA was
derived by substituting lysine residues with arginine (R), which conferred a lower toxicity
[172, 193].

6.6. Nuclear Localisation Sequences (NLSs)

Intracellular trafficking of nucleic acid cargo and entry into the nucleus is crucial for transgene
expression. The use of nuclear localisation sequences (NLS) has proved beneficial in improving
the efficiency of vectors. NLSs help traffic vectors towards the nucleus and facilitate entry
through the nuclear envelope in association with the importin pathway [62]. Classical nuclear
localisation signals, such as the NLSs from simian virus 40 (SV40), large tumour antigen
(PKKKRKV), and Rev peptide (RRNRRRRWRERQRQ), consist of short stretches of basic
amino acids [195]. Such NLSs have the ability to bind DNA in order to facilitate nuclear entry.
Elder et al. used atomistic molecular dynamics to investigate the effect of peptide chemistry
and sequence on DNA binding behaviour, focusing on the NLS from SV40 [196]. By analysing
the conformational entropy and free energy of binding, the authors found that replacing
arginine with lysine reduced binding strength by eliminating arginine–DNA interactions, but
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placing arginine in a less sterically hindered location has little effect on polycation–DNA
binding strength. This strong binding ability of arginine is important for an NLS because
nucleic acids need to be bound and protected from degradation by nucleases in the cytosol
before reaching the nucleus.

Several other proteins derived from viruses are excellent at traversing the intracellular network
and facilitating nuclear import [197]. The TAT, Rev, and Rex proteins of the retroviruses
contain arginine-rich NLSs, which have the ability to shuttle to and from the nucleus. Herpes
simplex virus (HSV) type 1 tegument proteins, known as VP13/14, are also arginine-rich and
act in a similar way [198, 199]. The arginine-rich portion of these proteins is responsible for the
nuclear import, with leucine-rich portions, known as nuclear export signals (NES), being
responsible for the shuttling between the nucleus and cytoplasm. Arginine-rich NLSs have
been shown to use importin β pathway with no involvement of importin α pathway [200].
Importin β is not only involved in nuclear import but is also a potential adaptor for movement
along microtubules, which may enhance trafficking of arginine-rich peptides to the nucleus,
as well as entry to the nucleus [201]. Identification of exact binding sites and utilisation of such
mechanisms may be the key to improving transfection efficiencies for peptide delivery vectors.

Incorporation of such sequences has proven to be useful in vector design. Hatefi et al. dem‐
onstrated that the addition of Rev (RRNRRRRWRERQRQ) to their fusion peptide KALA-2H1-
NLS-TP facilitated cargo delivery to the nucleus by utilising microtubules for nuclear
localisation [186]. Non-classical NLSs, such as M9 from human mRNA binding protein hnRNP
A1, have also shown promise for non-viral vector functionalisation [202]. These NLSs lack
stretches of basic amino acids and do not enter the nucleus via the importin pathway. M9 binds
to the transportin receptor that results in nuclear localisation and has shown the ability to
transport the vector towards the nucleus by shuttling between the nucleus and cytoplasm
[203–205]. These properties make M9 an attractive NLS for gene delivery [65]. A number of
viruses are known to exploit host microtubule machinery to facilitate access to the nucleus
[206], but little is known about the exact mechanisms and binding domains used by viruses,
and further study is required to elucidate exact peptide sequences involved that may be
incorporated into non-viral vectors for rational design to achieve enhanced transfection
efficiencies [207]. For example, the motif sequence contained in the adenoviral capsid hexon
(E3-14.7K peptide: VVMVGEKPITITQHSVETEG) was conjugated to plasmid DNA and
promoted microtubule-mediated transport of the DNA, resulting in 2.5-fold increase in
transfection efficiency in HeLa cells compared to plasmid DNA only [208]. Incorporation of
this sequence into a non-viral vector may therefore improve transfection efficiency.

Problems have been encountered where binding of an NLS with DNA renders the NLS unable
to bind to the importins that allow passage through the NPC. Using a basic NLS to condense
and deliver DNA alone has not been successful because they do not bind DNA strongly enough
and the complexes are generally broken down in the cytoplasm [209]. Covalent conjugation
of an NLS to DNA has been problematic as this may render the NLS or the DNA non-functional,
as demonstrated when covalent bonding of SV40 did not increase nuclear localisation of pDNA
[68]. Various binding strategies have been used to improve this, as well as using condensing
agents such as histones that also possess nuclear localisation properties [210], but generally,
NLSs are used to supplement other delivery systems rather than as stand-alone vectors.
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6.7. Designer Biomimetic Vectors (DBVs)

An exciting approach to the multifunctional vector has been the introduction of recombinant
production of bio-inspired fused protein sequences, each coding for a discrete motif with an
explicit barrier evasion function [211]. Termed designer biomimetic vectors, these vectors are
rationally designed to incorporate several motifs with distinct functions, and could be a step
towards the production of ‘artificial viruses’. The previous strategies discussed involving
different components of a multi-functional system being conjugated together by various
attachments may not be ideal for production of gene delivery systems. Simple conjugation of
certain peptides has also led to alteration in the function of the peptides [212], therefore
conjugating all the desired components together may be problematic. Production of DBVs
using recombinant DNA technology allows the fusion of discrete motifs in a relatively simple
process that should not affect the functional operation of the motifs. This would circumvent
any problems involved with complex conjugation reactions to attach different components
and ultimately could be more cost effective and reproducible in a large scale industrial setting.
The production process involves introduction of plasmids, which have been engineered to
contain the desired motifs for the protein, into competent bacterial cells. The bacteria then
utilise the plasmid to produce the fusion proteins, which are subsequently extracted and
purified. The use of this recombinant DNA technology allows the specific design of the vector
at the molecular level, which can be tailored to enhance and optimise gene delivery [213].
Examples of multi-functional recombinant vectors are detailed in Table 2.

Name Nucleic acid
condensation

Endosomolytic
component

Nuclear
localisation

Targeting
motif

Other Activity

Tetra-
H2A(TH)

Four tandem
repeats of human
histone H2A
peptide (TH)

GALA peptide N/A (anti-
luciferase
siRNA
delivery)

Anisamide
(AA) to
target cancer
cells that
overexpress
sigma
receptor

PEGylated,
cathepsin D
cleavage sites in
the TH for
digestion in
endosome
compartment,
DOTAP and
Chol Lipid
envelope
surrounding
TH

TH produced a higher
silencing efficiency in
HT60-luc cells in vitro
and in vivo than the
NPs assembled with
protamine as the
nucleic acid
condensing agent [218].

KALA-2H1-
NLS-TP

Two repeating
units of histone
H1 (2H1)

KALA peptide NLS from Rev
protein of HIV
virus

ZR-75-1
targeting
peptide
(RVCFLWQ
DGRCVF)

- Transfection efficiency
of luciferase
comparable to PEI 25
kDa with preferential
targeting to ZR-75-1
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Name Nucleic acid
condensation

Endosomolytic
component

Nuclear
localisation

Targeting
motif

Other Activity

breast cancer cells
[186].

FP–(DCE)n–
NLS–CS–TM
FP– (DCE)n–
CS–TM

Arginine-
histidine (RH)
with general
structure
(RRXRRXHHXH
HX)n

Arginine-
histidine (RH)

M9 (included
in FP–(DCE)n–
NLS–CS–TM
for DNA
delivery;
absent in FP–
(DCE)n–CS–
TM for siRNA
delivery)

HER2
targeting
affibody to
target
SKOV-3

- Significant cell death
observed in SKOV-3
cells treated in vitro
with FDT/BCL2-siRNA
in combination with
FDNT/pSR39 plus GCV
[216,217].

DBV µ peptide derived
from adenovirus

H5WYG Rev HER2
affibody

Targeting
moiety attached
via cathepsin
substrate (CS)
for cleavage in
the endosome

DBV-mediated iNOS
gene delivery resulted
in a maximum of 62%
cell killing and less
than 20% clonogenicity
in ZR-75-1 breast
cancer cells in vitro
[215].

Table 2. Recombinant multifunctional non-viral delivery systems, their components, and application in gene therapy

Recently the Gandehari and Hatefi groups have reported the design and development of
recombinant fusion proteins for targeted gene delivery [34, 211]. The DBVs are produced by
fusing the desired motif sequences, usually composed of a DNA condensing motif (DCM),
endosomal disruption motif (EDM) and nuclear localisation motif (NLS) [34, 214]. Sadeghian
et al. described a fusion protein comprised of two repeats of histone H1 for DNA condensation,
H5WYG pH responsive fusogenic peptide for endosomal escape and the simian virus 40 (SV40)
large T-antigen NLS for a nuclear localization [211]. The fusion peptide was complexed with
the pGL3 plasmid for luciferase expression to form nanoparticles; the nanoparticles transfected
Chinese hamster ovary (CHO) cells efficiently in vitro. However, this system lacked a targeting
motif that is highly desirable in the design of gene delivery system.

Soltani et al. recently described a delivery system known as KALA-2H1-NLS-TP, which is
composed of two repeating units of histone H1 (2H1) to efficiently condense DNA into nano-
sized particles, a synthetic pH-dependent endosome disrupting motif (KALA) to promote
escape from endosomes, a cyclic targeting peptide (TP) selected from a phage display library
to target antigens on the surface of ZR-75-1 breast cancer cells, and an NLS from the Rev protein
of HIV to facilitate translocation of DNA towards the cell nucleus [186]. The authors demon‐
strated that the recombinant vector had a high rate of gene transfection efficiency compared
to vectors that lacked one or more functional motifs, and targeted the ZR-75-1 cells. Besides
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the ability to target, the developed multifunctional vector was able to disrupt endosomal
membranes, reach the nucleus by utilizing microtubules, and transfect efficiently while
showing no detectable toxicity. McCarthy et al. presented similar results using a DBV for the
delivery of iNOS gene therapy targeted to breast cancer [215].

Canine et al. described a biopolymer termed FP–(DCE)n–NLS–CS–TM that contains repeating
units of arginine and histidine to condense pDNA and lyse endosome membranes (DCE), a
HER-2 targeting affibody to target cancer cells (TM), a pH responsive fusogenic peptide (FP)
H5WYG to destabilize endosome membranes and enhance endosomolytic activity of histidine
residues, and a nuclear localization signal (NLS) M9 to enhance translocation of pDNA
towards the cell nucleus. A cathepsin D enzyme substrate (CS) was also engineered in between
targeting motif and NLS to facilitate dissociation of the targeting motif from the biopolymer
inside late endosomes where cathepsin D is abundant [216]. The authors demonstrated the
functioning of each motif in the polymer resulting in successful transfection of SKOV-3 and
GFP transgene expression.

The production of these recombinant vectors renders it relatively easy to change their charac‐
teristics by sequence modification. Canine et al. further demonstrated that by modifying the
sequence of the biopolymer FP–(DCE)n–NLS–CS–TM, it was possible to fine tune the vector
for either delivery of plasmid DNA to the nucleus or delivery of siRNA to the cytoplasm [217].
It was reported that inclusion of the M9 NLS rendered the biopolymer (FP–(DCE)n–NLS–CS–
TM) suitable for delivery of plasmid DNA to the nucleus but not for delivery of siRNA.
However, exclusion of the NLS from the biopolymer (FP– (DCE)n–CS–TM) rendered it more
suitable for delivery of siRNA to the cytoplasm but not for nuclear delivery of plasmid DNA
in SKOV-3 human ovarian cancer cells. This study demonstrates the possibility of not only
targeting specific cells for gene delivery, but also the ability to target intracellular compart‐
ments depending on the nature of the therapeutic to be delivered.

Wang et al. presented a novel recombinant protein tetra-H2A (TH) derived from histone H2A
that was developed to replace protamine as a conditionally reversible, nucleic acid condensing
agent. The recombinant protein comprised of four tandem repeats of human histone H2A
peptide, interspersed with cathepsin D cleavage sites and a pH-responsive fusogenic peptide
GALA to facilitate the endosome escape of the cargo. The recombinant protein, tetra-H2A (TH),
was able to condense siRNA into a stable complex that was in turn coated in a cationic lipid
with a high degree of PEGylation, forming Lipid-tetra-H2A-Hyaluronic acid (LHH) nanopar‐
ticles [218]. This design was developed in order to mimic lipid-enveloped viruses to replicate
the transfection abilities of viruses in vivo. The histone-containing polymer demonstrated an
enhanced intracellular release of the cargo and an increased anti-luciferase siRNA silencing
efficiency in vitro compared with the protamine-containing polymer in H460-luc human lung
carcinoma cells. Furthermore, in vivo gene silencing by tumour-targeted anti-luciferase siRNA
was evaluated in H460-luc xenograft-bearing mice with the histone-containing nanoparticles
loaded with anti-luciferase siRNA resulting in ~66% silencing of luciferase expression,
significantly higher than that of the protamine-mediated knockdown (34%). This study
demonstrates the importance of efficient release of the genetic payload for efficient gene
therapy; through optimisation of each component of the multifunctional vector, it may be
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efficiency in vitro compared with the protamine-containing polymer in H460-luc human lung
carcinoma cells. Furthermore, in vivo gene silencing by tumour-targeted anti-luciferase siRNA
was evaluated in H460-luc xenograft-bearing mice with the histone-containing nanoparticles
loaded with anti-luciferase siRNA resulting in ~66% silencing of luciferase expression,
significantly higher than that of the protamine-mediated knockdown (34%). This study
demonstrates the importance of efficient release of the genetic payload for efficient gene
therapy; through optimisation of each component of the multifunctional vector, it may be
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possible to maximise transfection efficiency. However, these vectors are still in the early stage
of development and much research is needed. Many of these findings serve only to confirm
the theory behind the design of the vector, and further in vivo work with therapeutic trans‐
genes is ultimately required.

7. Conclusion

There is a huge potential for cancer gene therapy, which, in some respect, has yet to be realised.
However, the lack of gene therapy products making it onto the market is disappointing when
one considers the number of research groups involved and clinical trials underway. It seems
that until a suitable delivery system for cancer gene therapy becomes available, the potential
of this field will never be reached. The difficulty in this is the number of hurdles to overcome
and the extremely high standards of safety and efficiency expected by regulatory authorities.
Nevertheless, the development of multifunctional systems and a move towards the creation
of artificial viruses may finally help cancer gene therapy to progress to a viable and successful
cancer treatment.
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Abstract

Application of gene therapies is a promising approach to the treatment of various neuro‐
logical disorders, including Parkinson's disease, amyotrophic lateral sclerosis (ALS), and
lysosomal storage disorders, which are not treatable by any other means. However, the
blood–brain barrier (BBB) is a key obstacle to gene delivery to the central nervous system
(CNS). Adeno-associated virus (AAV) vectors have emerged as a promising tool for gene
delivery to the CNS, thanks to their safety and ability to transduce non-dividing neuronal
cells. In this chapter, we discuss strategies for delivering genes across the BBB, focusing
especially on potential routes of administration of AAV vectors and promising applica‐
tions of AAV vectors to the treatment of CNS disorders.

Keywords: Adeno-associated virus vector, central nervous system, routes of administra‐
tion, lysosomal storage disorders

1. Introduction

Because it is often difficult to treat central nervous system (CNS) disorders using standard
pharmacological methods, other, more effective, strategies are being sought. Among these
alternatives, gene therapy appears to be a promising approach to treating various neurological
disorders, including Parkinson’s disease, amyotrophic lateral sclerosis, Huntington disease,
Alzheimer’s disease, and lysosomal storage disorders, which are not treatable by any other
methods. However, the efficacy of gene therapies in clinical trials has been limited by phys‐
iological barriers unique to the CNS, as well as by the post-mitotic state of many of the cellular
targets in the brain and spinal cord. The blood–brain barrier (BBB) in particular is a key obstacle
to gene delivery to the CNS.
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Adeno-associated virus (AAV) is a member of the family Parvoviridae that has been widely
used as a vector for gene delivery. AAV is a small, non-enveloped single-stranded DNA virus
with a genome of approximately 4.7 kb [1]. The AAV genome consists of three open reading
frames (ORFs) flanked by two inverted terminal repeats (ITRs). It is a dependovirus because
it requires helper functions from other viruses such as adenovirus or herpes simplex virus for
its replication. AAV is a suitable gene transfer tool because of its safety due to a lack of
pathogenicity, its ability to transduce both dividing and non-dividing cells, and its minor
immune response. Among the more than 100 nonredundant AAV genotypes that have been
identified, 12 AAV serotypes with unique properties have been used to produce most
expression vectors [2].

AAV vectors are powerful tools that are able to mediate gene transfer to the CNS, thanks to
their safety and ability to transduce non-dividing neuronal cells. Consequently, they hold great
potential for use in therapeutic gene delivery strategies for the treatment of neurological
disorders. Although a breakthrough treatment has remained elusive, current approaches are
now considerably safer and potentially much more effective than in the past. In this chapter,
we discuss how to administer vectors across the BBB, focusing especially on potential routes
for administration of AAV vectors and promising strategies for application of AAV vectors in
CNS disorders.

2. AAV vectors for CNS disorders

2.1. Advantages of AAV vectors for gene transfer to CNS

A variety of both viral and non-viral vectors have been applied to the effort to transfer genes
into the CNS. Among these gene transfer methods, AAV vectors have emerged as a particularly
promising tool for gene delivery. There are many advantages to using AAV vectors for
transduction of the CNS [3]. First, AAV is itself not pathogenic and has received a P1 and P1A
recombinant DNA safety classification. It is therefore easy to use AAV vectors without specific
facilities. Second, because AAV vectors have the ability to transduce non-dividing cells, they
are a suitable means for delivering transgenes to non-dividing neuronal cells [4]. Third, long-
term expression of transgenes with little immunogenicity or toxicity can be achieved using
AAV vectors. It was reported that there was a gradual decline in the number of transduced
cells when the cytomegalovirus (CMV) immediate-early promoter was used [5]. However,
with the use of cellular or hybrid promoters, such as the chicken beta-actin/CMV promoter,
transgene expression was sustained. Indeed, we found that following administration to mice
of an AAV vector in which the CAG promoter drove the green fluorescent protein (GFP) gene,
GFP expression was sustained for more than one and a half years, or nearly the entire life span
of the mice [6]. In addition, we are now using several AAV vector serotypes (mainly from AAV
serotype 1 to 12), depending on the target. On the other hand, a disadvantage of AAV vectors
is the size limitation of the transgene. Since AAVs package a ∼4.7-kb genome, it is better to
have 4.7 kb between the inverted terminal repeats at the 5’ and 3’ ends [7].
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2.2. How to cross the BBB?

To apply gene therapy to the treatment of CNS disorders, there are two immediate problems
that must be solved: One is how to cross the BBB, which is a physical and biochemical barrier
that precisely regulates the ability of endogenous and exogenous substances to accumulate
within brain tissue [8, 9], and the second is how to distribute the transgene to the entire brain.
In some cases, we have to treat the whole brain, including the peripheral nervous system (PNS).
To transfer genes across the BBB, there are two main approaches: brain-directed local therapy
and less invasive systemic therapy. Table 1 shows possible approaches of gene delivery to CNS
using AAV vectors.

1. Brain-directed gene transfer

1) Intracranial injection of AAV vector

2. Systemic gene transfer

1) Intravenous injection of AAV vector

2) Intracerebroventricular injection of AAV vector

3) Intrathecal injection of AAV vector

Table 1. Possible approaches of gene delivery to CNS using AAV vectors

3. Local gene delivery to the CNS using AAV vectors

Brain-directed local injection of AAV vectors is a straightforward approach to gene transfer to
the CNS. We compared the transduction efficiency of several AAV vector serotypes encoding
the luciferase gene (AAV/Luc) after intracranial injection in mice. Fig. 1 shows the resultant
transduction efficiencies determined using an in vivo imaging system (IVIS). Efficient trans‐
duction was achieved using the AAV9/Luc or AAV10/Luc vectors compared to the AAV1/Luc
or AAV8/Luc vectors, and sustained expression was detected for at least 6 months after
injection. Notably, however, following injection of a small amount of AAV1/Luc or AAV9/Luc
vectors (2 µl) into the striatum, expression of the transgene was detected in the liver after 2
weeks of injection (Fig. 1A). Therefore, although expression of the transgene was absent at 6
months after injection, one must be aware of the potential for the occurrence of unexpected
transduction following directed local injection of an AAV vector.

Fig. 2 shows another comparison of transduction efficiency after local administration to the
CNS, this time using AAV vectors encoding GFP (AAV/GFP). As expected, the AAV9/GFP
vector exhibited the greatest ability to transduce neuronal cells 2 weeks after injection.
Surprisingly, however, nearly the same high transduction efficiency was detected 2 months
after injection of the AAV2/GFP vector. Although a long time is needed to achieve strong
expression with AAV2, since there is no limitation for the patient, the use of AAV2 is one option
for highly efficient CNS transduction.
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Finally, Fig. 3 shows results obtained with direct intracranial injection of AAV1/GFP vectors
into the hippocampus (CA3). Although we injected AAV1/GFP vectors into the right hippo‐
campus (CA3), GFP expression was detected on both sides of the brain, indicating that GFP is
efficiently transported to the left side through long axons. This axonal transport is an advantage
of direct injection [10, 11].

4. Systemic gene delivery to CNS using AAV vectors

Although in some cases axonal transport may be useful for widespread transduction with AAV
vectors, most often local injection of AAV vectors provides transgene expression only to
limited regions in the CNS. Consequently, to obtain global transduction of the CNS, multiple
intracerebral injections are needed. But this strategy is invasive, and safety becomes a problem.
To overcome this problem, an ideal approach for efficient and safe transduction to CNS is
systemic administration.

Figure 1. Brain-directed injection of AAV vectors encoding the luciferase gene (AAV/Luc). (A) Approximately 2.0 x
1010 vector genomes (vg) of recombinant AAV/Luc vectors (serotypes 1, 8, 9, and 10) were injected into the right stria‐
tum over a period of 5 min using a Hamilton syringe with a 33-G blunt-tip needle. Bioluminescent images of mice
were obtained using a Xenogen IVIS imaging system at 2 weeks and 6 months post administration. (B) Comparative
measurement of AAV/Luc transduction in vivo in the brain area 2 weeks and 6 months after injection.
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4.1. Systemic administration of AAV vectors for gene transfer to CNS

4.1.1. Systemic administration of AAV vectors during the neonatal period

Systemic administration of AAV vectors is a promising approach for widespread organ
transduction, though the BBB is an obstacle to the transduction of the CNS. To overcome this
problem, one possibility is to administer the vector during the neonatal period, when the BBB
is immature. We injected AAV/GFP vectors (serotypes 1, 8, 9, and 10: 1.5 x 1011 vg each) into
the jugular veins of neonatal mice and then used diaminobenzidine (DAB) staining to examine
GFP expression. GFP signals were detected throughout the entire brain after injection of any
of these serotypes. Efficient gene transfer was obtained by AAV9/GFP or AAV10/GFP vector
injection (Fig. 4A). Fig. 4B shows immunohistochemical staining of GFP in the brain by
systemic neonatal injection of AAV9/GFP vectors. GFP expression was detected throughout
the brain, including the olfactory bulb, cerebral cortex, hippocampus, and brainstem, and the
spinal cord was also transduced efficiently. However, after the use of the AAV8/GFP vector,
widespread transduction in the brain was detected 2 weeks after injection. Moreover, global

Figure 2. Brain-directed injection of AAV vectors encoding green fluorescent protein gene (AAV/GFP). Approximately
2.0 x 1010 vg of AAV/GFP vectors (serotypes 1, 2, 5, 8, 9, and 10) were injected into the right striatum over a period of 5
min using a Hamilton syringe with a 33-G blunt-tip needle. Expression of GFP was analyzed using fluorescent micro‐
scopy at 2 weeks (A) and 2 months (B) post administration.
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expression of GFP was sustained for at least 18 months (Fig. 4C). Immunohistochemical
staining revealed the presence of GFP within GFAP-positive astrocytes, NeuN-positive
neurons, and Calbindin-positive Purkinje cells [6]. These findings suggest that systemic
neonatal administration of AAV is an effective means of delivering transgenes to target
neuronal systems.

4.1.2. Systemic administration of AAV vectors after the neonatal period

It is our experience that AAV vectors are able to pass through the BBB for at least 2 weeks after
birth, but within 6 weeks, all AAV vectors lose the ability to cross the BBB [6]. Therefore, to
transduce the CNS of adult mice, double-stranded (or self-complementary) AAV vectors
(dsAAV) must be used [12]. When we injected single-stranded (ss) AAV9 or dsAAV9 vectors
encoding GFP into the tail veins of 8-week-old mice and assessed GFP expression immuno‐
histochemically, minimal expression was detected in mice administered ssAAV9, whereas
efficient GFP expression was achieved throughout the entire brain using dsAAV9 (Fig. 5).
Thus, systemic administration of the dsAAV9 vector appears to be an effective means of
transducing the CNS in adult mice. It was demonstrated that combined injection of AAV
vectors with mannitol [13, 14] or use of ultrasound-targeted microbubble destruction [15]
enhances gene expression in the brain after systemic injection of AAV vectors. Therefore, to
improve gene delivery in the brain, systemic administration of the dsAAV9 vector, along with
these strategies, may be a powerful tool for transduction to the CNS.

Figure 3. Brain-directed injection of AAV1/GFP vectors into hippocampus (CA3). The CA3 regions of the hippocam‐
pus of 7-month-old mice were injected with AAV1/GFP vectors (8.0 x 109 vg) and examined 5 months later. Using a
fluorescent microscope, slices of the hippocampal regions were analyzed for GFP expression.
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OB, olfactory bulb; CC, cerebral cortex; Hip, hippocampus; PC, Purkinje cells in the cerebellum; BS, brain stem; SC,
spinal cord.

Figure 4. Direct comparison of AAV serotypes to transduce CNS by neonatal systemic injection. (A) After serotype-1,
-8, -9, or -10 AAV/GFP vectors were intravenously injected into neonatal C57BL/6 mice, cerebral GFP expression was
analyzed by DAB staining 4 weeks after injection. Representative brain images showing immunohistochemistry using
an anti-GFP antibody after AAV9/GFP (B) and AAV8/GFP (C) injection.
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Figure 5. Immunohistochemical staining of brain sections of adult mice following systemic injection of ssAAV9/GFP or
dsAAV9/GFP vectors. After 7.0 x 1012 vg of AAV9/GFP vectors were injected via tail veins of adult (7-week-old) mice,
expression of GFP was analyzed using fluorescent microscopy at 5 weeks post administration.

4.2. Intracerebroventricular and intrathecal injection of AAV vectors

Another strategy for achieving global gene transfer into the CNS through systemic adminis‐
tration is vector delivery into the cerebrospinal fluid (CSF). There are two approaches to
delivering an AAV vector into the CSF: intracerebroventricular injection and intrathecal
injection. To evaluate the feasibility of intracerebroventricular injection, AAV1/GFP vectors
were injected into the right lateral ventricle. Following the injection, GFP expression was
broadly distributed in the choroid plexus and ependymal cells throughout the cerebral
ventricles (Fig. 6A). Coronal brain sections revealed widespread diffusion of AAV1 from the
injection site to the contralateral, anterior lateral and third ventricles, as well as the fourth
ventricles via the cerebral aqueduct [16]. GFP expression was mainly confined to the choroid
plexus and ependymal cells, with little or no detection of GFP in the brain parenchyma or
spinal cord. Similarly, when we administered the AAV1/GFP vector intrathecally, GFP
expression was broadly distributed throughout the brain (Fig. 6B). In addition, large numbers
of nerve fibers in the dorsal spinal cord and the neuronal cell bodies in the dorsal root ganglia
were also efficiently transduced [17]. Thus, it can be concluded that both intracerebroventric‐
ular and intrathecal injection of AAV vectors are useful for transduction of the CNS, especially
if one wants to also transduce the peripheral nervous system.
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Figure 6. Expression of GFP in the brain after intracerebroventricular or intrathecal injection of AAV vectors. (A) After
injection of AAV1/GFP vectors into the right lateral ventricle, GFP expression in the brain was analyzed by fluores‐
cence microscopy (upper panel) or immunostaining with DAB staining (lower panel). (B) AAV1/GFP vectors were in‐
jected into the posterior cistern of 8-week-old mice and the brains were examined 8 weeks after injection. GFP
expression was monitored by fluorescence microscopy.

5. Application of AAV vectors to CNS disorders

As summarized above, AAV vectors are an effective means of delivering genes into the CNS,
thanks to their ability to transduce post-mitotic neurons and mediate efficient and stable
transduction. Indeed, the utility of directly delivered AAVs has been demonstrated in
numerous preclinical studies, and they are currently being used in clinical trials of treatments
for Alzheimer’s disease [18, 19], Parkinson’s disease [20, 21], Canavan’s disease [22], and
Batten’s disease [23, 24], among others. We also evaluated the utility of brain directed [25],
intracerebroventricular [16], intrathecal [17], and intravenous neonatal administration [26] of
AAV vectors for the treatment of metachromatic leukodystrophy (MLD), an inherited
lysosomal storage disease with severe neurological symptoms. When we injected AAV9
vectors expressing human arylsulfatase A (AAV9/ASA) into the jugular vein of newborn MLD
model mice, efficient ASA expression was detected throughout the entire brain (Fig. 7A) and
peripheral nervous system (Fig. 7C), suppressing the accumulation of sulfatides in both CNS
(Fig. 7B) and PNS (Fig. 7D). Moreover, the treated mice showed a greater ability to traverse
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narrow balance beams than untreated mice [26]. These data clearly demonstrate that MLD
model mice can be effectively treated through systemic administration of AAV9/ASA vector
to neonates. Thus, neonatal gene therapy is one approach with the potential to overcome the
limitation imposed by the BBB on treating genetic disorders of the CNS. Other advantages of
systemic gene transfer to neonates with genetic disease over treatment of adults are as follows:
(1) because the immune system is immature, recipients are immunologically tolerant of the
vector; (2) it may prevent early onset of genetic diseases; (3) neonates can be effectively treated
with a smaller amount of vectors than adults; and (4) nearly all organs are efficiently trans‐
duced. Systemic neonatal gene therapy thus appears to be a promising method for treating
systemic genetic diseases with neurological symptoms.

Figure 7. Correction of sulfatide storage by neonatal systemic injection of AAV9/ASA vectors. After injection of
AAV9/ASA into the jugular vein of newborn MLD mice, ASA expression in the brain (A) and spinal cord (C) was ana‐
lyzed by immunohistochemistry using an anti-ASA antibody at 15 months after injection. Correction of sulfatide stor‐
age in the brain (B) and spinal cord (D) was analyzed by alcian blue staining.
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6. Summary and future developments

In summary, AAV vectors are a promising tool to transduce both the CNS and the spinal cord.
Following a single systemic injection, AAV vectors cross the BBB and mediate widespread
gene transduction throughout the brain, including the cerebral cortex, cerebellum, olfactory
bulb, and brain stem. Recently, to obtain more efficient transduction, a new AAV vector
serotype [27] or tyrosine mutant capsid [2] was developed. In addition, Rafi et al. succeeded
in treating a mouse model of Krabbe disease (twitcher mice) by administering a combination
of intracerebroventricular, intracerebellar, and intravenous injections of AAV vectors to
neonates [28]. This suggests that administration of AAV vectors via several routes could prove
highly useful for efficient and long-term overexpression or downregulation of genes through‐
out the CNS and spinal cord and could be a useful means of treating genetic neurological
diseases.
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Abstract

Adeno-associated virus (AAV) has been isolated from numerous vertebrate species
since 1966. Besides its wide and promiscuous tropism, AAV infection does not re‐
sult in considerable toxicity or pathogenicity and is capable of achieving adequate
and long-term levels of gene transfer, especially following generation of the AAV
recombinant variant: rAAV. Due to these properties, rAAV has gained special at‐
tention as a viral vector for gene therapy in the last decade. Currently, there are 130
clinical trials taking place worldwide for several diseases testing the safety and effi‐
cacy profiles of rAAV. During preclinical and clinical studies, several challenges
have arisen in terms of reaching the full therapeutic potential of rAAV, such as effi‐
cient delivery of the virus in a targeted and specific manner to a desired tissue. Im‐
portantly, the development of immune responses towards the viral capsids poses
an obstacle to rAAV applicability in the clinical setting. Numerous approaches have
been developed in order to tailor an optimized therapeutic virus for treating specif‐
ic diseases, including the use of different AAV serotypes or the creation of recombi‐
nant capsid variants with distinctive transduction and immunological profiles. This
chapter reviews current information on rAAV clinical trials and the potential for
combining rAAV platform with other technologies, such as induced pluripotent
cells and gene editing.

Keywords: Adeno-associated virus, Gene therapy, Clinical trials

1. Introduction

Gene therapy is currently one of the most promising technologies for the treatment and/or cure
of several genetic diseases. Furthermore, it has the potential to battle inherited disorders as
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well as acquired diseases. By inducing modification of the gene pool, gene therapy aims to
permanently and non-invasively treat the disease. Among the gene modifications that the
therapy allows, a gene could be added, by direct introduction of a gene copy, silenced, by
administering shRNA or siRNA, or removed, by the ZFN technology. Therefore, the spectrum
of diseases that could potentially benefit from this technology is expanding.

Even though the idea of gene transfer has been pursued for decades using an array of diverse
delivery approaches, several setbacks hampered its success for some time. In 1999, the death
of Jesse Gelsinger after receiving an adenoviral-based gene therapy for the treatment of severe
combined immunodeficiency disorder forced the halt on gene therapy progress [1]. Following
this tragic incident, a more serious regulatory scrutiny was established and the use of alter‐
native viral and nonviral vectors was investigated. Among viral platforms for gene delivery,
adeno-associated virus (AAV) emerged in 1965 and has attracted much attention since then
because the virus is not pathogenic, does not induce significant immune response and/or
toxicity to humans while it allows long-term transgene expression.

2. Emergence of rAAV as a therapeutic platform

Adeno-associated virus was first discovered in 1965 as a contamination of rhesus monkey
kidney cell cultures that were infected with adenovirus stocks [2]. Initially, the virus was called
defective as it was incapable of self-replicating in the absence of a helper virus, adenovirus or
herpesvirus. Later, it was classified as a member of the Parvovirus family, genus Dependovi‐
rus.

Further investigation determined that it is a small virus (approximately 20 nm) composed of
an icosahedral protein capsid, which contains single-stranded DNA of 4.7 kb. The viral genome
is flanked at each end by inverted terminal repeats sequences of 145 bp called ITRs. These
sequences self-assemble into hairpin structures, generating a double-stranded sequence,
which serves as a template for replication. The viral genome encodes for two proteins: Rep
and Cap. Rep is required for single-stranded DNA replication and packaging. Cap is necessary
to form the viral capsid and transduce cells efficiently.

AAV has never been associated with a disease or pathology [3]. Furthermore, due to the
homology between the Rep-binding element present on the ITR, and the rAAVS1 sequence
found on human chromosome 19, the viral genome can result in integration into the human
genome [4]. This last feature is important because it shows that the virus can facilitate long-
term expression of the viral genome. Additionally, specific integration of AAV in a defined
locus minimizes the risks of mutagenesis due to random insertions, as other vectors do.

However, several genetic modifications of AAV have been performed in order to guarantee
further safety for its translation into the clinic. First, the gene required for viral replication,
called Rep, and the element required for site-specific integration were eliminated from the
AAV genome. Therefore, this AAV variant, called recombinant vector (rAAV), will exist in an
extrachromosomal state with very low integration efficiency into the genomic DNA, reducing
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the possibility of inducing random mutagenesis. Second, packaging of the rAAV genomic
DNA was modified, incorporating a self-complementary rAAV genome rather than a single-
stranded DNA genome [5]. Self-complementary virus differentiates from the recombinant
virus in its ability to refold into double-stranded DNA, bypassing the synthesis of the second
strand. This substitution has the advantage of reducing the lag time prior to transgene
expression and consequently, increasing the biological efficiency of gene delivery. However,
it significantly reduces the size of the transgene that could be inserted into the rAAV genome,
from 5 kb to 3 kb. Third, several capsid serotypes that carry the rAAV genome have been
identified and isolated.

3. AAV capsid serotypes

Even though serotype 2 has been more extensively used and studied, other capsids are gaining
more interest. The existence of a variety of serotypes makes rAAV gene therapy more attractive
as they differ in infectivity rates and tissue specificity. For instance, a biodistribution analysis
of different AAV capsid serotypes carrying the same luciferase reporter gene showed a broad
dissemination of the virus in the mouse following intravenous administration [6]. In an attempt
to study phylogenetic relationships among serotypes 1 to 12, their capsid amino acid sequences
(NCBI reference sequences: NP_049542.1, YP_680426.1, NP_043941.1, NP_044927.1,
YP_068409.1, AAB95450.1, YP_077178.1, YP_077180.1, AAS99264.1, AY631965.1, AY631966.1
and AX753364.1) were aligned using ClustalOmega [7] and JalView, version 2.8.2 (Figure 1).
According to the degree of similarity that a residue has with the consensus residue for each
column, a certain color is given. Intensive blue corresponds to more than 80% agreement, light
blue to agreement between 60% and 80%, light grey to agreement between 40% and 60% and
white for agreement lower or equal to 40%. Below the alignment, conservation, quality and
consensus information are provided. Conservation graphic highlights alignment regions
where physicochemical properties are conserved. The more intense the color, the more
conserved the physicochemical property is in the column. Alignment quality indicates the
likelihood of observing substitutions in a particular amino acidic position. Finally, the residue
consensus provides the most common residues and their percentage for each column of the
alignment.
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Following the multisequence alignment, the percentage of sequence homology was deter‐
mined by performing BLAST alignments of dual AAV sequences at the time (Figure 2a).
Furthermore, the phylogenetic relationships among these AAV serotypes were determined by
creating a neighbor-joining tree (Figure 2b), which uses the percent identity [8].
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Figure 2. A, Blast alignment of dual combination of AAV serotypes to determine percentage of homology. B, Phyloge‐
netic tree to determine phylogenetic relationships among the studied serotypes.

This tree shows that serotype AAV5 has the most divergent amino acid capsid sequence,
sharing between 53% and 59% homology with the rest of the human serotypes that have been
discovered so far (highlighted in orange). AAV4 also shows a considerable degree of diver‐
gence, when comparing sequences of AAV1 to 9 (between 53% and 64%). However, AAV4
shares a more recent common ancestor with serotypes 11 and 12. Furthermore, AAV1 and
AAV6 share 99% homology, being the closest AAV serotypes in sequence. The most common
AAV serotype, AAV2, is closer in amino acid sequence to all the AAV serotypes, especially
AAV3, but greatly differs from serotypes AAV5, AAV4 and therefore, AAV11 and AAV12.
Serotypes AAV8 and AAV10 are also very close between each other, sharing 93% amino acid
sequence homology. These differences in sequences were observed in other studies, not only
when analyzing the sequence similarities but also when studying antigenic reactivities [9].
Remarkably, the variabilities in amino acidic sequences were mainly localized in the looped-

Gene Therapy - Principles and Challenges124



Following the multisequence alignment, the percentage of sequence 

homology was determined by performing BLAST alignments of dual AAV 

sequences at the time (Figure 2a). Furthermore, the phylogenetic 

relationships among these AAV serotypes were determined by creating a 

neighbor-joining tree (Figure 2b), which uses the percent identity [8]. 

 

Figure 2. A, Blast alignment of dual combination of AAV serotypes to determine 

percentage of homology. B, Phylogenetic tree to determine phylogenetic 

relationships among the studied serotypes. 

Figure 2. A, Blast alignment of dual combination of AAV serotypes to determine percentage of homology. B, Phyloge‐
netic tree to determine phylogenetic relationships among the studied serotypes.

This tree shows that serotype AAV5 has the most divergent amino acid capsid sequence,
sharing between 53% and 59% homology with the rest of the human serotypes that have been
discovered so far (highlighted in orange). AAV4 also shows a considerable degree of diver‐
gence, when comparing sequences of AAV1 to 9 (between 53% and 64%). However, AAV4
shares a more recent common ancestor with serotypes 11 and 12. Furthermore, AAV1 and
AAV6 share 99% homology, being the closest AAV serotypes in sequence. The most common
AAV serotype, AAV2, is closer in amino acid sequence to all the AAV serotypes, especially
AAV3, but greatly differs from serotypes AAV5, AAV4 and therefore, AAV11 and AAV12.
Serotypes AAV8 and AAV10 are also very close between each other, sharing 93% amino acid
sequence homology. These differences in sequences were observed in other studies, not only
when analyzing the sequence similarities but also when studying antigenic reactivities [9].
Remarkably, the variabilities in amino acidic sequences were mainly localized in the looped-

Gene Therapy - Principles and Challenges124

out domains that are exposed to the surface of the capsid, rather than evenly distributed along
the capsid protein sequence [10]. More interesting, Gao et al. compared phylogenies from
human and nonhuman primate AAV serotypes. They observed that human AAV4 and AAV5
serotypes were the most divergent, and after they emerged, the rest of the viruses were
clustered in groups that included human serotypes (AAV1, AAV6, AAV2, AAV3 and AAV9),
exclusive rhesus serotypes (AAV7) or a combination of both (AAV8). Considering that human
AAV serotypes share a high similarity in sequences with nonhuman AAV serotypes, they are
both well disseminated and are able to cross species barriers. Therefore, there is a possibility
that AAV from nonhuman primates could be used for treating human diseases. This is the case
of AAVrh10, a serotype isolated from rhesus macaques. This virus was found to be signifi‐
cantly more efficient in transducing neurons from different areas in a healthy dog brain as
compared with AAV1 or AAV5, but to a similar extent with AAV9 [11]. More importantly, the
rhesus serotype is currently being tested for safety and efficacy in the clinic for the treatment
of CNS diseases, such as Battens (NCT01414985 and NCT01161576, clinicaltrials.gov) and MLD
(NCT01801709, clinicaltrials.gov). Additionally, a new study is planning to test the safety of
this virus for delivering human alpha 1-antitrypsin cDNA to individuals with alpha 1-
antitrypsin deficiency (NCT02168686, clinicaltrials.gov); although they are not yet recruiting
patients.

According to the biodistribution study of AAV following tail vein injection 

into the mouse, rAAV9 has the broadest tissue tropism, demonstrating 

robust transduction of all tested tissues other than the testes [6] (Figure 3). 
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Figure 3. Biodistribution of AAV serotypes 1–9 in mouse.

According to the biodistribution study of AAV following tail vein injection into the mouse,
AAV9 has the broadest tissue tropism, demonstrating robust transduction of all tested tissues
other than the testes [6] (Figure 3). Moreover, it is the most efficient in reaching the brain, followed
by AAV8. On the other hand, AAV7 showed strong tropism for the liver and to a lesser extent
for the muscle. Meanwhile, AAV6 had more preference for the heart, in comparison to liver,
lung and muscle. AAV4 was found in higher viral copies in the lung, followed by the heart. The
rest of the serotypes transduced the selected tissues with lower efficiencies. AAV1 and AAV2
were more prone to reach the liver. In terms of infection kinetics, AAV7 and AAV9 were the
fastest in targeting the tissue and showing expression of the reporter gene, luciferase. Mean‐
while, AAV3 and AAV4 were the slowest ones. Additionally, among all the serotypes, AAV2,
3, 4 and 5 showed the lowest transduction efficiency.

The first AAV primary receptor that was identified was heparin sulfate proteoglycan (HSPG).
It is the receptor that AAV2 and AAV3 bind when infecting cells (Figure 4). Even though AAV6
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was shown to have moderate binding affinity for heparin, it does not have the two residues
R585 and R588, that participate in AAV2 binding to HSPG. On the other hand, while sequence
alignment comparison between AAV1 and AAV6 capsids revealed only a six–amino acid
difference, AAV1 is not able to bind heparin. Mutagenesis analysis revealed that amino acid
531 was responsible for providing the heparin binding ability to AAV6 and not to AAV1 [12].
Furthermore, AAV1 binds both α2–3 and α2–6 N-linked sialic acid (SIA), same as AAV6.
Interestingly, AAV5 also binds α2–3 SIA, although it only shares ~40% homology with capsid
serotypes AAV1 and AAV6. Crystallography studies of AAV5 showed differences in the
surface loop regions, specifically smaller HI loop and larger VR-VII loop, which are located
on the depression wall at the icosahedral 2-fold axis and determine receptor binding, tissue
transduction efficiency and antigenic reactivity [13].

AAV4 capsid serotype follows AAV5 in terms of low sequence similarity with the rest of the
serotypes and between themselves (53% sequence homology). A study, in which sialic acids
were removed from cell surfaces, by neuraminidase treatment, showed that both viruses
require SIA for infectivity [14]. However, when cellular glycosylation was inhibited, only
treatment with O-linked inhibitor decreased binding of AAV4 to cultured cells. Meanwhile,
treatment with N-linked inhibitors of glycosylation blocked AAV5 binding to the cell surface.
Resialylation experiments with neuraminidase-treated red blood cells further confirmed that
AAV4 binding to SIA is through α2–3 O-linkage, rather than through α2–6 N linkage, which
is the interaction that AAV5 establishes for the initial infection of a cell.

Still, currently, receptors for AAV7 and AAV8 are unknown. Glycan binding analysis on
microarrays revealed that AAV7 and AAV8 did not bind to any of the glycans that commonly
bind serotypes AAV1–6 [15]. However, similarly to AAV2 and AAV3, AAV8 and AAV9
interact with the 37/67 kDa laminin receptor (LamR), as a secondary receptor, for efficient
internalization and transduction [16]. LamR participates in interactions of extracellular
laminin1 with proteases and with the cell; therefore, it is widely distributed among human
tissues. Even though, AAV2, 3, 8 and 9 serotypes mediate direct tissue transduction via
interaction with the LamR molecule, they significantly differ in their tissue tropism. AAV8 and
9 are able to infect a broader spectrum of tissues, even the brain, compared to serotypes AAV2
and AAV3. This result suggests that the primary receptor or the combination of both receptors
is required for viral biodistribution. At the UNC gene therapy center, the Asokan laboratory
was able to identify that N-linked glycans with terminal galactosyl residues are involved in
AAV9 tissue binding and transduction [17]. The high abundance of these glycans in various
animal tissues could explain the broad tropism observed after AAV9 systemic administration.

Lastly, the brain is one of the most difficult tissues that AAV can access and infect following
systemic administration. The presence of a mature blood–brain barrier constitutes a physical
barrier to potential harmful molecules and infectious pathogens. Therefore, most of the AAV
serotypes are not able to access the brain without direct intraparenchymal administration.
However, AAV9 and AAV8 (to a lesser extent), have the capability to reach the brain following
intravenous administration to neonatal or adult mice [18].

Furthermore, the rhesus serotypes AAV10 and AAV11 were found to be sequence homolo‐
gous and structurally closest to the previously described serotypes AAV8 and AAV4, respec‐
tively [19].
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AAV12, which was isolated from a simian adenovirus stock, showed 74% homology with
AAV4 and 84% with AAVrh11. However, it does not bind SIA and appears to have strong
affinity for human cancer cell lines [20].

The first AAV primary receptor that was identified was heparin sulfate 
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4. Preclinical studies of rAAV in large animal models

In an effort to translate the rAAV gene therapy to the clinic, preclinical studies for safety,
efficient rAAV dosing and capsid transduction, transgene expression and immune responses
towards the new transgene and/or the rAAV capsid were performed. In Figure 5, we summa‐
rize which serotype has been evaluated for targeting a certain disease in a large animal model,
such as nonhuman primate, pig, cat, dog, rabbit and sheep. However, this section will be
focused on preclinical studies using large animals for the treatment of hemophilia.
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5. rAAV targeting the liver for hemophilia treatment

Even though rAAV therapies for treating hemophilia in mice produced successful results, their
translation into large animals, such as a dog or nonhuman primate, was not straightforward
[21]. The vector efficacy does not completely follow a dose–response correlation in large
animals, and it is drastically affected in the presence of an immunological response towards
the viral capsids. Furthermore, in both mice and dogs, there is no direct correlation between
the transgene copy numbers and the expression of the foreign protein. However, treatment of
a large animal with the therapy was promising as FIX is a secreted protein and only 1%–2%
normal factor IX levels is enough to correct the disease [21].

Therapies for hemophilia B were studied using different routes of rAAV gene therapy
administration. Initially, intramuscular delivery of rAAV-CMV-cFIX to hemophilic dogs was
pursued. A single administration of the virus generated a therapeutic FIX level in a dose-
dependent manner [22]. However, the amount of antibody formation, and therefore, the
success of the therapy, directly correlated with the increase in rAAV dose [23]. Considering
that FIX is produced within the liver, delivery of the virus through the portal vein was also
attempted. Several steps were performed in order to optimize the vector, such as the addition
of a liver specific promoter, and testing different doses to determine the optimum for allowing
normal levels of FIX in the dog through this route [24–26]. Mount et al. observed sustained
levels of FIX between 4% and 12% at doses between 1.2 × 1012 and 3.4 × 1012 vg/kg for over 17
months in three out of four dogs [26]. The fourth dog experienced a transient correction of FIX
levels for four weeks but eventually developed neutralizing antibodies against the transgene.
In another study, delivery of a hyperfunctional FIX through rAAV-mediated transfer to the
liver in hemophilic dogs resulted in 25% and 300% FIX levels for 1 × 1012 and 3 × 1012 vg/kg
doses, respectively [27].

Studies performed with nonhuman primates generated variable outcomes, from no detection
to detection up to 10% of FIX in the serum. Failure of the gene therapy was attributed to the
preexistence of neutralizing antibodies against the transgene [28, 29]. However, direct
administration of the rAAV vector to the liver induced some tolerance to the transgene [27,
28]. Another strategy to overcome the success of the therapy due to the presence of neutralizing
antibodies consists of administration of the therapy to an early age of the animal, presumably
because the immune system is not completely developed [30].

A comparison study of different administration routes for rAAV-FIX delivery on mice revealed
that the same dose allowed 3-fold more transgene expression following intrahepatic rather
than intramuscular or intravenous delivery [31]. Therefore, it seems that transgene delivery
via rAAV virus is more successful when using the liver-directed gene route. When intrahepatic
therapy was administered to dogs who suffered from hemophilia A, rAAV8 carrying the
canine factor VII cDNA showed long-term correction of the phenotype, with no spontaneous
bleeding episodes, no toxicity and no development of inhibitory antibodies towards the viral
vector or the transgene [32]. Similarly, liver-directed rAAV-FIX therapy to dogs suffering from
hemophilia B, significantly increased FIX activity to 4%–10% and remained stable for more
than eight years [33]. However, direct injection of the virus to the muscle resulted in unde‐
tectable FIX levels in the dog due to the onset of an immune response.
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6. Clinical trials using rAAV technology

Among the clinical trials reported in clinicaltrials.gov website, which cites ongoing studies all
over the world, the United States is still the leading country conducting clinical trials with
rAAV gene therapy. In 2010, 47 studies out of 70 were performed in the United States and in
2015, 44 total studies out of 66 have been sponsored by the same country. Since the first
registered trial in 2004, a total of 14 studies have been completed, and three terminated
prematurely. Furthermore, there are clinical trials in all phases as well as for traditional, not
traditional and even recombinant serotypes (Figure 6). Worldwide, there are a total of more
than 130 clinical trials testing rAAV gene therapy for the treatment of diseases (http://
www.abedia.com/wiley/vectors.php).

Therapies for hemophilia B were studied using different routes of rAAV 

gene therapy administration. Initially, intramuscular delivery of rAAV-
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7. rAAV serotypes used in clinical trials

Traditionally, the most common serotype used in clinical trials is AAV2. In 2010, sixty-two
clinical trials were performed with rAAV2 vector; meanwhile, the number was reduced to
thirty-six, almost half, in 2015 (89% vs. 54%) (Figure 7A). In addition, in 2010, three studies
were performed with rAAV1, which increased to 10 in 2015 (4% vs 16%). Interestingly, more
uncommon serotypes are acquiring an interest among the scientific community and the
spectrum of serotypes being tested is increasing. Five years ago, five out of seventy clinical
trials used serotypes other than rAAV1 and rAAV2. On the contrary, now in 2015, eighteen
out of the current forty-nine trials are reported in clinicaltrials.org website (7% vs. 37%). For
instance, the number of studies using serotype rAAV8 increased from two to seven in a five-
year frame (Figure 7B).

The same results were found with the rhesus serotype rAAVrh10; initially, there was one study
testing the virus; however, in 2015, six studies have taken place. To note, another rhesus rAAV
serotype is being examined: rh74 for duchene muscular dystrophin. Serotypes rAAV5 and

AAV Biology, Infectivity and Therapeutic Use from Bench to Clinic
http://dx.doi.org/10.5772/61988

129



rAAV9 also were introduced into the list of rAAV viruses in clinical trials. Similarly, phase I/
II rAAV10 trial for Sanfilippo type A syndrome started in 2011 and finished in 2014.

As Figure 8A shows, in 2010 a high percentage of the rAAV therapies were in phase I (62%)
and a small percentage of the studies (17%) were testing phase I and II on the same trial. In
2015, the number of studies in phase I exclusively was reduced by 20%, compared to studies
performed in 2010, and that extra 20% is testing safety and efficacy at the same time (phase I
and II, 37%), probably due to the expensive costs of conducting a clinical trial.

Furthermore, the number of studies that were in phase III was reduced, as the therapies started
to reach the market. For instance, in October 2012, Glybera became the first rAAV gene therapy
to obtain marketing authorization from the European Commission.

Since their discovery in the 1960s as small DNA viruses contaminating cultures of simian and
human adenoviruses [2, 34], AAV vectors have been tested in more than a hundred clinical
trials. Completed and ongoing trials have consistently confirmed that rAAV vector delivery
is safe, well tolerated by humans and efficient in transferring the therapeutic gene. Figure 8B
summarizes the spectrum of diseases that have been tested with rAAV gene therapy in 2010

Traditionally, the most common serotype used in clinical trials is AAV2. In 

2010, sixty-two clinical trials were performed with rAAV2 vector; 

meanwhile, the number was reduced to thirty-six, almost half, in 2015 (89% 

vs. 54%) (Figure 7A). In addition, in 2010, three studies were performed 

with rAAV1, which increased to 10 in 2015 (4% vs 16%). Interestingly, more 

uncommon serotypes are acquiring an interest among the scientific 

community and the spectrum of serotypes being tested is increasing. Five 

years ago, five out of seventy clinical trials used serotypes other than 

rAAV1 and rAAV2. On the contrary, now in 2015, eighteen out of the 

current forty-nine trials are reported in clinicaltrials.org website (7% vs. 

37%). For instance, the number of studies using serotype rAAV8 increased 

from two to seven in a five-year frame (Figure 7B).  
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and 2015. The statistics show that neurological and ocular diseases are gaining more interest,
probably because they both constitute immunological privileged tissues. Figure 9 summarizes
the diseases that are being treated with AAV technology, according to the serotype.

As an ocular AAV therapy, two clinical trials have tested rAAV2 therapy for the correction of
Leber congenital amaurosis, an autosomal recessive disease that results in blindness. Specifi‐
cally, patients who participated in these studies received the normal copy of the retinal pigment
epithelium-specific 65 (RPE65) gene to correct for the deficient gene. One trial was performed
in London and consisted of delivering the gene, the expression of which was driven by an
endogenous RPE65 promoter, to adolescent patients [35]. On the other hand, the study
performed in Philadelphia delivered the gene in the context of a constitutive promoter, to
pediatric and adult patients [36, 37]. Pediatric patients treated in the US resulted in the best
improvement in vision, followed by American adults. However, one out of three British
patients manifested a visual function improvement. Another trial, sponsored by the University
of Pennsylvania, conducted an open-label, dose-escalation phase I study on 15 patients aged
between 11 and 30 years. The study examined safety and efficacy. Results showed no toxicity
due to the therapy, although some adverse events were observed from the surgery procedure.
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Furthermore, visual function was improved in the 15 patients with a variable degree [38].
However, between 9 and 12 months of gene therapy administration, four of the fifteen patients
experienced new pseudo-foveas in the retinal regions, for up to six years [39].

The company Sparks, which is sponsoring the studies in the US, is testing the technology
developed at the Children’s Hospital of Philadelphia in a phase 3 trial and expects to announce
their results in 2015. If the results are promising, it could be the next rAAV gene therapy
product to be launched in the market.

Among the brain diseases, Parkinson’s treatment was attempted with rAAV gene therapy
delivering different transgenes. Administration of glutamic acid decarboxylase (GAD) via
rAAV2 produced modest efficacy improvements. Patients were injected with rAAV2 coding
for GAD65 and GAD67 in the center of the subthalamic nucleus [40]. Six months following the
injection, the unified Parkinson’s disease rating scale decreased by 8.1 points, compared with
a reduction of 4.7 points that the sham operation group evidenced. Six months later, clinical
improvements were still being noticed. However, the results were modest and the protocol
had some deviations. For instance, patients who showed no benefit on the primary endpoint
were eliminated from the statistical analysis, arguing that the injections were off-target [41].
Administration of aromatic L-amino acid decarboxylase (AADC) gene was tested on a phase
I trial that consisted of the treatment of 15 patients with moderate disease [42, 43]. The trial,
sponsored by Genzyme, observed only a modest efficacy, results that were confirmed by a
second study performed in Japan [44]. Similarly, phase I and II trials with the rAAV2-neurturin
(CERE-120) vector from Ceregene failed to show statistically significant improvement in the
rAAV-treated group compared with the group that received the sham surgery [45, 46]. As a
conclusion of all these different trials, the technology is safe and is promising. However,

Furthermore, the number of studies that were in phase III was reduced, as 

the therapies started to reach the market. For instance, in October 2012, 

Glybera became the first rAAV gene therapy to obtain marketing 

authorization from the European Commission. 

Since their discovery in the 1960s as small DNA viruses contaminating 

cultures of simian and human adenoviruses [2, 34], AAV vectors have been 

tested in more than a hundred clinical trials. Completed and ongoing trials 

have consistently confirmed that rAAV vector delivery is safe, well 

tolerated by humans and efficient in transferring the therapeutic gene. 

Figure 8B summarizes the spectrum of diseases that have been tested with 

rAAV gene therapy in 2010 and 2015. The statistics show that neurological 

and ocular diseases are gaining more interest, probably because they both 

constitute immunological privileged tissues. Figure 9 summarizes the 

diseases that are being treated with AAV technology, according to the 

serotype. 
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efficacy is modest and does not justify the procedure. Further improvements could be
performed, such as modification of the delivery vector, as rAAV1 and rAAV5 are more efficient
in transducing the substantia nigra and caudate nucleus than rAAV2. Furthermore, viral dose
increase should be considered [41]. On the other hand, long-term improvements were
observed during the treatment of Canavan disease [47]. Patients were administered rAAV2
carrying the aspartoaculase gene directly to the brain parenchyma. Five years posttreatment,
patients presented slower progression of brain atrophy, fewer frequent seizures and general
clinical stabilization. Importantly, no serious adverse events were observed, even when one
of the patients was a 3-month-old infant [48].

In a trial testing gene therapy for cardiac disease, patients received different doses (low,
medium or high) of the sarcoplasmic reticulum Ca2+-ATPase (SERCA2a) gene via rAAV1 [49].
Six months following the percutaneous intracoronary infusion of the virus, several clinical
parameters, such as walk test, peak maximum oxygen consumption, left ventricular end-
systolic volume, cardiovascular events and time to clinical events were stabilized or even
improved. Currently, a phase 2b trial is ongoing, which would test a larger patient population
(NCT01643330).

The first clinical trial for rAAV gene therapy that reached the market was the product Glybera®
(alipogene tiparvovec), an rAAV1 vector delivering a lipoprotein lipase variant (LPLS447X)
for the treatment of lipoprotein lipase deficiency (LPLD). Lipoprotein lipase is a secreted
enzyme produced by the skeletal muscle and adipose tissue. Its function involves the metab‐
olism of triglycerides, chylomicrons and very low-density lipoproteins. Three clinical trials
showed that Glybera is safe and efficient for the treatment of LPLD. In the first trial, two doses
of rAAV1_LPLS447X were studied: low and high [50]. Nevertheless, none of the doses resulted
in a permanent decrease in triglyceride levels. There was only a transient reduction, possibly
due to the development of an immune response. The second clinical trial received the therapy
in combination with an immunosuppressive regimen [51]. Similar to the first clinical trial, the
effects of the therapy were only transient in the beginning. However, improvements were
observed after two years posttreatment, such as tolerance to certain foods, changes in the blood
lipid content and a decreased frequency of pancreatitis. Due to a discrepancy in the clinical
outcomes and plasma triglycerides levels, a third trial was set with predetermined parameters
to measure, as incidence frequency of abdominal pain, pancreatitis and chylomicron plasma
clearance [52]. Five newly treated patients evidenced a reduction of the parameters and an
improved quality of life for two years following administration.

These results, combined with the ones obtained from the reanalysis of 22 of the 27 previously
treated patients, confirmed the therapeutic benefits of therapy and granted its approval to the
market by the European Commission in November 2012.

8. Clinical trials for hemophilia B treatment

Hemophilia B is an X-linked recessive disorder, which originated from mutations within the
gene that encodes the coagulation factor IX. Therefore, patients whose functional FIX levels
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are 1% of normal levels will bleed into the joint and muscle tissues. Bleeding in the brain could
result in fatal death. If FIX levels are between 1% and 5%, the individual will experience a
reduced number of bleeding incidents and a moderate phenotype of the disease. Any FIX levels
above 5% will allow the person to have a normal life [53]. The only available treatment is
protein replacement therapy, which requires regular intravenous injections and is expensive.
Therefore, novel and permanent therapies/treatments are urgent. rAAV gene therapy cur‐
rently constitutes a promising approach for the treatment of several diseases, including
hemophilia B.

Based on animal studies that were described in the previous section, four clinical trials have
been initiated. The first study administered rAAV carrying FIX gene into three patients by
intramuscular injection. Despite the presence of preexistent high titer of neutralizing antibod‐
ies against capsid rAAV, strong transgene expression was observed in the muscle, even after
10 months of injection. However, levels of factor IX in circulation were less than 1–2% in most
cases, even at the highest tested dose. Toxicity was not observed [54, 55].

The second trial conducted by the University of Pennsylvania infused the virus through the
hepatic artery into seven patients. The rational in this protocol considered that FIX is a secreted
protein and once it is produced and reaches the bloodstream; it can be distributed throughout
the body.

Even though levels of FIX resulted higher than 5% after injecting an intermediate or high viral
dose, the therapeutic effect was only transient (up to eight weeks), due to the development of
a strong cytotoxic T response, which destroyed the transfected hepatocytes and thus hampered
the production of FIX [56].

The third trial was designed in order to increase FIX expression production as well as to
circumvent the possibility of a humoral response that could interfere with the success of the
therapy [57]. To reach the first goal, they developed a codon optimized FIX gene that also
delivered the gene in the context of self-complementary rAAV, which provides substantially
higher levels of transgene expression rather than delivering the WT gene with single-stranded
rAAV. In order to reduce antibody neutralization, the viral genome cassette was packed in
rAAV8 capsid, as it has lower seroprevalence in humans and a high tropism for the liver. The
virus was administered directly in the peripheral vein in six patients, and all of them developed
1–6% levels of factor IX expression in the first four months as well as for at least three years.
There was no modification on the levels of neutralizing antibodies. However, transient
elevations in serum liver enzymes, possibly as a result of a cellular immune response to the
rAAV8 capsid, were observed in the three patients who received the high viral dose.

Recently, Baxter’s laboratories launched a clinical trial to test the safety and efficacy of a self-
complimentary rAAV8 vector carrying a mutant FIX sequence (BAX 335), created and
preclinically tested at the UNC gene therapy center [58]. The FIX sequence had a single amino
acid change at position 338, which substantially increased the levels of circulating FIX protein.
A more effective rAAV delivery vehicle allowed the administration of lower viral doses with
the same efficacy as previous tested virus, but without the associated toxicity. In this trial,
sixteen adult patients were treated in different centers around the US. Updates on the trial
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were presented at the 8th Annual Congress of the European Association for Haemophilia and
Allied Disorders this year in Finland. At this time, patients who received the highest dose did
not develop inhibitory antibodies, reached FIX protein activity of 10% or more and did not
manifest bleeding events. However, one of the patients experienced elevated levels of liver
enzymes probably due to an immune response.

Nowadays, investigators are still developing better strategies to overcome the immunological
response; currently, there are six trials evaluating safety and efficacy, including BAX 335.

9. rAAV and gene editing technology

Several genome editing tools have emerged recently in an attempt to correct the genetic
cause(s) of a disease. These technologies rely on two components: a sequence-specific DNA-
binding domain and a nuclease [59]. The procedure consists of several steps: (1) recognition
of a targeted DNA sequence, (2) double stranded cut and (3) stimulation of a cellular repair
mechanism to correct the DNA damage, which includes homologous recombination [60].

This technology allows for modifying a coding sequence, the epigenome, transcriptional
activator/repressor as well as a regulatory element such as transcription factors, recombinases,
transposases, and more. When targeting a particular gene, these technologies generate
deletions, insertions or mutations of the gene, which may be useful to elucidate the gene
function, or to generate cell lines with the null phenotype, or even to model a specific genetic
condition for its study. Three different systems are currently available: zinc-finger nucleases
(ZFN), TALEN nucleases and CRISPR/Cas9 [60].

Zinc-finger nucleases are a common type of DNA-binding motif found in eukaryotes and
therefore, in the human genome. Usually, the DNA binding domain in the zinc-finger nuclease
recognizes three base pairs in the DNA sequence. However, researchers have engineered the
domain in order to detect and bind any defined DNA sequence of 9 to 18 bps in length, allowing
the targeting of up to 68 billion bp of DNA [61].

Even though these technologies are very promising, an optimal delivery vehicle of the gene
editing system needs to be developed. rAAV has the potential to deliver nucleases in vitro and
in vivo and also has the potential to induce homologous recombination in the cell that infects,
further enhancing the homologous recombination efficiency by 1000-fold [62–64].

In 2011, High et al. showed the generation of a ZFN system capable of cleaving F9 intron 1 and
inducing homology-directed repair in the human hepatocyte Hep3B cell line. As proof of
principle, the system induced up to 17% stable integration of a novel restriction enzyme site
into the F9 locus. Furthermore, intraperitoneal administration of a ZFN system, which
specifically targets F9, via rAAV8 delivery, in conjunction with an rAAV8 vector carrying a
corrective F9 complementary DNA cassette into a humanized neonatal mouse model of
hemophilia B, resulted in 1%–3% specific targeting of mouse liver. However, this mouse at
two days old produced 2–3% normal F9 levels, enough amount to convert severe to mild
hemophilia [65]. In 2013, they tested the same technology in a young adult mouse (8–10 weeks
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old), in which hepatocyte proliferation is slow as the liver already reached its maturity [66]. In
theory, younger mice should show higher levels of gene correction, compared to older mice,
as mice age affects the rate of homologous recombination, which is essential for genome editing
to occur. In this publication, even though adult mice showed limited hepatocyte proliferation,
following AAV injection, mice experienced a 5-fold increase in FIX expression, compared to
the previous study. Moreover, when they tested the technology in even older mice, 7–8 months
old, FIX levels were extremely low. Investigators argue that the discrepancies in FIX levels
between neonate and adult mice could be attributable to the loss of rAAV vector genomes
during liver development and/or different promoter activity. Furthermore, when they
switched the use of homodimer nucleases to heterodimeric ZFN, nonespecific ZFN cleavage
was observed without the loss of FIX expression.

Additionally, ZFN technology is currently being investigated in clinical trials for the treatment
of HIV. Basically, the therapy consists of ex vivo permanent modification of patient T cells to
knock down the HIV entry receptor CCR5 and autologous administration of the recombinant
cells back to the patient. This clinical trial is sponsored by Sangamo Biosciences, the same
company that collaborated with D. High for the in vivo targeting of hemophilia B mouse with
rAAV-ZFN platform. In 2014, the company released an announcement for the first IND to test
ZFN genome-editing platform in hemophilia A patients.

Even though these studies performed by Dr. High’s laboratory and Sangamo Biosciences
showed potential for in vivo gene editing via rAAV delivery, especially for diseases which do
not allow ex vivo manipulation of target cells such as hemophilia B, the technology has several
issues to address before being considered efficient and safe for treating human patients. First
of all, we should consider all the challenges associated with rAAV delivery in vivo, such as
the development of a cytotoxic T cell and/or neutralizing antibody responses and exclusively
targeting of the tissue to correct with high efficiency. Furthermore, in order for this therapy to
work efficiently, each cell needs to receive the two viruses at the same time, a condition that
is possible but with a much lower probability to occur, and even if it takes place, the individual
would be exposed to higher doses of rAAV8, which enhance the probability of inducing an
immune response. Given that homologous recombination repair mainly takes place during
the S phase of the cell cycle, gene editing is limited to be successful only in young patients,
unless it is combined with molecules/drugs that boost cell division. Importantly, off-target
double-stranded DNA breaks pose the possibility of inducing vector integration and/or
undesired mutations and consequently, inducing oncogenesis, cell death and/or genetic
diseases. This last possible issue could be solved by using self-inactivating viruses. Finally, the
ZFN rAAV-mediated technology is still in the early phase of development, so far it has proven
its potential for permanently correcting monogenetic diseases. However, considering that (1)
rAAV gene therapy has shown great promise in the treatment of hemophilia B and (2) very
low levels of FIX are enough to prevent bleeding and allow the person to have a normal life,
in vivo gene editing technology seems too risky and unnecessary to pursue for the treatment
of hemophilia diseases.
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low levels of FIX are enough to prevent bleeding and allow the person to have a normal life,
in vivo gene editing technology seems too risky and unnecessary to pursue for the treatment
of hemophilia diseases.
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10. iPSC and rAAV

iPSC technologies have gained special interest since their discovery in 2006 by Takahashi
and  Yamanaka  [67].  The  generation  of  iPSC  has  several  applications.  One  of  the  most
important applications consists of the generation of: (1) pluripotent stem cells from a fully
differentiated patient cell or (2) a specific human cell that is scarce or not accessible to the
scientific population, from a healthy or diseased individual, following differentiation of the
pluripotent  stem  cell.  Moreover,  sometimes,  a  personalized  treatment  is  required  or  a
diverse population cell sample is needed for testing the efficacy of a therapeutic technolo‐
gy,  such  as  rAAV.  For  instance,  the  common  practice  is  to  reprogram  patient-derived
fibroblasts into a specific cell type that is affected by a disease. Some attempts have been
performed to reprogram fibroblasts of patients suffering from retinal diseases into iPSC and
finally differentiate the pluripotent stem cells into retinal pigment epithelial (RPE) cells that
manifest the diseased phenotype [68, 69]. Following the validation of iPSC and then RPE
cells, a panel of rAAV serotypes could be tested for their efficiency to transduce the cells
and the most effective ones could be chosen for delivering the healthy gene copy in order
to re-establish normal cellular phenotype [70].

Another approach for inducing iPSC development has been tried, but this time, using an
rAAV  system  rather  than  a  retrovirus.  IPSC  generated  by  Takahashi  and  Yamanaka’s
original protocol made use of retroviruses to deliver Oct3/4, Sox2, Klf4 and c-Myc. Even
though  the  approach  resulted  in  the  generation  of  pluripotent  stem  cells  from  mouse
embryonic or adult fibroblast cultures, still the efficiency was extremely low, the presence
of c-Myc oncogene significantly increased the incidence of tumorigenicity and the use of
retrovirus posed the threat of integration into the genome. Several new strategies have been
developed, including the use of rAAV [69, 71]. Considering the advantages of using rAAV
for gene delivery, such as long-term transgene expression for efficient reprogramming of
mature cells as well as safety and efficacy as a gene delivery vehicle in the clinic; research‐
ers have attempted their use in the reprogramming of fully differentiated fibroblasts as well
as  adipose-derived  mesenchymal  stem  cells.  However,  both  studies  observed  frequent
rAAV integration into the host genome of iPSC cells when the iPSC were generated from
nondividing cells. Integration events were independent of the rAAV vector, cell type and
amount of virus. Both studies concluded that there is a certain degree of incompatibility
between iPSC generation and the use of rAAV vectors, although reprogramming does not
require  an  integration  event.  Furthermore,  like  retrovirus-mediated cell  reprogramming,
rAAV-mediated  iPSC  generation  resulted  in  reprogramming  transgene  silencing,  which
affects  the quality of  the induced pluripotent stem cells  that  could be generated.  There‐
fore, if the integration events are tightly controlled, which is feasible, and if the epigenet‐
ic mechanisms of rAAV silencing are discovered, rAAV technology could result in a safer
mechanism for inducing pluripotent stem cells and consequently, increasing the chances of
being applicable to the clinic.
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Abstract

Gene delivery has attracted increasing interest as a highly promising therapeutic
method to treat various diseases, including both genetic and acquired disorders.
However, its clinical application is still hampered by the lack of safe and effective gene
delivery techniques, as well as by the need of non-invasive routes of administration
in gene delivery platforms. Among the different approaches used to transport nucleic
acids into target cells, non-viral vectors represent promising and safer alternatives to
viruses. Non-invasive administration routes are currently being studied, such as
intranasal administration to target the brain, topical retinal administration for ocular
diseases and aerosolized formulations for inhalation for the treatment of pulmonary
diseases. Reasonable evidence suggests that future gene delivery systems might be
based on effective non-viral vectors administered through non-invasive routes, which
would constitute a safe, easy to produce, cheap and customizable alternative to the
current viral gene delivery platforms. In this review, after briefly introducing the basis
of gene therapy, we discuss the up-to-date and possible future strategies to improve
DNA transfection efficiency using non-viral vectors and focusing on the non-invasive
routes of administration.
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1. Introduction

1.1. Concept and historical evolution of gene therapy

Gene therapy can be broadly defined as the introduction of genetic material into target cells
in order to modify and control protein expression for therapeutic or experimental purposes [1].
Nowadays, the culmination of the Human Genome Project along with recent advances in
molecular biology have provided a better understanding of cellular and pathogenic processes,
and several genes have been identified as targets for therapeutic approaches. Additionally, the
constant advance in the development of gene carriers for the delivery of nucleic acids into
target cells has led to conceiving new therapeutic strategies for the treatment of pathologies
by genetic and cell-based approaches, collectively known as gene therapy [1].

Researchers have been working for decades to bring gene therapy to the clinic, but very few
patients have received an effective gene-therapy treatment. The potential of gene therapy in
medical applications was recognized soon after the discovery of DNA as genetic material, and
the concept of gene therapy arose during the 1960s and 1970s [2]. The first success of gene
therapy on humans arrived in 1990, it was performed by researchers at the National Institute
of Health, and the treated disease was a form of severe combined immune deficiency (SCID)
due to defects in the gene encoding adenosine deaminase (ADA) [3]. However, a fatal event
in 1991 raised serious concerns about gene therapy. An eighteen-year-old boy died as a result
of his voluntary participation in a gene therapy trial, becoming the first known human victim
of this technology [4]. The Food and Drug Administration (FDA) investigation concluded that
the scientists involved in the trial did not foresee serious side effects or fatality and that they
did not follow the federal rules to ensure the safety of the participants [4]. This tragic case
caused a severe setback in the research field of gene therapy.

According to data updated to June 2014 and presented by The Journal of Gene Medicine [5],
since the onset of the first gene therapy clinical trial in 1989, more than 2000 new clinical
trials for gene therapy have been approved globally (Figure 1). As shown in Figure 2, these
trials address the most challenging diseases of today, that is,  cancer (64.1% of approved
trials),  monogenic  diseases  (9.1%)  such  as  cystic  fibrosis,  infectious  diseases  (8.2%)  and
cardiovascular diseases (7.8%). Although in a lesser extent, neurological diseases (1.8%) and
ocular diseases (1.6%) are also subject to clinical trials with gene therapy. However, despite
the intensive study during the last few years, at present only 0.1% of all the gene therapy
products approved for clinical trials have arrived to the phase IV (Figure 3). In 2012, the
European Medicine Agency approved for the first time a gene therapy product, Glybera,
an adeno-associated viral vector engineered to express lipoprotein lipase in the muscle for
the treatment of lipoprotein lipase deficiency [5].

1.2. The need of carriers

One of the main reasons why gene therapy clinical trials are still few in number is the lack of
suitable and safe approaches to deliver the genetic material to target cells. The success of gene
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therapy critically depends on suitable transfection vectors, which should be able to: (i) protect
nucleic acids against degradation by blood and interstitial nucleases, (ii) promote internaliza‐
tion of the genetic material into target cells and (iii) release the nucleic acids once inside the
cell to the correct site [1]. Furthermore, an ideal gene delivery system should be effective,
specific, long-lasting, safe, easy to use and as inexpensive as possible [6]. Broadly, gene delivery
vectors are mainly classified into two categories: viral vectors and non-viral vectors. According
to data updated to June 2014 and presented by The Journal of Gene Medicine [7], among the over
2,000 clinical trials for gene therapy approved globally nowadays, 70% correspond to trials
using viral vectors. As shown in Figure 4, there is a 17.7% of the gene therapy clinical trials
that use naked DNA, and 5.3% of trials use lipofection [7].
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Figure 1. Number of gene therapy clinical trials approved worldwide 1989-2014 (adapted from http://
www.wiley.co.uk/genmed/clinical).

Despite the still absolute predominance of viral-vector-based gene delivery platforms – which
is due to their higher transfection efficiency – in clinical trials, non-viral vectors represent
promising and safer alternatives to viruses. In addition, non-invasive routes of administration
for gene delivery systems are currently being studied, such as intranasal administration to
target the brain, topical administration on the surface of the eye to treat retinal inherited
diseases and aerosolized formulations for inhalation for the treatment of pulmonary diseases.
There is reasonable hope to suggest that future gene delivery systems might be based on
effective non-viral vectors administered through non-invasive routes and that they would
constitute a safe, easy to produce, cheap and customizable alternative to gene delivery
platforms. Moreover, it is increasingly accepted that future gene delivery platforms may be
based on multifunctional vectors specifically tailored for different applications [1].

First Insights into Non-invasive Administration Routes for Non-viral Gene Therapy
http://dx.doi.org/10.5772/61060

147



Indications addressed by gene therapy clinical trials 

Cancer diseases 64.1% 
(n=1331) 

Monogenic diseases 9.1% 
(n=188) 

Infectious diseases 8.2% 
(n=170) 

Cardiovascular diseases 7.8% 
(n=162) 

Neurological diseases 1.8% 
(n=37) 

Ocular diseases 1.6% (n=33) 

Inflammatory diseases 0.7% 
(n=14) 

Others 6,8 % (n=141) 

Figure 2. Indications addressed by gene therapy clinical trials (adapted from http://www.wiley.co.uk/genmed/clinical).

Phases of gene therapy clinical trials 

Phase I 59.2% (n=1230) 

Phase I/II 19.3% (n=400) 

Phase II 16.7% (n=346) 

Phase II/III 1% (n=20) 

Phase III 3,6% (n=75) 

Phase IV 0,1% (n=2) 

Single subject 0,1% (n=3) 

Figure 3. Phases of gene therapy clinical trials (adapted from http://www.wiley.co.uk/genmed/clinical).
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Vectors used in gene therapy in clinical trials 

Adenovirus 22.8% (n=488) 

Retrovirus 19.1% (n=409) 

Naked/Plasmid DNA 17.7% 
(n=379) 
Vaccinia virus 7.6% (n=162) 

Adeno-associated virus 5.5% 
(n=117) 
Lipofection 5.3% (n=113) 

Poxvirus 4.7% (n=100) 

Lentivirus 4.2% (n=89) 

Herpes simplex virus 2.9% (n=63) 

Other vectors 10.3% (n=221) 

Figure 4. Vectors used in gene therapy in clinical trials (adapted from http://www.wiley.co.uk/genmed/clinical).

1.2.1. Viral vectors

In this review we will focus on non-viral-vector-based strategies for gene delivery platforms,
but we will briefly discuss the most relevant aspects of viral gene therapy. Viruses are highly
evolved biological machines that efficiently gain access into host cells, deliver their genetic
material to cells and exploit the cellular machinery to facilitate their replication [8]. Therefore,
viruses represent an excellent platform for the development of recombinant vectors containing
foreign genes for gene delivery purposes [1]. However, viral vectors also present many
impediments such as the low carrying capacity, the expensive and complex production and,
most importantly, safety issues, since they can induce oncogenesis when randomly integrated
in the host genome. In addition, the human immune system recognizes and combats viruses,
shortening their effectiveness [1]. Table 1 summarizes the principal viral vectors used in gene
therapy, as well as their main utilities and impediments. Viral vectors are, therefore, powerful
tools but present important drawbacks for clinical use in humans.

1.2.2. Non-viral vectors

Non-viral vectors have emerged as a safer, cheaper and easier-to-produce alternative to viral
vectors. In fact, non-viral vectors can be produced on a large scale with high reproducibility
and acceptable costs, they are relatively stable to storage, they can be administered repeatedly
with no or little immune response and the dimension of the genetic material they can carry is
practically unlimited [1,9]. Nevertheless, the employment of non-viral gene delivery vectors
is still strongly limited by their lower transfection efficiency as compared to viral vectors [1].
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Non-viral vectors can be classified into two main categories depending on whether they are
based on physical methods or on chemical methods. We will briefly review the most commonly
employed non-viral DNA delivery systems for each category.

1.2.2.1. Physical methods

Physical methods for gene delivery purposes usually employ physical force to create transient
membrane holes to cross the cell membrane and enhance gene transfer [6,10]. No particulate
system is used to introduce the genetic material into the target cells [6]. Needle injection,
ballistic DNA injection, electroporation, sonoporation, photoporation, magnetofection and
hydroporation are the most utilized physical methods at present [6,11].

1.2.2.2. Chemical methods

Depending on the chemical feature, those methods can be classified into three groups: cationic
lipids, cationic polymers and inorganic nanoparticles. Chemical vectors based on cationic
lipids and cationic polymers form condensed complexes with negatively charged DNA
through electrostatic interactions [10]. The complexes protect DNA and facilitate cell uptake
intracellular delivery [10]. The principal characteristics of the non-viral chemical vectors are
the following:

• Vectors based on cationic lipids

As shown in Figure 4, cationic lipid-mediated gene transfer or lipofection represents the most
commonly used non-viral gene delivery system. Cationic lipids share four common functional

Viral vector
Integrative/
Episomal

Utility Impediments

Adenovirus Episomal
- Very efficient transfection
in most tissues

- Induces inflammatory
response

Adeno-associated virus
(AAV)

Episomal (>90%)
- Not inducing
inflammatory response

- Limited nucleic acid
carrying capacity (<5 kb)

Retrovirus Integrative
- Persistent gene
expression

- Only transfects dividing
cells
- Risk of insertional
mutagenesis

Lentivirus Integrative
- Broad tropism
- Persistent
gene expression

- Risk of insertional
mutagenesis

Herpes Simplex
Virus-1 (HSV-1)

Episomal
- Large nucleic acid
carrying capacity
(up to 150 kb)

- Induces inflammatory
response

Table 1. Principal viral vectors used in gene therapy, advantages and drawbacks. (Based on [8])
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domains: (i) a hydrophilic head-group, which is responsible for the interaction with the DNA;
(ii) a hydrophobic domain, which is usually derived from aliphatic hydrocarbon chains; (iii) a
linker structure, which influences the flexibility, stability and biodegradability of the cationic
lipid; and (iv) a backbone domain, which separates the polar head-group from the hydrophobic
domain and it is usually a serinol or a glycerol group [12]. Changes in those domains can vary
the transfection efficiency of different vectors elaborated with cationic lipids. The most
employed cationic lipid formulations for gene delivery platforms are: (i) liposomes – vesicles
made up of phospholipids; (ii) niosomes –non-ionic surfactant vesicles, with greater physic-
chemical and storage stability than liposomes; and (iii) solid lipid nanoparticles (SLN) –
particles with a solid lipid core, stabilized with surfactants [13].

• Vectors based on cationic polymers

Vectors based on cationic polymers are mostly spherical particles ranging in the size 1-1000
nm and they condense DNA into polyplexes preventing DNA from degradation [6]. The DNA
can be entrapped in the polymeric matrix or can be adsorbed or conjugated on the surface of
the nanoparticles [6]. The most popular cationic polymers employed for DNA delivery
purposes are: (i) poly(ethylene imine) – PEI, which has an excellent buffering capacity; (ii)
chitosan – a linear polysaccharide derived from the deacetylation of the natural chitin; (iii)
cyclodextrins – a series of natural cyclic oligosaccharids; (iv) dendrimers – tree-shaped
synthetic molecules up to a few nanometers in diameter that are formed with a regular
branching structure; and (vi) Poly(L-lysine) – PLL, which can form nanometer-size complexes
with polynucleotides thanks to the presence of protonable amine groups on the lysine moiety
[6,13,14].

• Vectors based on inorganic nanoparticles

Inorganic nanoparticles are nanostructures varying in size, shape and porosity, and calcium
phosphate, silica, gold, and several magnetic compounds are the most studied [6,15]. Inorganic
particles can be easily prepared and surface-functionalized. They exhibit good storage stability
and are not subject to microbial attack [6,16].

In summary, non-viral vectors for gene delivery represent a safer alternative to conventional
viral vectors. However, although tremendous progress has been made in this field in recent
years, the clinical application of non-viral-vector-based gene therapy is still hampered by the
lack of effective gene delivery techniques. In the present review, we will discuss the up-to-date
and possible future strategies to improve DNA transfer efficacy using non-viral vectors and
focusing on non-invasive routes of administration. First, the intracellular barriers that non-
viral vectors have to overcome and the strategies to improve the transfection efficiency in this
regard will be described. Second, we will review the extracellular barriers that hamper an
efficient gene delivery, as well as the invasive and the alternative non-invasive routes of
administration that elude those barriers. Finally, challenges for non-viral vectors to reach
clinical trials will be discussed, focusing on the transfection efficiency, the targeting and the
duration of the transfected gene expression.
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2. Intracellular barriers and strategies to improve transfection efficiency

A key factor conditioning transfection efficiency is the ability of the gene delivery system to
overcome the intracellular and extracellular barriers. In this section, we will describe the main
intracellular barriers that gene delivery systems must overcome to reach an efficient transfec‐
tion and the different strategies used for this purpose. Intracellular barriers involve all the
obstacles that a gene delivery system must overcome from cell surface association to nuclear
entry in target cells. The knowledge of the molecular features that command all these processes
for the non-viral vectors and the overcoming of these hurdles are mandatory issues that need
to be deeply considered in order to design efficient gene delivery methods. In this section, we
will review the cellular uptake pathways and intracellular trafficking of non-viral vectors and
we will discuss the existing methods to enhance the endosomal escape and the nuclear entry,
which are the principal strategies to achieve an efficient transfection.

2.1. Cellular uptake pathways

Cell surface association is the first intracellular barrier that non-viral gene delivery platforms
need to overcome and it can directly influence the next intracellular fates of the non-viral
complexes [17]. Cell-binding interactions of non-viral vectors can be receptor-independent or
receptor-mediated. Receptor-independent cell surface association occurs by electrophilic
attraction between the positively charged non-viral complexes (i.e. cationic lipoplexes and
cationic polyplexes) and the negatively charged cell surface proteoglycans [18]. This binding
method can efficiently transfect many cell types in vitro, but therapeutic potential in vivo
requires additional refinement. In fact, in order to specifically deliver a gene into a target tissue
in vivo, non-specific cell binding would require very high and potentially toxic doses of the
non-viral vector. The addition of cell-specific ligands or antibodies to the vectors reduces this
problem, allowing the use of lower and safer vector doses and promoting tissue targeting [18].
For instance, transferrin (Tf), which is an iron-transporting protein, has been used to achieve
brain delivery in view that the Tf receptor is expressed in neurons and in the capillary
endothelial cells of the brain-blood-barrier (BBB) [19]. Ligand choice not only depends on the
cell type being targeted, but it is also important to consider the type of cell entry pathway that
will be induced after ligation. As discussed in the following section, the endocytic pathway
used by the vector can depend on the targeting ligand.

Once bound to the cell surface, non-viral vectors need to cross the plasma membrane to enter
the cell and initiate the intracellular trafficking to enter the nucleus. The cellular uptake of
macromolecules and solutes into membrane-bound vesicles derived by the invagination and
pinching off of pieces of the plasma membrane is known as endocytosis [20]. There are four
principal endocytic pathways: clathrin-mediated endocytosis (CME), caveolae-mediated
endocytosis (CvME), phagocytosis and macropinocytosis [17,21]. These endocytic pathways
are described below.

2.1.1. Clathrin-mediated endocytosis

Clathrin-mediated endocytosis (CME) is a highly regulated and energy-dependent process,
and it constitutes the major and best characterized endocytic pathway [20]. The first step in
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CME is the strong binding of a ligand to a specific cell surface receptor. This triggers the
localized accumulation of clathrin structures on the cytoplasmic surface of the plasma
membrane, which helps to deform the membrane into a coated pit with a size about 100-150
nm [22]. As the clathrin lattice formation continues, the coated pits become deeply invaginated
and they finally pinch off from the plasma membrane to form intracellular clathrin-coated
vesicles (CCVs) [20]. The clathrin coats then depolymerize, resulting in early endosomes. A
kind of GTPase named dynamin is necessary for the vesicle fission from the plasma membrane
[23]. Cholesterol seems to be also important for CCV formation because its depletion impedes
the coated pits to pinch off from the plasma membrane [24].

In the next step of the CME pathway, the endocyted vesicles internalized from the plasma
membrane are integrated into late endosomes and those then deliver their cargos to lysosomes
[25]. During maturation from early to late endosomes, proton pumps located on the endosome
membrane produce the acidification of the compartment, and there is a further reduction to
pH 5 in the progression from late endosomes to lysosomes [20]. The acid pH in endosomes
seems to cause the dissociation of the ligands from their receptors. Most authors state that, in
the absence of an endosomal escape mechanism, non-viral vector/DNA complexes are retained
and degraded in the lysosomes due to the acid environment and the enzymatic activity in these
compartments. The final result is that DNA molecules have little or almost no access to the
nucleus [20].

Some authors suggest that in some cases, depending on the formulation of the non-viral vector,
the CME pathway might be the most suitable to achieve a high transfection efficiency because
the lysosomal activity facilitates the cytosolic release of nanoparticles and enhances the nuclear
entry of DNA [26]. Depending on the composition of the vector, the most appropriate inter‐
nalization mechanism may be modulated [26]. Therefore, it is crucial to have a comprehensive
understanding of the cellular internalization pathways of non-viral gene delivery systems.

2.1.2. Caveolae-mediated endocytosis

Caveolae-mediated endocytosis (CvME) begins in membrane microdomains called caveolae,
which are small, hydrophobic, and cholesterol- and sphingolipid-rich smooth invaginations
[17,20]. As well as CME, CvME is a type of receptor-mediated and dynamin-dependent
pathway in which cholesterol also plays an important role [27]. The main difference between
the clathrin- and the caveolae-mediated pathways is that in CvME there are no endosomes.
Instead, internalized molecules go into intracellular vesicles called caveosomes, which do not
fuse with lysosomes and, therefore, the potential degradation process of the DNA is avoided
in this pathway [17]. In fact, CvME is generally considered a non-acidic and non-digestive
internalization pathway, meaning that the internalized molecules can be directly transported
into their intracellular target sites without being degraded in lysosomes [17,28]. Nevertheless,
this issue is still under debate because some authors have recently reported that sometimes
caveosomes join the classical endocytic pathway, in which they eventually fuse with lysosomes
[29]. Therefore, in this regard further evidence is needed in order to understand the relation‐
ship between caveosomes and lysosomes.
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2.1.3. Phagocytosis

Phagocytosis is a special type of endocytic pathway that is primarily used by professional
phagocytes such as macrophages, monocytes, neutrophils and dendritic cells, although other
cells might use it too [17]. Cup-like membrane extensions larger than 1 µm mediate the
phagocytic pathway, and it is usually employed by cells to internalize large particles such as
bacteria or dead cells, although large lipoplexes and polyplexes can also be internalized
through this pathway [17].

Phagocytosis usually involves three steps that are common to all molecules internalized
through this pathway, including non-viral vectors. First, non-viral vector/DNA complexes are
recognized by opsonins and, therefore, opsonized, in the bloodstream. Second, the opsonized
complexes bind to the surface of macrophages through the interaction between macrophage
receptors and the constant fragment of particle-adsorbed immunoglobulins [17]. Antibodies
lacking the constant fragment can be employed in non-viral gene delivery systems to prevent
their recognition and clearance by macrophages in vivo [30].

Finally, the union of the molecule or non-viral/DNA complex to the macrophage receptors
activates Rho-family GTPases, which trigger actin assembly and cell surface extension
formation [17]. The complexes are ingested by the macrophages when the surface extension
zippers up around them [20]. The vesicles internalized in the cells though the phagocytic
pathway are called phagosomes and they usually have a diameter of 0.5–1.0 µm [20]. The
phagosomes carrying the internalized complexes form mature phagolysosomes when they
fuse with lysosomes, where the complexes undergo an acidification process [20]. In view of
the fact that the intracellular fate of the phagocytic pathway is the fusion with lysosomes, the
nucleic acids carried in the non-viral vector complexes will probably be degraded in this
internalization pathway [31].

2.1.4. Macropinocytosis

Macropinocytosis is an internalization pathway based on fluid-phase endocytosis, since it non-
specifically takes up a large amount of fluid-phase contents [17]. Similarly to the phagocytic
pathway, macropinocytosis also happens through the formation of actin-directed membrane
protuberances. Nevertheless, here the protrusions do not zipper up the ligand-coated particle.
Alternatively, as shown in Figure 5, in the macropinocytic pathway the protuberances fuse
with the plasma membrane. Macropinosomes are also different from clathrin-coated vesicles
(CCVs) and caveosomes, since macropinosomes have no coat structures and, even if they are
heterogeneous in size, they use to be larger than 0.2 µm in diameter [32]. As well as the other
endocytic pathways, macropinocytosis also depends on small GTPase proteins since they are
necessary for the vesicle fission from the plasma membrane [17].

The connection between macropinosomes and lysosomes remains still unknown. In some
studies, early macropinosomes have been reported to show the same markers as early
endosomes, and late macropinosomes have been reported to present lysosome markers [17].
However, macropinosomes have been shown to present different intracellular fates depending
on the cell type, even if the explanation of this event remains unclear, and they do not always
fuse with lysosomes [17].
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2.2. Endosomal escape mechanisms

As mentioned before, most non-viral vectors are internalized in the cells mainly through the
clathrin-mediated endocytic pathway. The major problem here is the intracellular fate of the
endosomes that fuse with lysosomes and this can potentially lead to the degradation of the
nucleic acids. In order to avoid this effect, while taking advantage of the CME pathway for
cellular uptake, several attempts have been made to promote the early endosomal escape of
non-viral gene delivery systems.

Many pathogens, mainly viruses and bacteria, have evolved different mechanisms to promote
endosomal escape when internalized in cells. Several endosomal escape agents derive from
virus (i.e. haemagglutinin protein of influenza virus) and bacteria (i.e. diphtheria toxin), and
some derive from plants (i.e, ricin), human (i.e. fibroblast growth factors) or animals (i.e.
melittin form bee venom) too [33]. The understanding of the mechanism used by pathogens
allows to design and to ameliorate endosomal escape strategies applicable to non-viral gene
delivery systems. Nowadays, several synthetic peptides with specific sequences and length
are designed (i.e. the amphiphatic Sweet Arrow Peptide), as well as specific chemical agents
(i.e. the polymer polyethylenimine PEI) for endosomal escape induction [33]. In the following
paragraphs, the principal endosomal escape mechanisms are described.

2.2.1. Pore formation in the endosomal membrane

Pore formation is based on the interplay between a membrane tension that enlarges the pore
and a line tension that closes the pore. Some peptides have a high affinity for the edge of the
pore, and binding of those peptides to the edge of the pore produces a reduction of the line
tension [33].

Some studies have reported that the union of cationic amphiphilic peptides to the lipid bilayer
produces a strong internal membrane tension able to create pores in the lipid membrane [33].

2.2.2. pH-buffering effect (the proton sponge effect)

In this endosomal escape mechanism, the low pH of the endosomal environment leads to the
protonation of the entrapped agents with a high buffering capacity. Protonation causes an
influx of ions (H+ and Cl-) and water into endosomes, resulting in osmotic swelling and
endosome rupture [33].

The proton-sponge effect has been observed in certain cationic polymers with a high H+

buffering capacity over a wide pH range [34]. These polymers usually contain protonable
secondary or tertiary amine groups with pKa close to endosomal/lysosomal pH. As explained
before, during the maturation of endosomes, the membrane-bound ATPase proton pumps
actively translocate protons from the cytosol into endosomes, causing the acidification of the
endosomal compartments. At this point, cationic polymers with high buffering capacity
become protonated and resist the acidification of endosomes, which results in more protons
pumped into the endosome in an attempt to decrease the pH [34]. The proton pumping action
is followed by passive chloride ions entry, increasing ionic concentration and, consequently,
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water influx [34]. The high osmotic pressure produces the swelling and the rupture of
endosomes, releasing their contents to the cytosol [34]. Histidine-rich molecules show a
buffering effect upon protonation [33] and histidine can be included in non-viral vectors to
enhance transfection efficiency by facilitating endosomal escape.

2.2.3. The flip-flop mechanism

This endosomal escape mechanism can be useful for endocytozed lipoplexes. Lipoplexes are
endocytozed and become entrapped inside the early endosomes. There is an electrostatic
interaction between the cationic lipoplexes and the anionic lipids of the endosomal membrane
[34]. The anionic lipids of the endosomal membrane laterally diffuse into the lipoplexes and
form charge-neutralized ion pair with cationic lipids of the lipoplexes, resulting in the nucleic
acids being displaced from the lipoplexes and released in the cytoplasm [34].

2.2.4. Fusion in the endosomal membrane

This mechanism of endosomal escape is based on the destabilization of the endosomal
membrane by water soluble and partly hydrophobic, and/or polybasic peptides known as cell-
penetration peptides or CPPs. CPPs were originally derived from viruses, and they constitute
short sequences of amino acids (10-30 residues) that use to be cationic and/or amphiphatic [34].
The main features of CPPs are their abilities to penetrate the cell membrane at low molecular
concentrations without causing significant membrane damage and to internalize electrostati‐
cally or covalently bound biologically active cargoes (including proteins, peptides and nucleic
acids) with high efficiency and low toxicity [35]. CPPs either form complexes with nucleic
acids, through electrostatic interaction, or can be incorporated into polymeric and lipidic
delivery systems [34]. To date, the internalization mechanism of CPPs still remains contro‐
versial, since there is evidence for both energy-independent and endocytic processes for
cellular uptake of CPPs. Nowadays, it is generally accepted that endocytosis is the major
internalization mechanism for most CPPs. However, it seems plausible that several CPPs
utilize two or more cellular uptake pathways depending on the experimental conditions [35].
Further research would be needed in order to elucidate the exact uptake mechanisms and to
identify the precise factors influencing these processes.

There are different criteria to categorize CPPs into different families. In general, CPPs can be
classified into two categories [36]: (i) Cationic peptides that usually contain arginine and lysine
residues; and (ii) amphiphatic peptides that consist of both hydrophobic and hydrophilic
segments. Two examples of CPPs currently used to improve transfection efficiency of non-
viral gene delivery platforms are the transcriptional activator protein or TAT (which belongs
to the first category and was the first CPP identified, derived from the transcription activating
factor of human immunodeficiency virus 1 (HIV-1)) [33,37] and the Sweet Arrow Peptide or
SAP (which belongs to the second category and is a proline-rich amphipathic peptide of
synthetic origin) [38].
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2.2.5. Photochemical disruption of the endosomal membrane

Photochemical internalization (PCI) is a light-directed delivery technology that utilizes
photosensitizers to facilitate the transport of membrane-impermeable macromolecules from
endocytic vesicles into the cytoplasm [34]. Photosensitizers are usually amphiphilic com‐
pounds that can bind and localize in the plasma membrane. In this mechanism, photosensi‐
tizers bind to and localize in the plasma membrane, and they can be taken up by endocytosis
together with the non-viral gene delivery systems. Photosensitizers are confined to the
endosomal membrane and remain inactive until they are triggered by light with specific
wavelengths matching their absorption spectra [39]. Once activated, they induce the formation
of highly reactive oxygen species, causing the rupture of endosomes’ and lysosomes’ mem‐
brane. As a result, macromolecules that are trapped inside the endosomes/lysosomes can be
liberated into the cytosol [34].

In general, the enhancement of endosomal escape is believed to be a crucial factor in non-viral-
vector-based DNA delivery platforms. Different strategies for endosomal escape have different
characteristics.  A safe  endosomal  escape agent  applicable  in  the  clinic  should have low
immunogenicity and toxicity, high efficiency, ease of use and production, modular attach‐
ment of targeting ligands and the potential for cost-effective large-scale manufacture [33].

2.3. Nuclear import

In the previous section, we have seen several strategies suitable for non-viral gene delivery to
avoid endosomal degradation of the DNA and to enhance its release to the cytoplasm.
However, in order to achieve an effective transfection, the DNA molecules have to enter the
nucleus. Here, we will discuss the principal strategies to transport DNA to the nucleus once
released in the cytoplasm.

To enter the nucleus, molecules must pass through nuclear pore complexes (NPCs), which are
multimeric structures with a central channel of 9 nm that prevents molecules with a molecular
weight higher than 45 kDa from passively diffusing into the nucleus [40]. In the case of naked
DNA, molecules smaller than 300 bp can passively diffuse into the nucleus, but larger DNA
molecules, even when condensed by a non-viral vector, are excluded from the nucleus except
when cells are undergoing mitosis [40-42]. During cell division, the integrity of the nuclear
membrane is lost, which allows the nuclear entry of DNA-vector complexes within the
daughter cells [21,40]. This is the case in the in vitro transfection with dividing cells, but in
vivo transfection often targets slow dividing or terminally differentiated cells [21,40]. There‐
fore, the nuclear envelope cannot be neglected in in vivo situations, and there is considerable
interest in improving the nuclear import efficiency of non-viral vectors [21,40].

Classically, proteins that are destined for the nucleus contain a nuclear localization signal
(NLS), which is abundant in basic amino acids and it can be recognized by cytoplasmic proteins
known as importins [17] that mediate energy-dependent transport through the NPC [40,43].
The same approach can be used to enhance non-viral gene delivery to the nucleus [21]. An
NLS-containing vector can be added to the DNA-vector formulation or an NLS sequence can
be directly bound to the DNA in order to promote its transport to the nucleus by the importins
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[40]. In addition, highly basic polymers such as polylysine and protamine, the highly basic
sequence of which resembles typical NLS sequences, have been used as potential agents to
enhance nuclear targeting when complexed with DNA [40].

Figure 5. Cell entry pathways and intracellular trafficking of non-viral gene delivery systems. A) Phagocytosis. B) Cla‐
thrin-mediated endocytosis (CME). C) Caveolae-mediated endocytosis (CvME). D) Macropinocytosis. Internalized vec‐
tor/DNA complexes following the CME pathway escape from endosomes and can be transported into the nucleus by
the importins if they contain an NLS. When vector and DNA dissociate from each other, the transgene is expressed in
the target cells. Yellow filaments represent actin; red chain represents clathrin coat; green filaments represent caveolin
dimers; orange little circles represent the small GTPase dynein; blue filaments represent opsonins. (Adapted from [23;
24])

Finally, it should be considered that, once inside the nucleus, the non-viral vector itself may
constitute a barrier to transgene expression. In fact, the agent used to condense the DNA could
potentially interfere with the access of the cellular transcription machinery to the transgene
promoter, thereby reducing or preventing its expression [40]. Still, premature release of DNA
from the vector may expose the DNA to enzymatic degradation before expression can occur
[40,44]. For liposomal-based vectors, DNA displacement from the vector seems to be connected
to endosomal escape, driven by the anionic lipids of the endosomal membrane that neutralize
the charge of the cationic lipids in the liposomal formulation [40,45,46]. In contrast, polycation/
DNA complexes appear to release from each other in the nucleus through exchange of the
polycations in the complexes with the protein components of the surrounding proteins
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[40,47,48]. However, it seems plausible that additional mechanisms other than competitive
charge interactions may be involved in the dissociation of DNA from polycations, and a deeper
understanding of chromatin remodelling mechanisms may shed further light on this issue.

In summary, non-viral vectors for DNA delivery systems must overcome several intracellular
barriers from cell-surface association to nuclear entry and DNA release. Depending on the cell
type and on the cellular internalization pathway, some intracellular barriers may differ. Most
non-viral vectors are taken up in cells through the CME pathway, which presents some
problems such as the acid environment of endosomal and lysosomal compartments and the
risk of DNA degradation. Therefore, several endosomal escape agents and mechanisms are
currently being studied to avoid DNA degradation and to enhance its cytosolic release. In
addition, DNA molecules have to enter the nucleus for the transgene expression. The most
employed strategy for this purpose is the incorporation of an NLS in the vector-DNA complex.
Finally, once inside the nucleus or earlier during the endocytic pathway, the vector-DNA
complex needs to dissociate in order to allow the transcriptional machinery of the cell to access
the transgene promoter. Figure 5 summarizes the most relevant aspects described in this
section.

3. Extracellular barriers to overcome. Non-invasive routes of
administration

Depending on the administration route and the target organ, gene delivery systems must
overcome several extracellular barriers in vivo before reaching the target cells. As mentioned
earlier, cancer diseases represent 60% of all clinical trials in gene therapy; yet other pathologies
such as infectious, neurodegenerative, ocular and pulmonary diseases merit special attention,
which, in sum, represent 10% of clinical trials in gene therapy. The principal and most studied
route of administration of non-viral gene delivery systems for those diseases is the intravenous
administration. Here, vectors need to be properly designed in order to overcome all the hurdles
this route presents. Moreover, when specific tissues need to be targeted, such as the brain, the
eye or the lungs, additional extracellular barriers appear and vectors have to be able to surpass
them too. In this section, we will review the principal systemic barriers following the intrave‐
nous administration of non-viral gene delivery systems, as well as the additional tissue-specific
barriers DNA/vector complexes have to overcome. We will also describe several attempts that
have been made in order to overcome those barriers using invasive and alternative non-
invasive routes of administration. Many efforts are being conducted to achieve effective
strategies for safe non-viral gene delivery platforms based on non-invasive administration
routes.

3.1. Intravenous administration

For many cancer forms, and specially disseminated cancer diseases, treatment needs to be
administered systemically. Thus, intravenously administered current gene delivery systems
to treat cancer should be able to transport and deliver the genetic cargo into cancerous cells.
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The principal challenge of systemically administered DNA is to resist the extracellular
enzymatic degradation, since DNA is subject to enzymatic degradation from the point of entry.
However, it is possible to considerably surmount this hurdle by condensing the negatively
charged DNA with the positively charged non-viral vectors [13].

Secondly, the other major extracellular barrier in the systemic route is the non-specific binding
of the non-viral vector/DNA complex, which has a net positive charge, with blood cells and
serum proteins such as albumin, complements, immunoglobulins and fibronectin,which have
a negative surface charge [49]. These interactions could potentially end in aggregation or
dissociation of vector/DNA complexes, resulting in their rapid clearance and elimination by
the reticuloendothelial systems [49].

A third obstacle in systemic delivery might be the colloidal instability of non-viral vector/DNA
complex formulations in the extracellular environment, which can also result in the aggrega‐
tion of the complexes [49]. Fourth, vascular system is an extracellular barrier to be considered
since it limits the size of the nanoparticles that can pass through the endothelial cells, which
are relatively small and have tight junctions [49].

Finally, the activation of the immune system by the foreign vector/DNA complexes is an
extracellular issue to be taken into consideration as well. In fact, foreign synthetic vectors can
also induce an inflammatory response and/or complement activation, and hydrophobic
particles can be eliminated by mononuclear phagocytic system through opsonization [49].

In order to overcome all these systemic barriers, non-viral vectors should be structurally
modified. Formulation of gene delivery vectors is a key factor in determining their bioavaila‐
bility and transfection efficiency in vivo [49]. Some of the strategies that are being developed
to improve the properties of nanoparticles in the extracellular environment are discussed
below.

The most employed strategy to increase the stability of vector/DNA complexes is shielding the
outer surface of complexes with poly(ethylene glycol) or PEG [50]. Because of its highly
hydrophobic nature, PEG produces a steric barrier against nuclease degradation and aggre‐
gation of nanoparticles in blood circulation [49]. However, despite the promising results, some
difficulties exist in conjugation of PEG to gene delivery systems. PEGylation could decrease
binding ability of non-viral vectors to DNA causing instability of lipo- or polyplexes in blood
circulation. It may also affect the binding of vector/DNA complexes to receptors on the cell
membrane [51]. Moreover, PEGylation can induce accelerated blood clearance due to activa‐
tion of splenic synthesis of anti-PEG IgM antibody after first injection, resulting in the
opsonization of the subsequent doses [49]. The length and the degree of PEGylation can also
affect the ability of DNA condensation and biodistribution of gene carriers in vivo, and the
optimal PEG length and content depends on gene carrier systems [52].

Consequently, considerable research has been made with the aim of compensating the negative
effect of PEGylation in non-viral gene delivery systems. As reported in a recent study, one
possible solution is to replace PEG by some hydrophilic polymers such as poly(N-vinyl-2-
pyrrolidone) (PVP), poly(4-acryloylmorpholine), or poly(N,N-dimethylacrylamide) [53].
Coating of nanoparticles with these polymers led to extended residence of the nanoparticles
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in blood circulation in rats, although they had a shorter half-life than the PEG-coated nano‐
particles [53]. Other strategies include providing stability against serum compounds and
enzymatic digestion using copolymers of poly(L-lysine) and poly(2-methyl-2-oxazoline) [54],
the pH-sensitive shielding of DNA polyplexes or lipoplexes (e.g. with PEG-acetal-MAL or
maleimide moiety) [55], the use of enzymatically cleavable PEG linkers (e.g. PEG-peptide-
DOPE or PPD that is cleaved in a matrix metalloproteinase-rich environment) [56], or the
production of reducible PEG nanoparticles (e.g. PEG and chitosan bound through disulphide
bridges) [57].

Besides PEGylation, other chemical and structural modifications can be applied to gene
delivery agents in order to overcome the systemic barriers. In the case of cationic lipid-based
non-viral vectors, incorporation of cholesterol can stabilize lipoplexes against binding to red
blood cells [49]. In the case of cationic polymer-based non-viral vectors, conjugation of lactose
to chitosan polyplexes has shown excellent DNA binding ability, good protection of DNA from
nuclease, and the suppression of self-aggregation and serum-induced aggregation [58].
Therefore, current research has focused on multifunctional and diverse non-viral gene carriers
that can be adjusted for each particular condition.

3.2. Targeting specific tissues: additional extracellular barriers

When targeting specific tissues, vectors have to be able to surpass additional barriers as well.
Here, we will focus on specific extracellular barriers present in gene delivery to the central
nervous system (CNS), to the eye and to the lungs. The invasive and alternative non-invasive
routes of administration that avoid those barriers will also be discussed.

3.2.1. Gene delivery to CNS

The CNS possesses particular anatomical and physiological properties that make gene delivery
to CNS specially challenging. The CNS is protected by the blood-brain-barrier (BBB), which
consists of tightly joined capillary endothelial cells [19], and it is considered to be impermeable
for almost 100% of the macromolecular drugs and over 98% of small molecule drugs [59]. The
spinal cord is part of the CNS and it is protected by the blood-cerebrospinal fluid barrier
(BCSFB), which is constituted of choroid plexus epithelial cells and restricts the free diffusion
of molecules into the cerebrospinal fluid (CSF) [19]. Transport into the CNS of essential
nutrients, such as glucose and amino acids, occurs through specific receptors present in the
BBB and the BSCFB [19]. Within the CNS, distinct cell types exist including neurons and
different types of glial cells; neurons are particularly challenging to transfect and it is thought
this is attributable to their post-mitotic nature, their complex structure and the complexity of
neuronal networking [19].

Most of the strategies to cross the BBB upon systemic administration of non-viral vector/DNA
complexes exploit receptor-mediated uptake of molecules such as transferrin (Tf), lactoferrin
and insulin, since receptors of those molecules are expressed on many cell types, including
neurons and the capillary endothelial cells of the BBB [19]. By attaching a ligand for those
receptors to the non-viral delivery system, one can enhance the transport of the vector/DNA
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complex towards the CNS. Another strategy known as ‘Molecular Trojan Horse’ uses pepti‐
domimetic monoclonal antibodies that are designed to target specific receptors on the BBB and
induce receptor-mediated transcytosis of the non-viral delivery system into the CNS [60].
Other approaches investigated for CNS delivery of conventional pharmaceutics upon systemic
administration include transient mechanical disruption of the BBB and RNAi-mediated
knockdown of tight junction proteins [19].

The ultimate goal for CNS gene therapeutics is delivery by systemic route, which is the most
acceptable for clinical use. Nevertheless, in view of the high amount of extracellular barriers
that vectors must overcome, many studies have attempted different routes of administration.
To date, several pre-clinical studies have essayed local administration to the brain, either by
injection or by infusion. However, even if local administration to the brain eludes the extrac‐
ellular barriers to access the CNS, the need for brain surgery to infuse a gene therapy vector
clearly limits the clinical applicability for this approach.

Intranasal delivery offers a novel and non-invasive means by which non-viral gene delivery
systems can gain access to the brain. The mechanisms by which intranasally delivered
substances enter the CNS have not been fully elucidated, but an accumulating amount of
evidence suggests that substances can reach the brain through a combination of perineuronal,
perivascular and lymphatic transport pathways. In addition, the prevailing nose-to-brain
pathway will largely depend on the region where the delivered agent is placed within the nasal
cavity and the physicochemical properties of the therapeutic being administered [61]. It is
currently accepted that the intranasally administered substance can reach the CNS by three
main pathways: (i) direct paracellular or transcellular transport via the olfactory neurons or
olfactory epithelial cells (‘olfactory neural pathway’), (ii) transport via the trigeminal nerves
(‘trigeminal pathway’) or (iii) indirectly, via blood vasculature and/or lymphatic system
(‘systemic pathway’) [62]. The nasal mucosa is highly vascularized, and the blood vessels allow
passage of drugs following nasal administration in nano-drug delivery systems; however, the
substance that has been absorbed into the systemic circulation has to cross the BBB in order to
reach the CNS [61]. Following olfactory and trigeminal nerve pathways, drug is delivered to
the olfactory bulbs and to more caudal brain areas, respectively [63]. Within the brain, pulsatile
flow in perivascular spaces has been postulated to allow for widespread transport of molecules
within interstitial fluid to sites deep in parenchyma [63,64].

Advantages of intranasal administration include ease of administration (non-invasive), rapid
dose absorption via highly vascularized mucosa, large nasal mucosa surface area for dose
absorption, avoidance of the gastrointestinal tract, first-pass metabolism and fewer side effects,
among others [65]. Moreover, intranasal administration confers improved convenience and
compliance compared to other more invasive routes and it allows self-administration [65].
Disadvantages of this route include that nasal congestion could interfere with dose absorption,
that the amount of dose that reaches the CNS varies with each agent and that the frequent use
of this route leads to mucosal damage [65]. In addition, the administered formulation can
undergo rapid clearance from nasal cavity by the mucociliary system [59,66]. This latter
drawback can be overcome by adding a mucoadhesive substance to the formulations. For non-
viral-vector-based gene delivery systems, chitosan is an attractive excipient that can confer
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both bio-adhesion and absorption properties, and it is the most widely investigated absorption
enhancer material both in terms of efficiency and safety [63]. Chitosan is able to interact
through its positively charged amino groups with the anionic counterpart present in the mucus
layers, mainly sialic acid, and to affect permeability of the epithelial membrane by the transient
opening of the tight junctions in the epithelial cells [67]. In a recent study, another substance,
the non-ionic surfactant laureate sucrose ester has been also reported to be an effective
intranasal absorption enhancer [68].

Recently, the first report that intranasal delivery of DNA nanoparticles can bypass the BBB
and transfect and express the encoded protein in rat brain has been published, thereby
affording a non-invasive approach for gene therapy in CNS disorders [63]. Authors demon‐
strated that intranasal delivery of unimolecularly compacted DNA nanoparticles, which
consist of single molecules of plasmid DNA encoding enhanced green fluorescent protein
(eGFP) compacted with 10 kDa commercial peptide (PEG-substituted lysine 30 mers or
CK30PEG10k), successfully transfects cells and leads to the expression of the eGFP in the rat
brain [63]. The results further suggest that the cells transfected within the brain are likely to
be pericytes, and that the distribution of nasally administered substances occurs via perivas‐
cular transport [63]. Additionally, another recent study has reported brain (cortex and
hippocampus) transfection upon intranasal administration of chitosan and polyethyleneimine
(PEI)-coated magnetic micelles [69]. Even if those nanoparticles were able to reach the brain
presumably because of a transient disruption of the BBB following mild traumatic brain injury,
the results show that the intranasal route might be useful for targeting the brain. Although
further optimization of the dose, dosing regimen and dose interval is needed to achieve
appropriate levels of transgene expression [63], the promising results will certainly encourage
the research in the field of intranasal administration of non-viral-vector-based gene delivery
systems, which has clinical importance due to its non-invasive nature.

3.2.2. Gene delivery to the eye

The eye is an attractive target organ for gene therapy because of its unique characteristics. The
tissue volume to be treated is small, the therapeutic concentration to be administered is
relatively low and the diffusion of active products from the eye to the circulation is minimal
[70]. In addition, the eye benefits from a relative immune privilege, minimizing the potential
immune and inflammatory reactions that may follow the intraocular injections of foreign
agents [70].

In general, gene delivery systems for eye diseases range from simple eye drops and oint‐
ments to more advanced bio- and nanotechnology-based systems such as muco-adhesive
systems, polymers, liposomes and ocular inserts. Most of these technologies were developed
for front-of-the-eye ophthalmic therapies and are not applicable as back-of-the-eye delivery
systems [71].

When the systemic administration is used to target the eye, non-viral vector/DNA complexes
must cross the blood-ocular-barrier (BOB) to reach the ocular tissue. This constitutes a real
challenge, since the BOB is composed of tight epithelial junctions. Two principal strategies to
overcome this barrier are the use of vectors smaller than 100 nm to allow intracellular passage
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across the BOB [72] and the use of ligand-equipped vectors that recognize specific receptors
in the BOB [73]. Therefore, even if the intravenous route permits the delivery of larger volumes
of the formulations as well as repeated administrations, the therapeutic effect achieved by this
method is often limited by the factors restricting the access to the eye.

Invasive methods such as intravitreal injection, subconjuntival injection and subretinal
injection can bypass some of those barriers, and intravitreal and subretinal injections are
currently considered as the most effective and common methods of gene delivery to retinal
ganglion cells and to inner layers of the retina, respectively. However, these methods are very
invasive and repeated gene delivery to the eye using such methods can cause further damage
of the eye like retinal detachment, haemorrhages, and sub- or pre-retinal fibrosis [71]. There‐
fore, non-invasive and effective methods for ocular gene delivery are needed. In this regard,
topical administration in the form of eye drops is a non-invasive delivery method that can be
performed repeatedly with minimal side effects [71].

However, the non-invasive route of administration is perhaps the most ambitious goal because
the barriers associated with topical gene delivery to the posterior ocular tissue are the most
challenging. First, vector/DNA complexes have to surpass the tear film, which is an aqueous
layer covered by lipids and underlined by mucin that covers the corneal and conjuctival layers
[71]. This tear film restricts the bioavailability of applied formulations because of the tear
turnover rate and the lacrimal and nasolacrimal drainage [85]. Strategies to overcome this
barrier include addition of viscosity enhancers such as cellulose derivatives or thermorever‐
sible poloxamer gels [71] and, most importantly, the incorporation of muco-adhesive polymers
such as chitosan and hyaluronic acid derivatives in gene delivery systems [74]. Second, ocular
tissue barriers such as the cornea, conjunctiva, sclera and choroid, contain epithelial tight
junctions, proteoglycan matrices and fibril collagen networks within their structures, which
contribute to restrict the passage of vector/DNA complexes to the neuroretina [71]. Finally, the
vitreous is an aqueous biogel composed of collagen, hyaluronan and proteoglycans that
hinders transfection of the retinal cells [71]. Strategies to overcome those barriers include all
the above-mentioned methods from the use of vectors of suitable dimensions to the use of
specific ligands and muco-adhesive polymers [71].

The majority of success in ocular gene therapy research thus far was accomplished for
applications involving the anterior part of the eye, using mainly viral-based delivery systems
and invasive delivery methods. Interestingly, effective gene delivery to the retina and retinal
pigment epithelium using non-viral vectors has been recently reported; however, in this study
magnetic nanoparticles were administered invasively, through intravitreal and subretinal
injections [75]. Rather than in gene delivery, significant advances have been made in drug
delivery systems to target the posterior part of the eye using non-invasive administration
routes. For instance, in a recent study, it was reported that surface-modified submicron-sized
lipid emulsions could be promising vehicles of hydrophobic drug delivery to the ocular
posterior segment [76]. In that study, researchers performed surface modification of the lipid
emulsions using a positive charge inducer and the functional polymers chitosan and polox‐
amer 407. Authors suggested that poloxamer 407 increased the lipid emulsion retention time
on the eye surface by its adhesive properties, therefore enhancing gene delivery to the ocular
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posterior segment. Additionally, another study has reported successful drug delivery to the
posterior segment of the eye of rats and rabbits using annexin A5-associated liposomes [77].
Here, authors suggested that annexin A5 mediated endocytosis can enhance the delivery of
associated lipidic drug delivery vehicles across biological barriers. Moreover, a novel study
has reported the topical drug delivery to retinal pigment epithelium with microfluidizer
produced small liposomes, which might be an attractive option for drug delivery to the
posterior segment tissues of the eye [78]. It may be reasonable that some of the advances in
drug delivery will be applicable for gene delivery systems as well, and they will probably
inspire further strategies for non-invasive, non-viral gene therapy platforms aimed at targeting
the posterior segment of the eye.

3.2.3. Gene delivery to the lungs

Pulmonary gene therapy is considered for the treatment of a variety of lung diseases like cystic
fibrosis, asthma, emphysema and lung cancer [79]. Depending on the respiratory disease to be
treated, the target cells in the lung can vary from epithelial cells, alveolar cells, macrophages,
respiratory stem cells or endothelial cells [79]. Besides, the nucleic acid cargo needs to be
delivered to cells in the target region of the lung. Nevertheless, this is severely limited by the
pulmonary architecture, the presence of mucus, the clearance mechanisms and the activation
of the immune system [79]. Inhalation, intranasal instillation, intratracheal instillation, and
intratracheal intubation are techniques that can be used to administer materials of interest to
the lungs. Considering the interest of non-invasive administration routes for clinical applica‐
tions, aerosolized non-viral vector/DNA complexes for inhalation would be the ideal choice
for lung gene therapy. There are many advantages to administering medications to the lungs
as an aerosol, such as the high local concentration by delivery directly to the airways, and the
pain- and needle-free delivery.

Respiratory secretions, which include mucus and alveolar fluid, are the most important
extracellular barriers for lung gene delivery. Respiratory mucus is one of the most important
defence mechanisms and it is mainly composed by a three-dimensional network of cross-
linked mucin chains, which gives the mucus viscoelastic properties [79]. The major proteins
in respiratory mucus are albumin, proteases, anti-proteases, immunoglobulins, lysozyme and
lactoferrin, and the respiratory secretions of patients with cystic fibrosis or respiratory
infections also contain huge amounts of DNA and actin [79]. The alveolar fluid is a thin
continuous layer of pulmonary surfactant that covers the alveolar epithelium and it comprises
phospholipids and specific surfactant-associated proteins [79].

Respiratory mucus can act as a barrier towards pulmonary gene delivery in several ways. The
biopolymer network of mucus limits the diffusion of complexes by sterical obstruction or by
binding the complexes [79]. Also, negatively charged and non-cross-linked macromolecules
of mucus, as well as other components present in the mucus such as antibodies, can bind to
the surface of vector/DNA complexes. These interactions may cause: (i) entrapment of the
vector/DNA complexes in the mucus, (ii) aggregation of the complexes due to neutralization
of their surface charges, (iii) release of the DNA cargo from the vector, and (iv) an inefficient
cell binding of the complex due to shielding of their positive charges or their receptor binding
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ligands [79]. Finally, the mucus blanket is continuously removed via mucociliary transport or
coughing. Therefore, the vector/DNA complex should be able to cross the mucus before they
are cleared from the respiratory tract. The diffusion coefficient of the complexes in the mucus,
the thickness of the mucus layer and the rate of mucus clearance will determine whether the
vector/DNA complexes will reach the epithelial cells [79].

Regarding the alveolar fluid as a barrier towards pulmonary gene therapy, the presence of this
surfactant layer can inhibit transfection of cationic lipid-based vector/DNA complexes [79]. It
has been suggested that this inhibitory effect results from disintegration of the lipoplexes by
the negatively charged lipids present in the surfactant layer, leading to accessibility of
nucleases to the DNA cargo and thus its degradation and loss of function [80]. On the other
hand, non-viral vectors based on cationic polymers such as PEI might be more resistant to
detrimental effects by pulmonary surfactant [79].

Several strategies have been developed in order to overcome the extracellular barriers of lung
gene delivery. Size and surface properties of non-viral vector/DNA complexes have a pivotal
role in determining their behaviour in respiratory secretions. Most efforts have been conducted
to increase the mobility of vector/DNA complexes in respiratory mucus and to avoid interac‐
tions of complexes with respiratory secretions.

There are different methods to increase non-viral vector/DNA complex mobility through the
respiratory mucus. One straightforward mechanism consists of adding mucolytic agents that
hydrolyze mucins present in the mucus [79]. Also, it has been demonstrated that N-acetylcys‐
teine and its derivatives lower the viscosity and elasticity of mucus by reducing the disulphide
bridges between the subunits of mucins [81]. As future directions, research is focusing on
functionalized nanoparticles with mucolytic agents able to cut a way through the mucus,
enhancing their transport across the extracellular matrix [79].

On the other hand, the principal strategy to avoid interactions between vector/DNA complexes
and components of biological fluids is the shielding of the complexes by modification with
biocompatible hydrophilic but biologically inert polymers [79]. Shielding of vector/DNA
complexes may not only be important to reduce interaction with mucus and alveolar fluid
components but also diminish clearance by alveolar macrophages. For instance, shielding the
positive surface charges of vector/DNA complexes with neutral hydrophilic polymers such as
polyethylene glycol (PEG) favours their physicochemical stability and their gene transfer
capacity [79].

A number of challenges must be overcome before pulmonary gene therapy becomes a reality,
such as the development of gene vectors that can more efficiently penetrate the mucus barrier
[82]. However, real advances have been made in recent years, novel aerosol therapeutic
modalities are currently being investigated for lung cancer, and inhaled gene therapy has
already presented safety and effectiveness in cystic fibrosis [83].

As summarized in Figure 6, non-viral vector/DNA complexes have to overcome several
extracellular barriers before binding the target cells and initiating the intracellular trafficking
towards the nucleus, where transgene expression will occur. Intravenous injection is the most
widely used administration route but it presents many hurdles that hamper effective gene
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delivery. Local administration routes are being explored in order to directly target the tissue
of interest and avoid systemic barriers, but they often implicate invasive procedures (e.g. brain
surgery). Many efforts are currently focused on the study of non-invasive routes of adminis‐
tration that can equally avoid the systemic barriers (e.g. intranasal administration). Besides,
local administration into specific tissues such as the eye or the lungs, involve additional
barriers that gene delivery systems have to elude. Surface modifications of the vector/DNA
formulations are the most employed strategies to overcome both systemic and tissue-specific
barriers. It is expected that future non-viral gene delivery systems will be based on multifunc‐
tional vectors and that they will allow a non-invasive administration of therapeutic genes into
target tissues.

Eye:  
- Tear film barrier 
- Corneal barrier 
- Vitreous 
- Blood-retinal barrier 
- Blood-aqueous barrier 

Lungs:  
- Respiratory secretions:  

•Mucus 
•Alveolar fluid 

Systemic barriers:  
- Enzymatic degradation 
- Non-specific binding 
- Colloidal instability 
- RES entrapment 
- Immune system 

SNC:  
- Blood-brain barrier (BBB) 
- Blood-cerebrospinal fluid 
barrier (BCSFB) 

Figure 6. Overview of the systemic and tissue-specific (SNC, eye, lungs) extracellular barriers in non-viral gene therapy.

4. Challenges of non-viral gene therapy and future prospects

Non-viral gene therapy has emerged as a promising therapeutic approach for gene delivery.
Even if this field is still far from clinical practice, much progress has been made in the last few
years regarding both the optimization of the non-viral vector formulations and the exploration
of alternative routes of administration. For transgene expression to occur, optimal non-viral
vectors should not elicit an immune response and should be able, among other aspects, to
protect the DNA cargo from degradation in circulation, to enable extravasation from the
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bloodstream, to traverse cellular membranes, to enhance endosomal escape and to facilitate
DNA transport to the nucleus [84]. The comprehensive understanding of the extracellular and
intracellular barriers that vector/DNA complexes have to overcome in order to achieve an
efficient transfection, has allowed the development of several strategies to surpass all those
barriers, most of them based on formulation modifications of the complexes and on the use of
local routes of administration. Regarding this latter aspect, considerable evidence suggests that
the optimization of non-invasive routes of administration may provide safer and more
effective gene delivery platforms in the future; therefore, it might be relevant to guide some
efforts in this direction.

The major limitation of non-viral gene delivery, as mentioned repeatedly, is the low transfec‐
tion efficiency. Several strategies discussed along the chapter increase transfection efficiency
by providing  the  nanoparticles  the  ability  to  overcome extra-  and intracellular  barriers.
However, there are two other aspects that are also essential for developing optimal gene delivery
platforms: targeting and long-term expression of the transgene. Both are crucial to bring non-
viral gene delivery systems into the clinic, since they provide specificity and sustained effect of
the treatment, respectively. Many efforts have been made in this regard; however, further
research is still required. In addition, other aspects such as the toxicity of the nanoparticles and
the manufacturing and regulatory issues have to be carefully considered. Here, we will briefly
discuss the current strategies for targeting the desired cells or tissues and for achieving a long-
term expression of the transgene. We will also highlight the importance of considering the
toxicity, manufacturing and regulatory issues of the nanoparticle formulations.

4.1. Targeting

Targeting to the desired cells or tissue can be achieved by modifying either the vehicle (the
non-viral vector) or the cargo (the plasmid DNA). The most employed strategy is the attach‐
ment to the non-viral vector specific ligands (such as transferrin for targeting the SNC) that
recognize particular receptors present in the target cells or tissues. As discussed earlier, this
approach has proved effective in several studies. Also, in cancer gene therapy, some strategies
are based on the exploitation of the tumour-specific physiological changes (the tumour
microenvironment) to specifically conduct the nanoparticles to cancer cells [85].

On the other hand, another possibility is to introduce modifications in the DNA cargo (instead
of the vector) to achieve targeted expression of the transgene, this approach is known as
“transcriptional targeting.” This strategy is based on the use of DNA expression cassettes that
contain regulatory regions that are recognized by transcription factors specifically present or
selectively expressed by the target cell population [85]. In this strategy the DNA would, in
theory, be delivered to all tissues, but the expression of the transgene would only occur in the
cell populations where the particular transcription factors are present, that is, in the target cell
populations [84]. The success of this method of targeting needs prior knowledge of a difference
in transcription factor expression between the target and normal tissue [84].

Targeting is an essential requirement in gene delivery systems. Beneficial aspects of targeted
gene delivery include, among others, increased bioavailability of the therapeutic product in the
diseased tissue; reduced accumulation in healthy tissues and, hence, reduced side effects;
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Targeting is an essential requirement in gene delivery systems. Beneficial aspects of targeted
gene delivery include, among others, increased bioavailability of the therapeutic product in the
diseased tissue; reduced accumulation in healthy tissues and, hence, reduced side effects;
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reduction of drug dosage and reduced dosing frequency, which enhances patient compli‐
ance. All these aspects help to increase the therapeutic efficacy and permit to reduce treat‐
ment costs [86].

4.2. Duration of gene expression

Long-term or sustained expression of the transgene delivery constitutes a real challenge in
non-viral gene therapy, and it is a considerable limiting factor, since transient expression
requires repeated dosing and makes the therapeutic effect unsustained. Transgene expression
can decrease in time due to several factors, including destruction by nucleases, loss by
recombination, distribution to non-nuclear compartments and/or recognition and subsequent
silencing of foreign DNA [85]. In addition, in dividing cells the percentage of transfected cells
decreases at each division, because while cells replicate, plasmids do not.

Strategies to increase duration of transgene expression have focused on plasmid DNA
modifications rather than on vector modifications. Some of those strategies are aimed at
integrating the transgenes into the host genome using viral integrases, site-specific recombi‐
nases and transposases, which are enzymes with capacity of inserting foreign DNA into the
host genome [85]. However, this approach cannot be clinically applicable in humans because
of its associated risks, such as the induction of insertional mutagenesis in the host cells.

A different strategy to achieve sustained transgene expression is the use of autonomously
replicating plasmids or episomes, which does not require integration in the host genome and,
hence, avoids insertional mutagenesis risks [85]. In addition, episomally replicating plasmids
usually yield high levels of transgene expression. These strategies incorporate genes that
encode necessary cofactors for transcription of the plasmid to the therapeutic plasmid DNA,
making the transgene expression less dependent on host factors. Incorporation of viral DNA
that allows the plasmid to replicate extrachromosomally is an efficient approach, but it presents
a major drawback, since those replication-inducing viral DNA elements are associated with
induction of immune response and risk of transformation and oncogenicity [85]. Alternatively,
mammalian scaffold/matrix attachment regions (S/MARs) have been identified that can be
incorporated to plasmid DNA instead of the aforementioned viral sequences. These sequences
can also enhance episomal replication of the plasmids, probably by bringing the plasmids into
contact with the host replication machinery [73]. Episomally replicating plasmids are espe‐
cially important in cancer gene therapy, where maintenance and vertical transfer of the
therapeutic plasmid will be essential because of the presence of dividing tumour cells [85].

Some other strategies for achieving sustained expression focus on the prevention of transgene
silencing, since cellular gene silencing mechanisms can impede transgene expression [85].

Further modifications can be also applied to the therapeutic plasmid DNA in order to increase
the strength or the specificity of the therapeutic transgene expression. For instance, positive
feedback loops can be incorporated. To do this, a promoter that drives the expression of both
the transgene and of a strong artificial transcriptional activator is used. This transcriptional
activator is capable of interacting with appropriate binding sites within the promoter and, that
way, upregulating transgene expression, as well as its own expression [85]. Technologies
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incorporating positive feedback loops are estimated to increase strength of weak but highly
specific regulatory elements [85].

4.3. Toxicity, manufacturing and regulatory issues

Besides increasing transfection efficiency through targeting and other strategies, careful
consideration of toxicity, manufacturing and regulatory issues of non-viral delivery systems
is mandatory. Scalability and long-term storage requirements are essential factors to be taken
into serious consideration when developing non-viral formulations for potential commercial
application and introduction in clinical practice [19]. A generally accepted advantage of non-
viral vectors is their ease of large-scale manufacture. However, this can become more complex
as formulations increase in complexity, incorporating stabilizing components and bioactive
targeting ligands.

Regarding toxicity of non-viral vectors, characteristics such as size, charge, surface function‐
alization, shape, and architecture may contribute to the toxicity profile of nanoparticles. Non-
viral vectors are thought to cause toxicity through different mechanisms, including membrane
destabilization and lysis, inducing oxidative stress, initiating inflammatory response, inducing
global changes in gene expression profiles, among others [85]. Also, the properties of the
biomaterials used can influence toxicity, depending on the rate of degradation and persistence
in organs [19]. Persisting and accumulating biomaterials are more likely to induce an inflam‐
matory response; also, products of the degradation of nanoparticles could potentially cause
toxicity. However, knowledge about how non-viral vectors are disassembled and metabol‐
ically processed is still very scarce and further research is necessary in this regard [19].

To conclude, the concept of a unique universal non-viral vector is nowadays abandoned, and
it is increasingly accepted that future non-viral gene delivery platforms will be based on
multifunctional vectors specifically tailored for different applications [1]. However, there are
some generally assumed features that all non-viral vectors should accomplish for efficient gene
delivery. In short, three main factors should be taken into consideration when developing non-
viral gene delivery platforms: (i) formulation components (of both the vector and the DNA) –
the nanoparticle should be able to protect DNA over extra- and intracellular barriers and
deliver the cargo into the nucleus of target cells; once inside the nucleus, the plasmids can be
addressed to the nuclear matrix for episomal replication and sustained expression; (ii)
manufacturing issues – non-viral vector formulations should have potential for scale-up; and
(iii) safety and regulatory issues – formulations should be non-toxic, non-immunogenic and
should have suitable storage conditions. Although non-viral vectors are still far from clinical
practice, they represent a safer alternative to conventional viral vectors. Several formulations
and strategies are under investigation with the aim of overcoming extra- and intracellular
barriers, enhancing targeted transfection and, in general, increasing transfection efficiency. In
addition, those formulations would ideally be suitable for administration through non-
invasive routes, such as the intranasal administration to target the brain, topical ocular
administration for the retina and aerosols for pulmonary diseases. Finally, the inclusion of
novel functional modules within both the carrier and the DNA molecule will produce a range
of non-viral vectors tailored for specific applications, including the safe and long-term
expression of therapeutic genes in humans [40]. Therefore, reasonable hope suggests that next-
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generation gene delivery systems may be based on non-viral vector systems tailored for
specific applications and suitable for non-invasive administration routes, representing an ideal
platform to effectively shuttle the genetic material to target cells in a safe and controlled way.
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Abstract

The main concern of gene therapy is to target the gene of interest to intended cell
tissues for optimizing treatment efficiency. Genetically engineered bacteria have been
developed as shuttle vectors for localized delivery of therapeutics. Their success
depends upon their tropism to target cells and the efficiency of the engaged delivery
system. Bodies of evidence clearly indicate the great potential of recombinant bacteria
in gene therapy, although most of the studies were just looking for proof-of-concept
rather than a ready-to-use final product. This part will provide an overview of our
current understanding of bacteria-based delivery of therapeutic genes and heterolo‐
gous antigens for prophylactic strategies.

Keywords: Recombinant bacteria, Gene delivery, Gene therapy, Immunoprophy‐
laxy

1. Introduction

1.1. Concept of genetically engineered microorganisms as delivery vectors

Although significant progress has been made in physical and chemical methods for gene
delivery, these nonmicrobial strategies still present some drawbacks related to specificity and
efficiency of gene transfer [1–6]. For example, new formulations of lipid nanoparticles have
led to great improvement in gene stability and transfer, yet there remains a lack of a targeting
system that would favor the gene transfer to particular cell tissues [7]. Live avirulent microbial
vectors such as viruses and bacteria are a promising approach for gene delivery that may serve
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to fill in those blanks [8–14]. As such, microbial vectors are able to not only serve as cell factories
for the production of the transgene but also as vehicles that deliver the transgene to specific
cells for which they have a naturally high tropism. Gene transduction with recombinant
viruses is generally based on the use of an expression cassette encompassing a transgene [8–
11], while in bacteria, the classic approach of gene transfer is based on plasmid-encoded genes
[12–14]. The gene of interest must be delivered to the cell’s nucleus to allow an efficient
manufacturing of the corresponding protein. DNA escape from intracellular bacteria to host
cell cytosol may occur following their phagocytosis and lysosomal degradation within the cell.
This is, however, not the case for intracellular bacteria that resist or subvert the phagolysosomal
processing such as Salmonella or Listeria [15,16] and for extracellular bacteria that behave as
commensals within a specific cellular niche. Commensal bacteria might be, however, of
particular interest if the treatment strategy aims at delivering a gene product to targeted cell
tissue through a potent delivery machinery. The delivery system used by avirulent vectors is
therefore a critical point for optimizing the success of any therapy.

2. Bacteria as delivery vectors in gene therapy

Recombinant bacteria are being considered as an in vivo cell factory that could be used for the
delivery of therapeutic genes to target cells. In this process known as “bactofection,” a number
of bacterial species have been developed as delivery vectors for their application in different
therapeutic approaches.

2.1. Attenuated mutant bacteria

The most known bacteria for such purposes are Salmonella typhimurium strains that have
proven to be useful in DNA vaccination approach. The strategy is based on the transformation
of an attenuated strain with a plasmid DNA bearing the gene of interest. It has been shown
that oral administration of such transformants into mice induced a robust immune response
against gene-encoding antigen [17]. This study is the first to describe the possible transfer of
a plasmid DNA from bacteria to host cells resulting in antigen processing and induction of
specific immunity. This DNA vaccination approach has proven to be useful in prophylactic
settings against tumor antigens. In the murine melanoma model, it has been shown that oral
administration of attenuated S. typhimurium harboring gene sequences encoding tumoral
peptide epitopes fused to murine ubiquitin gene could confer protection against tumor growth
through the induction of a type I protective immunity [18]. This strategy of DNA delivery
allowed an optimized antigen processing for vaccine development.

2.2. Naturally occurring nonpathogenic bacteria

The genus Clostridium comprises a group of nonpathogenic species that are strictly anaerobic
and largely distributed in the environment. They are able to produce endospores that can
selectively germinate under hypoxia. Given these characteristics, wild-type Clostridium has
been used to target tumors that are known as poorly oxygenated tissues [19,20]. Various
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experimental studies have reported the usefulness of clostridia in cancer therapy [21–25]. The
injection of either whole Clostridium or spores into tumor tissues resulted in tumor destruction
as a consequence of the multiplication of bacteria within colonized tumors. Subsequently, more
elaborate strategies were developed for the potential use of Clostridium as a carrier to deliver
prodrug converting enzymes into tumor tissues. Following systemic administration of the
prodrug, the latter can be locally activated by the enzyme within tumor tissues, hence
promoting a targeted effect against cancer cells. Therefore, selective exposure of tumor tissues
to the effect of the prodrug is a promising strategy that may have broad applications in clinical
studies. Likewise, recombinant spores of Clostridium or Bacillus subtilis have been used as a
model for surface expression of vaccine antigens. This is based on insertion into chromosomal
DNA of bacteria of the gene of interest which is fused to a gene encoding a spore surface
protein. This stable genetic construction has allowed an efficient assembly and expression of
a variety of fused proteins on the surface of the forming spores. The strategy of recombinant
spores has been mainly tested for the development of mucosal vaccines [26].

Gene therapy in cancer has been also investigated using a food-grade microorganism
Bifidobacterium infantis, which is a nonpathogenic and anaerobic bacterium that can proliferate
in the hypoxic environment of tumor tissues as well. B. infantis has been applied as a gene
delivery system in various cancer models such as bladder cancer including melanoma [27]
thanks to its specific targeting property to the anaerobic environment of tumor cells. This
bacterium has been successfully used for antitumor suicide gene therapy in a murine model
of renal cell carcinoma [27,28]. This strategy is based on the use of the herpes simplex virus
thymidine kinase/ganciclovir system to selectively kill tumor cells. Recombinant bacteria
bearing virus thymidine kinase gene can replicate within tumor tissue and locally express the
enzyme which, in turn, catalyzes the nontoxic precursor ganciclovir to a toxic form resulting
in tumor cell killing through termination of DNA replication.

Lactococcus lactis is another food-grade bacterium that has been engineered for gene therapy
in inflammatory bowel diseases (IBD). As this bacteria tends to naturally colonize the intestinal
epithelium, they were used as vectors for localized delivery of anti-inflammatory mediators.
In murine model of induced colitis, oral administration of recombinant L. lactis expressing
IL-10 [29], IL-27 [30] or anti-TNF nanobody [31] could reduce intestinal inflammation, thereby
offering a safe and reliable strategy for the treatment of IBD.

3. Type III delivery system: A promising strategy for targeting intended
cell tissues

A broad spectrum of pathogenic bacteria (Salmonella, Shigella, Yersinia, Pseudomonas,...) use the
type III secretion system (TTSS) to deliver their effector molecules to the membrane or into the
host cell’s cytosol to subvert the signaling pathways [32,33]. Most of the effector proteins are
produced and stored inside bacteria before their secretion by the TTSS upon contact with host
cells [34]. This elaborate process allows the bacteria to optimize the function of delivered
molecules and, therefore, to resist the host defense mechanisms and proliferate within their
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niche. The potential of TTSS in gene therapy has been investigated in various experimental
models for localized delivery of vaccine antigens or therapeutic molecules.

3.1. Application in immunoprophylaxy

The first attempt in using the TTSS for the delivery of heterologous antigens for vaccine
purposes was performed with attenuated Salmonella. It has been shown that recombinant
Salmonella harboring a heterologous gene from pathogenic microorganisms fused to a
Salmonella effector protein-encoding gene or to a small DNA sequence coding for bacterial
signal peptide was able to deliver the hybrid protein into the host cytosol [35]. When injected
into mice, these recombinant bacteria induced a protective cytotoxic T lymphocyte (CTLs)
response against infection. Thus, the engagement of the hybrid protein by the TTSS allows
their subsequent engagement by the major histocompatibility class-I pathway and generation
of CTLs that are required for effective immunity against intracellular pathogens [36–38]. The
use of the TTSS vaccination approach has been proven to work in different infectious models.
In parasitic models of Plasmodium berghei infection, TTSS-dependent delivery of a dominant
CD8 epitope by Salmonella conferred protection from infection in mice [39]. In a similar way,
Yersinia has been used in vaccination studies in murine models to deliver antigens from a
pathogenic protozoan parasite Entamoeba histolytica [40]. In this model, it has been shown that
TTSS can mediate the delivery of high-molecular-weight antigen that induced significant
protection against infection through promoting specific type 1 immune response.

The experimental approach of the bacterial TTSS in vaccination studies has been investigated
in cancer models as well. Studies in mice indicated that oral administration of recombinant
Salmonella expressing tumor antigens induced CD8+ T cell-mediated control of tumor progres‐
sion [41,42]. Pseudomonas aeruginosa was also evaluated as a live attenuated vector for TTSS
delivery of antigen in antitumor vaccine experiments. Inoculation of recombinant Pseudomo‐
nas delivering ovalbumin to mice was shown to induce specific CD8+ T cell response that was
associated with a significant resistance against ovalbumin-expressing tumor [43]. These
experimental investigations underline the efficacy of this delivery system in antitumor
immunoprophylaxy.

Besides their role in the delivery of heterologous antigens, bacterial vectors present major
advantages over nonmicrobial adjuvant vaccines in that they are endowed with the ability to
induce innate immunity through pathogen-associated molecular patterns (PAMPs). These
specific microbial motifs include lipoproteins, lipopolysaccharides, single-strand RNA, and
nonmethylated DNA sequences that can trigger the maturation process of antigen-presenting
cells through binding to their specific Toll-like receptors and consequently induce the pro‐
duction of inflammatory cytokines [44]. This is particularly interesting for vaccination
strategies aiming to optimize the protection efficacy [45].

3.2. Application in therapeutic development

Optimal efficiency of any microbial vector in gene therapy relies particularly on its ability to
deliver a sufficient amount of the drug to targeted cell tissues while preserving healthy tissue.
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The fact that Shigella specifically colonizes the colon and activates the TTSS upon contact with
epithelial cells prompted their use as a candidate for localized delivery of anti-inflammatory
mediators in inflammatory bowel diseases. Ulcerative colitis and Crohn’s disease are charac‐
terized by the massive production of inflammatory cytokines such as TNF-α and IL-1β that
mediate colon tissue destruction. Anti-inflammatory recombinant IL-10 was used successfully
for treatment of IBD, although high doses and repeated administrations were necessary for
minimal therapeutic efficacy [46–50]. Bacteria TTSS-mediated delivery of IL-10 may offer a
good alternative of treatment targeting the colon. The proof-of-principle of this strategy was
shown in inflammatory models of Shigella infection. When IL-10 was fused to a bacterial signal
peptide, the hybrid protein was shown not only to be delivered by the TTSS of Shigella but also
to be biologically active. Injection of IL-10 recombinant Shigella to mice induced a marked
reduction of inflammatory symptoms as compared to wild-type Shigella and this was associ‐
ated with a significant local reduction of TNF-α, a major inflammatory cytokine [51]. IL-1
receptor antagonist is a natural inhibitor that antagonizes the inflammatory potential of IL-1β.
Imbalance between IL-1β and IL-1 receptor antagonist is associated with acute intestinal
inflammation [52,53]. In keeping with this, it has been shown that delivery of recombinant IL-1
receptor antagonist in the intestine blocks IL-1β-mediated colitis in rabbits [54]. Localized
delivery of IL-1 receptor antagonist by the TTSS of Shigella was shown to be as efficient as IL-10
in reducing the inflammatory symptoms within invaded tissues [51]. As outlined elsewhere,
the treatment of experimental colitis could be partially achieved using IL-10 recombinant
Lactobacillus that colonizes all the intestine. Nevertheless, Shigella may provide a useful
alternative as a live vector thanks to its specific targeting to the site of IBD, the colon. Yet, due
to safety concerns, this is possible only with the use of highly attenuated Shigella that can be
biologically contained [55]. Furthermore, the efficiency of such an approach awaits additional
insight into experimental intestinal models of Shigella [56,57]. Taken together, the use of
bacterial TTSS for localized delivery of immunogenic antigens or therapeutic molecules may
offer alternative options in improving the effectiveness of gene therapy.

4. Issues to overcome for better translating the generated proofs-of-concept
to effective treatments in human

Bodies of evidence clearly indicate that bacterial vectors are a promising strategy for gene
delivery. Many experimental investigations have shown proof-of-concept examples of the
feasibility of such an approach, yet steps forward are still needed not only to translate these
concepts into effective treatments for humans but also to find the perfect delivery system for
each disease situation.

For safety reasons, nonpathogenic food-grade bacteria remain more attractive as live vectors
for vaccine and therapeutic strategies. Some concerns exist, however, about targeting issues
which is crucial for optimal efficiency. The best example is the potential use of Lactobacillus
lactis for the delivery of IL-10 in the treatment of IBD. As this anti-inflammatory cytokine has
a pleiotropic immunosuppressive effect, it is particularly crucial to target the inflammatory
site while preserving healthy tissues. On the other hand, studies related to the potential
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application of some microbial vectors in gene therapy are on hold for safety issues. Although
research on attenuated bacteria has led to significant progresses in gene therapy, there remain
some limitations that preclude their use in immunocompromised populations as well as in
infants. The challenge is how to emphasize the benefits while controlling the disadvantages
of these microbial vectors. With this regard, recent studies highlighted new lines of develop‐
ment of TTSS-based delivery in avirulent vectors. Interestingly, the gene locus coding for TTSS
of Vibrio parahaemolyticus has been cloned into a nonpathogenic E. coli K-12 strain and shown
to be efficient in the delivery of heterologous peptides. The generation of a nonpathogenic E.
coli displaying an active TTSS is an important step that opens the way for applicability of TTSS-
dependent delivery of foreign molecules [58]. In the same way, it has been shown that bacterial
minicells derived from aberrant cell division of a mutant strain of S. typhimurium may assemble
functional TTSS. These nonreplicating nanoparticles were shown to deliver antigen by the
TTSS and to promote Th1 immune response, thereby offering an alternative strategy of antigen
delivery platform for vaccine and immunotherapeutic developments [59].

5. Perspectives

Recombinant bacteria have shown great potential in the preclinical trials. Their clinical
potential relies on their safety and biological containment. Most of the studies were just looking
for proof-of-concept rather than a final product that could be put directly to use. Given the
global needs, future research challenges should focus on the balance between the optimization
of gene therapy through effectiveness of gene delivery to target cells and the biological control
of recombinant bacteria to ensure not only an appropriate shutoff mechanism but also to
minimize the risks of insertional mutagenesis and aberrant genomic location of delivered
genes.
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minicells derived from aberrant cell division of a mutant strain of S. typhimurium may assemble
functional TTSS. These nonreplicating nanoparticles were shown to deliver antigen by the
TTSS and to promote Th1 immune response, thereby offering an alternative strategy of antigen
delivery platform for vaccine and immunotherapeutic developments [59].

5. Perspectives

Recombinant bacteria have shown great potential in the preclinical trials. Their clinical
potential relies on their safety and biological containment. Most of the studies were just looking
for proof-of-concept rather than a final product that could be put directly to use. Given the
global needs, future research challenges should focus on the balance between the optimization
of gene therapy through effectiveness of gene delivery to target cells and the biological control
of recombinant bacteria to ensure not only an appropriate shutoff mechanism but also to
minimize the risks of insertional mutagenesis and aberrant genomic location of delivered
genes.
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Abstract

A major challenge to emerging cell-based medicine including gene therapy is the host
immune rejection of transplanted donor cells or engineered tissue. One way to address
this problem is to use drugs to achieve immunosuppression. However, suppressing
the patient’s immune system may put the patient at risk for many other diseases. An
alternative is to encapsulate living cells in macro/microcapsules to achieve immunoi‐
solation of the cells, thereby increasing cell viability in the patient’s body following
transplantation. The capsule’s membrane protects the encapsulated cells from being
damaged by both the host’s immune system and mechanical stress while allowing
free diffusion of nutrients and metabolic waste for the cells to survive. Moreover, the
membrane could be designed to achieve controlled and/or sustained release of
therapeutic products produced by the encapsulated transgenic cells to treat a variety
of diseases such as cardiovascular disorders, anemia, wounds, bone fractures, and
cancer.

Keywords: Cell microencapsulation, Encapsulation, Microcapsules, Gene therapy,
Cell-based medicine

1. Introduction

Cell encapsulation is the process of entrapping cells into a matrix. In general, the matrix is
spherical in shape and in the form of a polymeric hydrogel. Cell encapsulation technology has
shown great promise for immunoisolation and controlled release of therapeutic products
towards gene therapy. Figure 1 demonstrates the mechanism of encapsulated transgenic cells
for gene therapy.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



1.1. Encapsulation materials

Both natural and synthetic polymers have been utilized for cell encapsulation. Natural
polymers that have been used include alginate, agarose, collagen, and hyaluronic acid, while
synthetic polymers, including poly(vinyl alcohol), poly(lactic-co-glycolic acid), polyacrylates,
HEMA-MMA-MAA, polyphosphazines, and polyepoxides, have been studied.[1] Natural
polymers are more commonly used because of their biocompatibility and are easily accepted
by the public. However, their product quality and characteristics can vary greatly between
companies and batches compared to synthetic polymers. Alginate, agarose, and polylactide-
co-glycolide (PLGA), the most commonly used encapsulation materials, are introduced here.

1.1.1. Alginate

Alginates, polysaccharides, are linear block polymers consisting of α-l-guluronic acid (G) and
β-d-manuronic acid (M) blocks (Figure 2). Divalent cations, such as Ca2+, Ba2+, and Sr2+, can link
alginate molecules together (i.e. through ionic cross-linking) forming alginate hydrogel
capsules while encapsulating cells inside. The G and M contents of the alginate molecules can
affect the gel properties including mechanical strength, biocompatibility, and permeability.[2–
6] Recently, it has also been shown that oligochitosan could be used as a cross-linker for
polysaccharide-based gel formations.[7]

Figure 1. A conceptual schematic demonstrating cell encapsulation for gene therapy.
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Figure 2. Chemical structure of alginate (A) and alginate-based hydrogel formation mechanism (B).

1.1.2. Agarose

Agarose, a thermal-responsive polymer, consists of β-d-galactopyranose and 3,6-anhydro-α-
l-galactopyranose units which can undergo a sol–gel transition upon cooling (i.e. through
thermal cross-linking) (Figure 3). Some agarose products have a transition temperature close
to body temperature, making it a good candidate for cell encapsulation.[8]

1.1.3. Polylactide-co-Glycolide (PLGA)

PLGA polymers belong to aliphatic polyesters and are biodegradable (Figure 4). To prepare
the capsules, PLGA is dissolved in methylene chloride, and then a second component is added
to precipitate the polymer molecules (interfacial precipitation).[1,9]

1.2. Encapsulation technologies

Different technologies have been used for preparing macro/microcapsules, which include air-
jet encapsulation, electrostatic spray, laminar jet breakup, and microfluidic channel/nozzle.
Among them, electrostatic spray and microfluidic channel/nozzle are two of the most fre‐
quently used encapsulation approaches.[10]

1.2.1. Electrostatic spray method

The electrostatic spray method has a significant appeal due to its ease of operation, scale-up
capabilities, negligible damage to cells, and allowance for sterile operation conditions.[10] The
mechanism of cell encapsulation by using the electrostatic pray method is shown in Figure
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5A. In general, a cell polymer mixture is extruded through a nozzle by using a pump or
compressed air. The droplets are broken down into smaller ones under electrostatic force and/
or other introduced forces (e.g. vibration). Once the droplets reach the gelling bath containing
the cross-linkers, the cell-loaded hydrogel capsules form immediately through various forces,
such as ionotropic reaction between divalent ions and alginate molecules. Moreover, the
system could be modified to prepare the core-shell structure hydrogel capsules, as depicted
in Figure 5B.[11]

1.2.2. Microfluidics channel/nozzle method

Microfluidics devices can be used to generate micrometer-scale droplets with a narrow size
distribution and controlled morphology.[12–14] This method shows great promise for cell

Figure 3. Chemical structure of agarose (A) and agarose-based hydrogel formation mechanism (B).

Figure 4. Chemical structure of PLGA.
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encapsulation, especially for single cell encapsulation.[15] In general, capsules are formed by
allowing a core fluid to be surrounded by a flowing sheath stream.[16] Recently, these devices
have also been successfully applied for the generation of cell-loaded core-shell capsules (Figure
6).[14] Besides the relatively low encapsulation efficiency, a significant drawback of the current
microfluidic technologies is that the oil used for shearing may leave a residual adhesive oil
layer on the capsule which affects subsequent coating processes.[10,17]
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2. Recent progress on transgenic cell encapsulation for gene therapy

Encapsulation of genetically modified cells has been conducted for the treatment of central
nervous system diseases, cardiovascular disorders, mucopolysaccharidosis type VII (MPSVII)
disease, wounds, bone fractures, and cancer.[18–30] Considering most genetically engineered
cells are from allogeneic or xenogeneic sources, immunoisolation is a critical factor when using
these cells.[5]

2.1. Bone-related diseases

Bone  morphogenic  protein-2  (BMP-2)  is  a  member  of  the  transforming  growth  factor-β
(TGF-β) superfamily and has been widely reported to have osteoinductive activity. Ding et
al. [31] studied the behaviour of BMP-2 gene-transfected bone marrow-derived mesenchy‐
mal stem cells in alginate-poly-l-lysine-alginate (APA) microcapsules. The results showed
that encapsulated transfected cells could secrete BMP-2 proteins for at least 30 days and
the APA microcapsules could be used for immunoisolation. Olabisi et al. [28] investigated
microencapsulation  of  AdBMP-2-transduced  MRC-5  cells  (human  diploid  fetal  lung
fibroblasts)  in  poly(ethylene  glycol)  diacrylate  (PEGDA)  hydrogels.  After  injecting  the
encapsulated cells intramuscularly, the volume of the bone formed was about twice that of
the control group (unencapsulated cells). Recently, rapid heterotrophic ossification by using
cryopreserved PEGDA encapsulated BMP-2 expressing mesenchymal stem cells (MSCs) was
also  observed  (as  shown  in  Figure  7).[32]  Additionally,  human  calcitonin  delivered  by
microencapsulated recombinant myoblasts showed potential for allergenic gene therapy for
postmenopausal osteoporosis. [33] Furthermore, transplantation of fibrin glue-compound‐
ing hepatocyte growth factor-transgenic MSCs is a promising novel method for avascular
necrosis of the femoral head (ANFH) therapy.[34]

2.2. Cancer

Both mouse myoblasts (C2C12 cells) and human embryonic kidney 293 (HEK293) cells were
engineered to continuously secrete angiostatin, and were encapsulated into alginate-based
microcapsules for cancer treatment. The in vivo experimental results demonstrated the
potential for angiostatin-mediated cancer therapy by using an encapsulated transgenic cell-
based approach.[35,36] Considering immunotherapies have been proven to be alternative
strategies for malignancy treatment[37], combined immunotherapy (an interleukin 2 fusion
protein, sFvIL-2) and antiangiogenic therapy (angiostatin) were tested. It was shown that
transplantation of angiostatin expression and sFvIL-2-expressing C2C12 cells encapsulated in
APA microcapsules improved the survival rate of experimental animals.[38] Recently,
microencapsulation of therapeutic antibodies producing cells in APA microcapsules was
tested for cancer treatment. [39] Additionally, with the advancement of stem cell research,
there is an increased potential for cancer therapy by using encapsulated stem cells.[40]
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Figure 7. Microencapsulated BMP2-transduced MSCs in a mouse model for heterotopic ossification. X-ray and Mi‐
croCT images of the resulting heterotopic ossification for freshly prepared BMP2 microencapsulated MSCs (a and b)
and for cryopreserved BMP2 microencapsulated MSCs (d and e).[32]

2.3. Neural diseases

Parkinson’s disease (PD) belongs to a group of conditions called motor system disorders,
resulting from the loss of dopamine-producing brain cells.[41] This disease could be amenable
to gene product replacement strategies including implantation of encapsulated transgenic
cells.[42] There are several publications regarding encapsulated cell biodelivery of glial cell
line-derived neurotrophic factor (GDNF) for PD treatment; GDNF has been proven to have
neuroprotective and neurotrophic properties on dopaminergic neurons.[26,43,44] Further‐
more, encapsulated transgenic cells could be utilized in brain tumour treatment.[45,46]

Small capsules (<200 µm) have been developed for the delivery of gene products, secreted by
encapsulated transgenic cells, to the brain, bypassing the blood–brain barrier (BBB). To date,
several alginate-based microcapsule systems, Ca-alginate, APA, and alginate-chitosan-
alginate (ACA), have been reported.[10,47,48] Encapsulation of transgenic cells has also been
used for other disease treatments, such as mucopolysaccharidosis VII and myocardial
infarction. Table 1 summarizes the recent gene therapy studies based on encapsulated
transgenic cells, with the exception of bone-related and neural diseases and cancer treatment.
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Disease Therapeutic Product(s) Cell Type Encapsulation
System

Ref.

Fabry disease α-Galactosidase A Chinese hamster
ovary cells

Semipermeable
Polymer Fiber

[49]

Mucopolysaccharidosis
VII

β-Glucuronidase Mouse 2A-50
fibroblasts

Alginate-poly-l-lysine [50]

Human amniotic
epithelial cells

Polymer (polysulfon)
Hollow fibers

[23]

Myocardial infarction
and wound

Glucagon-like peptide-1 Human mesenchymal
stem cells

CellBeadsTM [51]

Vascular endothelial
growth factor

Chinese hamster
ovary cells

Alginate-Poly-l-
Lysine-Alginate
Microcapsules

[27]

Adipose stem cells AP-PLL-brPEG
microcapsules

[52]

NIH3T3 cells Alginate-barium
microcapsules

[21]

Human umbilical
cord mesenchymal
stromal cells

Alginate-barium
microcapsules

[53]

Human umbilical
cord mesenchymal
stem cells

Alginate-barium
microcapsules

[54]

Polycythemic diseases Erythropoietin Mouse C2C12
myoblasts

Semipermeable
polyethersulf hollow
fibers

[55]

Hypertension and/or
congestive heart failure

Atrial natriuretic peptideChinese hamster
ovary cells

Polycaprolactone
tubes

[56]

Acute skin flap ischemia Basic fibroblast growth
factor (FGF-2)

Mouse C2C12
myoblasts

Microporous
polyethersulfone
hollow fibers

[57]

Hemophilia B Factor IX Mouse C2C12
myoblasts mouse
C2C12 myoblasts

Alginate-poly-l-
lysine-alginate
microcapsules

[58]

Alginate-poly-l-
lysine-alginate and
alginate-poly-l-
arginine-alginate
microcapsules

[59]

Laron syndrome Recombinant human
IGF-1

Pig Sertoli cells Alginate
microcapsules

[60]

Table 1. Recent gene therapy studies by using encapsulated transgenic cells
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3. Challenges and future direction

Recent clinical trials regarding gene therapy by using encapsulated transgenic cells are
summarized in Table 2. For eventual clinical applications of encapsulated transgenic cells for
gene therapy, however, there are still some issues that need to be addressed.[62,63]

1. Protrusion of encapsulated cells

Cell growth leads to protrusion of cells over time, which may cause the failure of immunoi‐
solation following in vivo transplantation. Bhujbal et al. reported a novel multilayer immunoi‐
solating encapsulation system aiming to prevent cell protrusion without compromising cell
survival (Figure 8).[64]

2. Scaling-up cell microencapsulation

Cell encapsulation processes are usually performed at the lab scale. For successful clinical
applications,  massive  production  of  encapsulated  cells  following  good  manufacturing
practices  (GMP)  standardized  procedures  [65]  for  transplantation  is  critical.  Different
designs have been reported for scaling-up cell encapsulation. One design based on a 3D
microfluidic approach, which contains a 3D air supply and multinozzle outlet,  has been
reported recently.[17]

3. Monitor and control the encapsulated transgenic cells

Once the therapy has reached its goal or when undesirable deleterious effects occur, nonin‐
vasive monitoring and deactivation/elimination of the encapsulated cells are critical for clinical
practice.[63] Recently, Shen et al. [66] reported the encapsulation of recombinant cells by using
a magnetized ferrofluid alginate for in vivo monitoring by magnetic resonance imaging (MRI).
Moreover, magnetic field-controlled gene expression in encapsulated cells, coencapsulated
with magnetic nanoparticles, has been reported. The cells were modified to produce thera‐
peutic products under the control of a heat-inducible promoter. Heat induction could be
achieved by elevating the temperatures of the capsules through coencapsulated magnetic
nanoparticles subjected to a magnetic field (Figure 9).[67] Catena et al. reported an interesting
and smart system which shows potential for monitoring encapsulated cells and selectively
eliminating them at a specific moment by using the SFGNESTGL triple reporter system.[68]

Project Therapeutic Product(s) Target Disease(s) Phase Status

A study of encapsulated cell
technology (ECT) implant for
patients with late stage retinitis
pigmentosa

Ciliary neurotrophic factor
(CNTF)

Late-stage retinitis
pigmentosa

II and III Completed

A study of encapsulated cell
technology (ECT) implant for

Ciliary neurotrophic factor
(CNTF)

Early stage retinitis
pigmentosa

II and III Completed
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Project Therapeutic Product(s) Target Disease(s) Phase Status

participants with early stage
retinitis pigmentosa

A Study of an Encapsulated Cell
Technology (ECT) Implant for
Patients With Atrophic Macular
Degeneration

Ciliary neurotrophic factor
(CNTF)

Macular degeneration II Completed

Pilot immunotherapy trial for
recurrent malignant gliomas

Insulin-like growth factor
receptor-1

Malignant glioma of
brain

I Completed

GLP-1 CellBeads® for the treatment
of stroke patients with space-
occupying intracerebral
hemorrhage

Glucagon-like peptide-1 Intracerebral
hemorrhage (ICH)

I and II Terminated

CNTF implants for CNGB3
achromatopsia

Ciliary neurotrophic factor
(CNTF)

Eye disease
achromatopsia

I and II Active

Retinal imaging of subjects
implanted with ciliary
neurotrophic factor (CNTF)-
releasing encapsulated cell implant
for early-stage retinitis pigmentosa

Ciliary neurotrophic factor
(CNTF)

Early stage retinitis
pigmentosa or Usher
syndrome (type 2 or 3)

II Recruiting

A phase 2 multicenter randomized
clinical trial of CNTF FOR MacTel

Recombinant human ciliary
neurotrophic factor

Macular telangiectasia
type 2

II Recruiting

MVX-ONCO-1 in patients with
solid tumours

Irradiated autologous
tumour cells

Solid tumour cancer I Recruiting

Study of the intravitreal
implantation of NT-503-3
encapsulated cell technology (ECT)
for the treatment of recurrent
choroidal neovascularization
(CNV) secondary to age-related
macular degeneration (AMD)

Anti-VEGF therapy Macular degeneration I and II Not yet recruiting

Encapsulated cell biodelivery of
nerve growth factor to Alzheimer´s
disease patients

Nerve growth factor (NGF) Alzheimer’s disease I Unknown

Table 2. Clinical trials of gene therapy involving encapsulated transgenic cells [61]
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Figure 8. Cell growth within common APA capsules and multilayer capsules. Live cells were stained green while dead
cells were stained red.[51]
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Figure 9. Schematic representation of the magnetic field-controlled gene expression in encapsulated cells.[67]
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