Chapter 2
Viral Gene Therapy Vectors

Abstract The vectors for gene delivery can be divided into two classes: viral and
nonviral. Despite the rapid progress in the development of nonviral gene delivery,
viral vectors such as retrovirus/lentivirus, adenovirus, adeno-associated virus (AAV)
and baculovirus mediate more efficient delivery than nonviral vectors, especially for
primary cells. This chapter briefly compares the nonviral and viral vectors and
mainly discusses the development and characteristics of these viral vectors.

2.1 Gene Therapy

Gene therapy is a technique originally developed to deliver DNA or RNA molecules
to cells/tissues for the treatment of genetic diseases. Nonetheless, gene therapy has
been rapidly expanded to a wide variety of applications such as treatment of cancers
and infectious diseases. For example, delivery of Diphtheria toxin A gene via bacu-
lovirus inhibits the glioma xenograft growth in the rat brain [1] and delivery of the
hemagglutinin gene of avian influenza virus to mice and poultry via adenovirus
elicits immunity and confers protection [2]. Gene therapy and tissue engineering
have also converged for the repair of various tissues/organs, such as musculoskele-
tal and cardiovascular systems. For instance, gene therapy in conjunction with tis-
sue engineering can aid in the treatment of myocardial infarction [3, 4], bone defects
[5] and diseases in cartilage [6—8]. Although protein-based therapy also provides an
effective approach for the treatment of bone/cartilage defects, it might be ineffective
in repairing large defects clinically [9]. In the case of bone repair, a single protein
(e.g. bone morphogenetic protein 2 (BMP-2)) dose may not confer an adequate
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repair response because of the short protein half-life and poor retention in large
defects [10], thus milligrams of proteins or multiple doses are required. With this
regard, gene therapy offers an attractive option to augment tissue repair [10]. Since
the gene, rather than a degradable protein, is being delivered, gene delivery poten-
tially results in higher and more sustained protein release in a more physiologic
manner than recombinant protein therapy [10]. Moreover, the endogenously synthe-
sized proteins may have greater biological effectiveness than their exogenous
counterpart.

Gene therapy can be performed either in vivo or ex vivo. The in vivo gene deliv-
ery involves the injection or implantation of genetic material carried by the delivery
vector directly into the host. This approach is simpler and minimizes the risk of
infection since only one procedure is required [11]. However, direct vector injec-
tion, either locally or systemically, may elicit inflammatory responses which inter-
fere with the reparative process [12]. It is also extremely difficult to specifically
deliver the genes into target cells in vivo, thus resulting in low levels of protein
expression. In the context of tissue engineering, typically the vector is administered
locally to minimize unwanted side effects, but it is difficult to avoid the transgene
expression in secondary tissues. Another challenge is how to achieve a sustained
long-term expression of the therapeutic gene, although in some cases a short-term
expression is sufficient to accelerate healing of tissues and may be desirable [10].

Ex vivo gene delivery involves the genetic modification of cells (either autogenic
or allogenic) and re-introduction into the host with or without a scaffold. The ex
vivo strategy enhances the roles of the cells in the regenerative process with auto-
crine/paracrine effects from the expressed transgene products. In one ex vivo gene
therapy study, the articular chondrocytes are genetically modified by transfection of
cDNA encoding insulin-like growth factor 1 (IGF-1), encapsulated and implanted
into osteochondral defects in rabbits. The genetic modification results in prolonged
IGF-1 expression in vitro (up to 36 days), augments articular cartilage repair and
accelerates the formation of subchondral bone [13]. The disadvantage of such ex
vivo therapy in the tissue engineering setting is that it involves two separate invasive
procedures for a patient (when autologous cells are used), which increases the pain
the patients suffer and possibility of morbidity. Moreover, the cells transplanted into
the defects may not persist for a period of time sufficient to heal the defects [14].

2.2 Vectors for Gene Delivery

2.2.1 Nonviral vs. Viral Vectors

The vectors for gene delivery can be divided into two classes: viral and nonviral.
Nonviral vectors mainly rely on the delivery of plasmid DNA (or other forms of DNA/
RNA) into cells/tissues with the aid of a proper transfection reagent (e.g. liposomes,
polymer-based molecular conjugates, nanoparticles, etc). The nonviral vector carrying
sex-determining region Y box gene 9 (SOX-9) gene has been shown to enhance the
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chondrogenesis of mouse bone marrow-derived mesenchymal stem cells (BMSCs)
[15]. Transfection of the DNA encoding IGF-1 into articular chondrocytes and trans-
plantation of transfected cells also lead to the formation of a new tissue layer on the
cartilage explant surface [16]. In addition, primary chondrocytes and explants can be
engineered by transfection of DNA encoding human glycosaminoglycan (GAG)-
synthesizing enzyme, p1,3-glucuronosyltransferase-I (GIcAT-1). Such GIcAT-1 deliv-
ery enhances the glycosaminoglycan (GAG) deposition and overcomes interleukin 1
(IL-1p)-induced proteoglycan depletion [17].

Despite the rapid progress in the development of nonviral gene delivery vector,
transfection methods (e.g. in vivo electroporation [ 18], microporation [19], nucleo-
fection [20]) and transfection reagents (e.g. FuGENEG [21], nanoparticles [22, 23])
to enhance the efficiency of transfection into cells, it is generally perceived that the
efficiency of gene delivery mediated by nonviral vectors is lower when compared
with that by viral vectors [24-26]. In particular, transfection of adult MSCs is very
inefficient [27].

In contrast, viral vectors are widely employed for gene therapy as viruses natu-
rally evolve mechanisms for effective delivery of their genetic cargo into cells for
replication and expression [28]. For vector development, generally the elements of
viral genome that contribute to replication, virulence and pathology are deleted and
replaced by gene(s) of interest while retaining the elements contributing to efficient
delivery [24, 29]. The viral vectors that are in common use include retrovirus/lenti-
virus, adenovirus and adeno-associated virus (AAV) [25, 26]. Some emerging viral
vectors such as baculovirus have also been investigated (for review, see [30-35]).
Therefore, this chapter mainly deals with these viral vectors.

2.2.2 Retrovirus/Lentivirus

Retrovirus genome comprises two identical RNA molecules, which after entry into
the cells are reverse transcribed to complementary DNA and integrate into the host
chromosome. The integration ensures the persistence of the therapeutic gene in the
cells, thus retrovirus is initially favored for applications whereby long-term expres-
sion is desired. In fact, retrovirus is the viral vector used for the first human gene
therapy clinical trial for the treatment of a genetic disease known as severe com-
bined immunodeficiency (SCID) [36]. In this clinical trial, a gene encoding adenos-
ine deaminase (ADA) is transduced into autologous T cells using the retroviral
vector and delivered into two patients. Four years after the initial treatment, the
ADA expression is still detectable and the symptoms are alleviated in one patient,
thus demonstrating the proof-of concept of gene therapy [36].

The first and the most commonly used retrovirus is Molony murine leukemia
virus (MuLV). MuLV transduces synovial fibroblasts cultured in vitro with reason-
able efficiency, but is inactive in in vivo experiments when injected into the knee
joints. The inefficiency is partly due to the fact that retrovirus only transduces pro-
liferating cells, but not quiescent cells. Besides, the extracellular matrix (ECM)
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hinders retrovirus from directly transducing chondrocytes embedded in the ECM.
Therefore, retrovirus is more suitable for ex vivo gene transfer-mediated tissue
engineering. Retrovirus expressing enhanced green fluorescent protein (EGFP) is
used to transduce chondrocytes, followed by implantation of the transduced cells
into full-thickness defects in knee joints of rabbits [37]. The EGFP expression and
the number of implanted chondrocytes remain stable for at least 4 weeks in vivo.

Note, however, that the integration does not guarantee long-term transgene
expression because (1) the genes might be silenced as a result of epigenetic modifi-
cation [38] and (2) the transduced cells may be eradicated due to regular turnover or
the immune system. Retrovirus-mediated transfer to autologous synoviocytes
results in transgene expression that steadily diminishes over a period of 4-6 weeks
following intra-articular implantation of the transduced cells [39].

Moreover, retrovirus transduces synoviocytes in the inflamed joints better than
those in the naive joints [8]. Since one of the primary symptoms of rheumatoid
arthritis (RA) is the thickening of the synovium through synovial cell proliferation,
the study implicates the application of retroviral vectors in gene delivery to the
joints of RA patients [8]. Retroviral vector-based gene therapy for RA treatment has
entered clinical trial [6], in which the retrovirus expressing interleukin 1 (IL-1)
receptor antagonist (IL-1Ra) is used to transduce autologous synovial cells ex vivo,
followed by implantation of the transduced cells into metacarpophalangeal joints of
RA patients 1 week prior to the scheduled joint replacement surgery. No adverse
effects related to the gene transfer are observed and there is no relevant spread of the
transgene to extra-articular sites [6].

However, retrovirus preferentially integrates viral genes to the transcription start
sites and highly expressed genes in the host chromosome, thus raising serious safety
concerns. Maria Cavazzana-Calvo, Alain Fischer and coworkers have demonstrated
the use of retroviral vectors for the cure of X-linked SCID in nine out ten patients
[40]. Unfortunately, two of the patients develop leukemia as retrovirus integrates
into chromosomal sites in proximity to the LMO-2 proto-oncogene promoter, lead-
ing to aberrant expression of LMO2 [41]. Follow-up studies have cured more than
20 patients and confirmed the efficacy of SCID gene therapy, but leukemia occurs
in several more patients [42—44]. Furthermore, the in vivo application of retrovirus
in humans is compromised by their sensitivity to inactivation by the complement
system [45].

Lentivirus belongs to the retrovirus family but is different in that lentivirus has a
more complex genome and is capable of transducing non-dividing cells. Similar to
other retroviruses, lentivirus has a low DNA carrying capacity of ~8 kb and can
stably integrate the viral genes into the host genome. The transduction spectrum of
lentivirus can be broadened by pseudotyping the virus envelope with VSV-G (vesic-
ular stomatitis virus G protein). Such VSVG-pseudotyped lentivirus can transduce
cultured chondrocytes and mediate gene transfer to synovium [46]. Lentivirus
expressing SOX-9 also enhances collagen II expression and down-regulates the
collagen I expression of passaged chondrocytes, implicating the potential of
lentivirus-mediated SOX-9 expression in restoring chondrocyte phenotype even
after de-differentiation [47]. Lentivirus is also used for intra-articular delivery of
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endostatin [48] and angiostatin [49] into rodents to treat experimental models of
RA. To date, use of lentivirus for ex vivo transduction of CD34* cells has entered
into clinical trials. One example is the use of lentiviral vector for the treatment of
patients with X-linked adrenoleukodystrophy (ALD). The trial confirms that
lentivirus-mediated gene therapy provides clinical benefits in ALD [50].

However, lentiviral vectors (e.g. the vector derived from human immunodefi-
ciency virus (HIV)) also favor the integration into active transcription units [51]. The
integration may elicit insertional mutagenesis [52, 53] and raise safety concerns. To
circumvent these problems, non-integrating lentiviral vectors have been developed
[54]. These lentiviral vectors are defective in integrase (the enzyme responsible for
integration), thus enabling the maintenance of transgene in the episomal form while
conferring stable transgene expression [55].

Unlike the popular use of retrovirus/lentivirus in other applications requiring
long-term expression (e.g. treatment of inherited diseases), whether retroviral/lenti-
viral vectors will be deemed safe for clinical use in bone/cartilage tissue engineer-
ing is questionable. Justification of the safe use of retroviral/lentiviral vectors in
bone/cartilage regeneration requires further testing.

2.2.3 Adenovirus

Adenovirus has a 36 kb, double stranded DNA genome packaged in a 100 nm
icosahedral capsid. Wild-type adenovirus infects cells in the upper respiratory tract
and can result in mild cold. Adenovirus is able to infect dividing and nondividing
cells, which provides advantages for in vivo gene delivery (for review, see [56]).
There are more than 50 adenovirus serotypes and initially emphasis is placed on
serotype 5 (Ad5). Nonetheless, more and more adenovirus serotypes are explored
for gene therapy.

The first generation adenoviral vectors are deleted in E1 and E3 genes, which
allows for the insertion of up to 8 kb of foreign gene cassette. Adenovirus can be
produced to high titers, which renders the vector production simpler and more cost-
effective. Adenovirus genome does not integrate at high efficiency and remains epi-
somal, thus the viral genomes only persist in non-dividing cells and the therapeutic
gene expression is lost when the transduced cells are gradually diluted out of the
population.

The adenovirus expressing the lacZ gene is employed for in vivo gene delivery
to joints, which results in transgene expression for over a month within the
synovium without provoking an inflammatory response [57]. However, inflamma-
tory responses are found in subsequent studies exploiting adenovirus-mediated
delivery of p53 [58], IL-1 and tumor necrosis factor a (TNF-a) receptors [59] to
disease joints, causing the rapid decline and extinguishing of transgene expression
in 2-4 weeks. The transient expression results from the strong cellular immune
responses elicited by the continued expression of endogenous viral proteins within
the cells.
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Nonetheless, adenoviral vector is widely used for gene therapy in the context of
tissue engineering. In particular, the adenovirus-mediated IGF-1 expression can last
for at least 28 days and effectively enhances in vitro chondrogenesis [60].
Adenovirus-mediated IGF-1, transforming growth factor f1 (TGF-p1) and BMP-2
expression in chondrocytes greatly increases matrix synthesis in vitro, even in the
presence of the inflammatory cytokine IL-1 [61]. Furthermore, two adenoviral vec-
tors expressing IGF-1 and IL-1Ra are used in combination to co-transduce cultured
synoviocytes. The IGF-1 and IL-1Ra secreted by the transduced cells fully reverse
the depletion of cartilage proteoglycan contents induced by IL-1 [62].

The biggest barrier to the clinical application of adenovirus is the strong
humoral and cellular immune responses it elicits, especially after the tragedy
death in an adenovirus-mediated gene therapy trial [63]. To minimize the immune
responses, the “gutless” vectors that contain only the viral terminal repeats and
the packaging sequence are developed [64]. In the gutless vector, all other viral
components are deleted, thus it can accommodate up to 36 kb of exogenous DNA
and does not trigger strong immune responses. However, gutless adenovirus vec-
tor, due to the deletion of most viral components, requires helper plasmid or virus
for production, making the production process more complicated. Furthermore,
the transgene expression appears to be weakened [65]. Additionally, most humans
have pre-existing immunity to adenovirus which could neutralize the adminis-
tered virus vectors. Such pre-existing immunity problem may be circumvented by
using adenoviral vectors derived from different serotypes.

2.2.4 AAV

AAV is a parvovirus with a ~4,700 nt, single-stranded DNA genome (for review, see
[66]). The genome replication of AAV requires helper viruses such as adenovirus or
herpes simplex virus to provide helper functions. AAV alone is non-pathogenic to
humans and does not induce serious host immune responses. AAV can mediate long-
term transgene expression in a wide variety of cells, including dividing and non-
dividing cells. These advantages have inspired the wide application of recombinant
AAV vectors for gene delivery [67]. Like adenovirus, AAV exists in many serotypes,
among them AAV 2 and AAV 5 are most extensively studied and utilized.

The feasibility of utilizing AAV vector in tissue engineering has been demon-
strated by a study in which AAV is used for direct in vivo modification of synovio-
cytes and the f-galactosidase expression in the synovium is observed for at least 7
months [68]. A subsequent study also shows efficient (transduction efficiency >70 %)
and persistent recombinant AAV vector transduction of chondrocytes derived from
normal and osteoarthritic human articular cartilage [69]. Strikingly, transduction of
explant cultures of articular cartilage results in reporter gene expression within the
tissue to a depth exceeding 450 pm, which remains persistent for 150 days [69].
These data suggest that AAV vectors are able to transduce chondrocytes in situ within
their native matrix to a depth sufficient to be of important clinical significance [69].
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Furthermore, AAV-mediated delivery of TGF-f1 gene improves the expression
of collagen II and aggrecan while decreases the matrix metalloproteinase 3
(MMP-3) expression in cultured normal and osteoarthritic chondrocytes [70]. In
vitro transduction of chondrocytes with an AAV vector expressing fibroblast
growth factor (FGF-2) stimulates cell proliferation over a long period of time, and
in vivo application of the same AAV vector significantly improves the overall
repair of osteochondral defects in rabbit knee joints [11]. AAV vector is also used
to deliver the gene encoding basic fibroblast growth factor (bFGF) into articular
chondrocytes [71]. The transduced autologous cells are embedded into collagen
gels and re-implanted into a full-thickness defect in the articular cartilage of the
rabbit patellar groove. The transduction leads to the expression exceeding 8 weeks
in >85 % of in vitro population and leads to the repair of articular cartilage defect
[71]. AAV expressing receptor activator of nuclear factor kB ligand (RANKL) and
vascular endothelial growth factor (VEGF) can also be freeze-dried into the
allograft bone. Implantation of the coated allografts leads to marked formation of
a new bone collar around the graft [72].

Currently, AAV appears to be the most promising vector for gene therapy,
and may offer the best compromise between safety and efficacy for in vivo gene
transfer [28, 65]. In 2012, Glybera®, an AAV vector designed to treat lipopro-
tein lipase deficiency, becomes the first gene therapy product approved in the
Western world [73]. Additionally, an AAV vector expressing the TNF antagonist
is employed in phase I and II clinical trials aiming for the treatment of rheuma-
toid arthritis (RA) [74]. The gene product is identical to etanercept (Enbrel®)
used to treat RA patients and blocks the actions of TNF [75]. Intra-articular
injection of this AAV vector exerts symptomatic benefit in some patients [74].
Although one subject dies in 2007 during the trial, the death is not attributed to
AAV [76].

One challenge to the clinical application of AAV is that a large portion of
human population possesses neutralizing antibodies against AAV [77], which
diminishes the in vivo efficacy of AAV. Furthermore, the transduction efficiency
of AAV vectors is hindered by the requirement to convert the singe stranded DNA
genome into double stranded DNA prior to expression. This rate-limiting step
prompts the development of self-complementary AAV (scAAV) vectors, which
package an inverted repeat genome that can fold into double stranded DNA and
can increase the transduction efficiency [78]. The trade-off of such scAAV is the
loss of half of the cloning capacity.

Another challenge for the clinical application of AAV is the difficulties and high
cost associated with production of high titer AAV, which requires transfection of
producer cells with multiple plasmids. To overcome this problem, the genes required
for AAV production can be cloned into separate baculovirus vectors (see Sect. 2.2.5),
which, after co-infection of insect cells lead to the expression of AAV proteins and
assembly of recombinant AAV vectors [79]. The new baculovirus/insect cell-based
AAV production method is exploited for the production of Glybera®, the sole
approved gene therapy product, and may encourage wider applications of AAV vec-
tors in gene therapy.
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2.2.5 Baculovirus

Baculoviruses are a diverse group of DNA viruses capable of infecting more than
500 insect species. Among the numerous baculoviruses, Autographa californica
multiple nucleopolyhedrovirus (AcMNPV) contains a circular double-stranded
DNA genome of ~134 kb and is the most widely used. Budded AcMNPYV is highly
infectious to cultured insect cells, thus recombinant baculoviruses have been engi-
neered to carry exogenous genes to infect insect cells for the production of numer-
ous recombinant proteins (for review, see [80, 81]). Since the finding that baculovirus
can efficiently transduce mammalian cells in the mid-1990s [82, 83], numerous
permissive cells from different species have been discovered (for review, see [84—86]).
Baculovirus neither replicates nor is toxic inside the transduced mammalian cells
[84]. Baculoviral DNA degrades in the cells over time [87, 88] and there is no
evidence of baculoviral DNA integration into host chromosomes unless selective
pressure is applied [89]. These attributes minimize the potential side effects and
ease the safety concerns. Furthermore, the large baculovirus genome confers a huge
cloning capacity of at least 38 kb [90] and baculovirus can be propagated to high
titers easily by infecting its natural host insect cells [86]. These properties have
fueled growing interests to explore baculovirus for a wide variety of applications,
ranging from protein production [91, 92], virus production [93-95] , virus-like particle
production [88, 96, 97], eukaryotic protein display [98, 99], vaccine development
[100-102], cancer therapy [103] to cell-based assay development [104—106].

Importantly, baculovirus is able to transduce primary chondrocytes derived from
rats [87] and rabbits [107] with efficiencies exceeding 80 %. Baculovirus transduc-
tion does not hamper normal chondrocyte differentiation. Furthermore, baculovirus
transduces bone marrow-derived mesenchymal stem cells (BMSCs) [108], adipose-
derived stem cells (ASCs) [109] and even cell sheets derived from ASCs [110].
Under optimized conditions, the transduction efficiencies can exceed 95 %.
Baculovirus also transduces adipogenic, chondrogenic and osteogenic progenitors
originating from human BMSCs without obstructing the proliferation and differen-
tiation potentials [111]. These properties spark the interests to develop baculovirus
as a vector for the tissue engineering of bone, cartilage [112] and heart [110].

One shortcoming of baculovirus, however, is that baculovirus typically mediates
transient (<7 days) transgene expression due to its non-replicating nature. Such
transient expression may preclude the applications of baculovirus in certain sce-
narios requiring long-term sustained transgene expression (e.g. cancer therapy). To
prolong the expression, attempts to incorporate AAV inverted terminal repeats [113,
114] or Sleeping Beauty transposon [115, 116] into baculovirus vectors have been
made. For instance, a hybrid baculovirus exploiting the Sleeping Beauty transposon
system is developed to extend the expression of microRNA [115] and anti-
angiogenic factors for anti-cancer therapy [116].

Aside from these baculovirus vectors relying on transgene integration, hybrid
baculovirus vectors enabling the episomal maintenance of transgene have been
designed. We develop a hybrid dual baculovirus system in which one baculovirus
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expresses FLP recombinase while the substrate baculovirus harbors the transgene
cassette flanked by two Frt sequences [108]. After co-transduction of mammalian
cells with the two baculovirus vectors, the expressed FLP recognizes the Frt sites
and excises the Frt-flanking cassette off the baculovirus genome, and hence cata-
lyzes the recombination and formation of episomal DNA minicircles encompassing
the transgene cassette. Such hybrid baculovirus vector successfully extends the
transgene expression in a number of mammalian cells, including rabbit BMSCs
[108] and ASCs [117]. The expression level and duration positively correlate with
the recombination efficiency, presumably because the smaller DNA minicircle are
less prone to nuclease attack and gene silencing [118, 119].

The excision/recombination efficiency is remarkably high, reaching 75 % in
HEK293 cells, 85 % in BHK cells and 77 % in primary chondrocytes [108].
However, the FLP/Frt-mediated recombination efficiency occurs in only ~40-50 %
of rabbit BMSCs and ASCs [117, 120]. To further enhance the recombination effi-
ciency, we have explored the codon-optimized FLP (FLPo), which can improve the
FLP/Frt-mediated recombination at 37 °C [121]. Additionally, two other site-
specific recombinases, Cre and codon-optimized ®C31 (©C310), have been tested.
®C31o mediates excision/recombination between the heterotypic sites aftP and
attB, while Cre catalyzes excision/recombination events between two identical loxP
sites [122]. Similar to the FLP/Frt-based baculovirus system, we construct a binary
baculovirus vector system. Upon co-transduction, the transgene in the substrate
baculovirus is excised by the recombinase (®C310, Cre or FLPo) expressed by a
second baculovirus vector and recombines into the smaller minicircle [123]. The
recombination efficiency is lower by ®C310o (~40-75 %), but approaches ~90—
95 % by Cre and FLPo in various cell lines and stem cells such as human ASCs
[123]. Compared with FLPo, Cre exerts higher expression level and lower cytotox-
icity in human ASCs. The Cre/loxP-based baculovirus vectors are used to deliver
genes encoding BMP-2 or VEGF into human ASCs, which results in efficient Cre/
LoxP-mediated recombination and minicircle formation. As a result, the growth
factor (BMP-2 or VEGF) expression is significantly prolonged and enhanced in
human ASCs. The prolonged BMP2 expression ameliorates the osteogenesis of
human ASCs, a stem cell with poor osteogenesis potential [123].
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