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Abstract

Introduction—Muscle-directed gene therapy is rapidly gaining attention primarily because
muscle is an easily accessible target tissue and is also associated with various severe genetic
disorders. Localized and systemic delivery of recombinant adeno-associated virus (rAAV) vectors
of several serotypes results in very efficient transduction of skeletal and cardiac muscles, which
has been achieved in both small and large animals, as well as in humans. Muscle is the target
tissue in gene therapy for many muscular dystrophy diseases, and may also be exploited as a
biofactory to produce secretory factors for systemic disorders. Current limitations of using rAAVs
for muscle gene transfer include vector size restriction, potential safety concerns such as off-target
toxicity and the immunological barrier composing of pre-existing neutralizing antibodies and
CD8* T-cell response against AAV capsid in humans.

Areas covered—In this article, we will discuss basic AAV vector biology and its application in
muscle-directed gene delivery, as well as potential strategies to overcome the aforementioned
limitations of rAAV for further clinical application.

Expert opinion—Delivering therapeutic genes to large muscle mass in humans is arguably the
most urgent unmet demand in treating diseases affecting muscle tissues throughout the whole
body. Muscle-directed, rAAV-mediated gene transfer for expressing antibodies is a promising
strategy to combat deadly infectious diseases. Developing strategies to circumvent the immune
response following rAAV administration in humans will facilitate clinical application.

© 2014 Informa UK, Ltd.
TAuthor for correspondence Tel: +1 508 856 3563; Fax: +1 508 856 1552; Guangping.Gao@umassmed.edu.
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1. Introduction

Adeno-associated viruses (AAVS), a diverse collection of non-pathogenic, naturally
replication-deficient parvoviruses, were originally isolated as contaminants in stocks of
human and simian adenovirus [1]. Currently, 12 AAV serotypes and > 100 variants have
been identified in human and nonhuman primate (NHP) populations [2]. The AAV is
composed of a linear single-stranded (ss) DNA genome and a small non-enveloped capsid
[3]. The AAV genome is ~ 4.7 kb long, and comprises the rep and cap genes flanked by two
145 bp long inverted terminal repeat (ITR) sequences on the ends. By utilizing two
transcription initiation sites and alternative splicing, the rep gene dictates the expression of
four Rep proteins (Rep78, Rep68, Rep 52 and Rep40) that are critical for the AAV life
cycle. Expression of the cap gene is regulated by alternative splicing and different
translation initiation sites, resulting in three capsid proteins (VP1, VP2 and VVP3) that form
an icosahedral capsid of ~ 3.9 kD [4]. In addition to Rep and capsid proteins, a nested and
alternative open reading frame buried in the cap gene encodes the assembly-activating
protein that is required for capsid formation [5]. The capsid crystal structures of the most
popular AAVs have been determined [6-8]. The intact AAV capsid is ~ 26 nm in diameter
and contains 60 capsid protein subunits at the ratio of 1:1:10 (VP1:VP2:VP3) [6]. Optimal
AAV replication is dependent on a helper virus, such as adenovirus [9], herpes simplex virus
[10] or vaccinia virus [11]. While in cell culture systems and in the absence of a helper
virus, wild-type AAV (WtAAV) genome integrates into human chromosome 19913 in a Rep
protein-dependent manner [12] to establish a latent infection, no site-specific integration
events have been identified in the animals manifesting natural infections of wtAAVs.

Since the WtAAV genome is capable of persisting in tissues for long durations without
pathogenic effects, the use of recombinant AAV (rAAV) vectors as gene transfer vehicles
has become popular [13,14]. Capsids of different AAV serotypes can package recombinant
viral genomes flanked by AAV2 ITRs to form “pseudotyped' vectors, which have been
extensively developed for different gene delivery applications [4]. The versatility and utility
of rAAV vectors were further expanded by the natural or artificially evolved [15,16]
diversity of AAV capsid proteins, which dictate the biological properties of rAAV such as
cell or tissue tropism, biodistribution, host immune responses and so on. To bypass the rate-
limiting step in rAAV-mediated transduction, that is, converting the single-stranded and
transcriptionally inactive vector genome to a transcriptionally active double-stranded form,
the self-complementary AAV (scAAV) vector containing double-stranded viral genome was
developed, which can achieve much higher transduction efficiency in vivo compared with
the conventional single-stranded AAV (ssAAV) vector [17,18]. rAAV vectors have been
successfully used to transfer a variety of therapeutic genes into many cell types in vitro, and
into different small and large animal models in vivo. Currently, rAAV vectors are being
evaluated in Phase I/l clinical trials for gene therapy of a number of diseases such as Pompe
disease [19], cystic fibrosis, a-1 anti-trypsin deficiency, Parkinson's disease, Batten's
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disease, muscular dystrophy, Leber's congenital amaurosis (LCA) and hemophilia [20].
Recently, the first human gene therapy drug Glybera® (uniQure Biopharma B.V.,
Meibergdreef, Amsterdam, The Netherlands) (a rAAV vector expressing lipoprotein lipase)
was approved for the treatment of lipoprotein lipase deficiency (LPLD) in Europe [21].

rAAV vector is ideal for gene transfer directed to muscle tissues including skeletal muscle
and cardiac muscle. rAAV genome predominantly exists as episomes after entering host
cells, thus minimizing the risk of insertional mutagenesis. The episomal rAAV genomes
concatemerize to form a stable circular configuration [22], allowing for potentially long-
term gene expression in terminally differentiated tissues such as muscle. In addition,
Kaeppel et al. recently demonstrated a largely random rAAYV integration profile after
intramuscular LPLD gene therapy, and concluded that rAAYV integration is extremely rare
and potentially safe [23]. rAAV vectors can be delivered into both skeletal and cardiac
muscles in either localized or widespread manner. Multiple serotypes, such as rAAV1, 2, 5,
6, 7, 8 and 9 were developed for efficient muscle transduction [24-26]. Moreover, minimal
immune toxicity of rAAV as compared with other viral vectors, such as adenovirus,
retrovirus and herpes simplex virus, is a major advantage for rAAV gene therapy. Some
devastating muscle diseases caused by lack of certain proteins are incurable with currently
available treatments, such as Duchenne muscular dystrophy (DMD), limb girdle muscular
dystrophies (LGMD) and Pompe disease. Using gene therapy strategy to reconstitute
deficient muscle structural proteins or enzymes offers great hopes for a large population of
patients [25,27,28]. In addition, muscle can be targeted as a biofactory to synthesize and
secrete therapeutic agents to treat diabetes, atherosclerosis, hemophilia, cancer and
infectious diseases [29]. Although successful animal studies have led to multiple promising
clinical trials involving muscle-directed rAAV gene therapy (Table 1), it should be noted
that hurdles toward broad clinical applications still exist, such as rAAV genome size
limitation, potential toxic effects due to uncontrolled transgene expression, pre-existing
neutralizing antibodies (NAbs) in the host, potential CD8* T cell response induced by rAAV
vectors and difficulty in delivering rAAV to large muscle mass in human. In this article, we
will review basic rAAV vector biology pertaining to muscle-directed gene delivery,
advantages and disadvantages of rAAV-mediated gene delivery to muscle, potential vector
design strategies to overcome certain obstacles in different muscle gene therapy applications
and immune biology of rAAV-mediated muscle gene transfer.

2. rAAV vector delivery to muscle for gene transfer

rAAV vector of various serotypes have recently gained attention as potentially useful gene
transfer vehicles, many of which can deliver therapeutic transgenes to cardiac and skeletal
muscles (Table 1). Multiple routes of vector administration proved to achieve either
localized or widespread muscle gene transfer, both of which have potential applications and
drawbacks in clinical use. The biodistribution profile of recombinant viral genome following
different routes of administration suggests possible sources of toxic effects following rAAV
administration and potential ways to minimize them.
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2.1 Routes of vector administration: localized versus systemic gene transfer to muscle

Route of administration significantly influences the biodistribution and transduction
efficiency of rAAV vectors in vivo. Currently, many routes of rAAV administration can
achieve either localized or systemic muscle gene transfer for different therapeutic purposes
[24], such as intramuscular injection, retrograde transvenous limb perfusion, intracoronary
infusion, intrapericardial injection, transendocardial injection, recirculating delivery,
intraperitoneal injection and intravenous delivery (Table 2).

Direct intramuscular injection is a simple method that allows for local vector delivery to a
targeted area of skeletal muscle. rAAV1 and rAAV2 are commonly used in directly
targeting skeletal muscle for local gene transfer. Intramuscularly delivered rAAV vectors of
other serotypes, such as rAAV6, 7, 8 and 9, can also lead to robust transgene expression in
the injected muscle as well as some other tissues to which those vectors are spread via blood
circulation (Table 1 and references therein). Since gene therapy for most muscle diseases
requires whole-body muscle gene transfer, localized intramuscular vector delivery is not
practical in these cases. However, if muscle-targeted gene transfer is used to produce
secretory proteins, such as blood clotting factor VIII and X, human al antitrypsin (A1AT)
and erythropoietin (EPO) [30-32], intramuscular administration of vectors is indeed
valuable. The second route for regional muscle delivery is retrograde transvenous limb
perfusion, which targets a larger number of muscle groups. It delivers rAAV vectors to the
entire muscle mass of the limb [33], which could be useful for the treatment of diseases that
affect large muscle mass. This method of rAAV delivery has been used in clinical trials for
muscle gene transfer to treat muscle diseases such as DMD [34]. Intrapericardial injection of
rAAYV is usually performed with neonatal animals, and can be used to transduce the heart
and diaphragm simultaneously [24]. Transendocardial delivery of rAAV vector to achieve
global cardiac gene transfer has been reported in canine models [35,36] and NHP [37].
Although the latter two approaches demonstrated proven practicability in animal models, no
clinical applications have been reported. However, intracoronary infusion of rAAV vector to
deliver therapeutic gene into the heart has been used in several clinical trials for the
treatment of heart failure [38,39].

Systemic gene transfer to muscles by intravenous injection holds great advantages to treat
diseases that disable nearly all muscle fibers throughout the body. This method not only
avoids the requirement for multiple injections to saturate large muscles, but also potentially
targets all the muscles of the body including cardiac muscle and diaphragm. Most of the
popular rAAV serotypes have been evaluated for systemic muscle gene transfer via
intravenous administration, many of which can transduce skeletal muscles under certain
circumstances. For instance, with transient permeabilization of the peripheral
microvasculature, rAAV6 leads to widespread skeletal muscle transgene expression after a
single intravenous administration into mice [40]. Under unperturbed physiological
conditions, rAAV8 and rAAV9 demonstrate the most prominent features relevant to
therapeutic use among all serotypes examined so far. rAAV8 outperformed rAAVs 1, 2,5
and 6 in achieving efficient and persistent transgene expression in skeletal muscle and heart
following intravenous injection in both neonatal and adult mice [41]. After intravenous
delivery, rAAV9 can efficiently transduce mouse skeletal muscles [42,43]. Moreover,
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rAAV9 following intravenous injection leads to robust and sustained whole body skeletal
muscle transduction in neonatal dogs without pharmacological intervention or immune
suppression [44]. The systemic muscle gene transfer by rAAV8 and rAAV9 vectors has
shown great promise in the treatment of several muscle diseases in animal models, such as
DMD [45,46], LGMD [47] and Pompe disease [48]. In addition, rAAV9 more efficiently
transduces cardiac muscle than rAAV serotypes 4, 6, 7 and 8 after intravenous injection to
mice, leading to the highest transgene expression in heart [49,50]. The intravenous delivery
of rAAV9 was already used to treat heart diseases in animal models. For example,
intravenous injection of rAAV9 vector was used to express microdystrophin in heart for
ameliorating electrocardiographic abnormalities in mdx mice [51], and to transfer the delta-
sarcoglycan gene in cardiac muscles for preventing cardiomyopathy in delta-sarcoglycan
knockout mice [52]. In addition, intravenous administration of a rAAV9 vector in NHP
preferentially transduced cardiac tissue [50]. These studies suggest that rAAV9 vector by
intravenous administration can be a viable therapeutic approach for cardiac disorders.
Importantly, intravenous injection of rAAV9 vector holds the potential to treat some muscle
diseases such as DMD and Pompe disease, which affect both skeletal and cardiac muscles,
and require correction in both organs to achieve maximal therapeutic benefit. However, it
should be noted that rAAV9 vector delivered by intravenous injection in neonatal dogs
surprisingly did not transduce heart [44], suggesting that unknown differences among
species may influence transduction outcome following the same route of administration.

The intraperitoneal delivery of rAAV vectors can also be used for systemic gene transfer to
muscle in animals, in which case rAAV8 and rAAV9 demonstrate advantages over other
serotypes. Following intraperitoneal injection, rAAV8S is superior to rAAV1, 2,5, 6 and 7 in
crossing the blood vessel barrier, and in achieving systemic gene expression in skeletal and
cardiac muscles in neonatal mice [41]. The transduction initiates as early as 3 days post
injection and sustains up to adulthood in the vast majority of muscles [41]. In adult mice,
rAAV8 by intraperitoneal injection also results in efficient skeletal and cardiac muscle
transduction [53]. In addition, it was reported that the intraperitoneal delivery of rAAV9
vectors encoding ShRNA to neonate mice efficiently silenced gene expression in skeletal
and cardiac muscles [54].

Although the routes of intravenous and intraperitoneal administration of rAAV have
achieved widespread gene transfer to muscles, complications also arose including off-target
transduction of non-muscle tissues and immunotoxicity associated with the large vector
doses [55]. These shortcomings may be overcome by using certain strategies such as the
development of novel rAAV vectors with muscle-specific tropism, the use of muscle-
specific promoters and the addition of microRNA binding sites to de-target transgene
expression in non-muscle tissues and antigen presenting cells (see discussion below).

2.2 Biodistribution of rAAV genome after muscle-directed gene transfer

Characterization of rAAV genome biodistribution in vivo not only guides the optimization
of muscle-directed vector development, but also provides insights into the potential sources
of off-target toxicity, thus suggesting possible solutions to such toxic effects. The
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biodistribution pattern of rAAV genome after in vivo administration is mainly dependent on
the route of administration and the serotype [49].

Following a direct intramuscular injection of rAAV of most serotypes, the rAAV genomes
were found to be largely restricted within the injected region. However, some serotypes such
as rAAV9 can achieve highly efficient widespread gene transfer after localized
intramuscular injection (LZ & GG, unpublished data). After initially entering muscle cells,
such vectors are able to transcytose through multiple layers, including the basal lamina and
the endothelial cells lining blood essels. The vectors finally reach the bloodstream, and the
circulatory system carries the vectors to the whole body resulting in widespread
biodistribution such as in liver.

The intravenous and intraperitoneal routes of administration aiming at systemic muscle gene
transfer inevitably lead to genome biodistribution in non-muscle tissues. The biodistribution
of vector genome in mice after tail vein injection of rAAV1 — 9 was systemically studied
[49]. Different AAV serotypes show distinct tissue distribution patterns after intravenous
administration, although liver is the most common organ harboring a large amount of rAAV
vectors. Regarding the most commonly used muscle-targeting rAAV8 and rAAV9 vectors
by intravenous route, the highest vector genome copy numbers were observed in the liver by
tail vein delivery into adult mice [56]. The skeletal and cardiac muscles, pancreas and
adrenal gland are the next common tissues containing abundant rAAV genomes after
peripheral vein injection of rAAV8 and rAAV9 vectors [49,56]. The intraperitoneal delivery
of rAAV8 vectors to adult mice yielded slightly different biodistribution pattern compared
with the intravenous route. While liver still contains the most abundant genome copies
followed by abdominal muscle, pancreas shows higher genome biodistribution than arm
muscle and heart [53].

3. rAAV vector design for muscle-directed gene therapy

Gene therapy to treat muscle diseases often requires the replacement of large genes, whereas
the packaging capacity of rAAV vector is quite limited. In this regard, several strategies
have been developed to deliver large therapeutic genes using rAAV vectors. After the
transgene is successfully delivered into host, toxic effects may occur due to uncontrolled
gene expression. In this case, expression of the rAAV transgene cassette has to be amenable
to regulation for safe clinical use.

3.1 Vectorology to overcome size restriction of rAAV vectors

WtAAYV contains an ssDNA viral genome that is ~ 4.7 kb long [3]. Similarly, the maximal
size of viral genome including the gene expression cassette and ITRs encapsidated in an
infectious rAAV particle should be no larger than 5 kb [57]. An intriguing study reported
that AAVS5 can encapsidate a viral genome up to 8.9 kb [58]. However, several groups were
unsuccessful in reproducing the result and confirmed that the viral genomes encapsidated
into AAV particles were truncated, thus supporting the fact that the size limitation of rAAV
genome packaging is ~ 5 kb [59,60]. The size limit of the gene expression cassette in
ScAAV vector is further reduced to half, because a SCAAV genome contains two
complementary sequences of the same gene expression cassette. Since cDNAs of many
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therapeutic muscle proteins are large, devising strategies to deliver large transgenes using
rAAV vector can significantly expand the clinical application of rAAV-mediated muscle
gene therapy. To this end, multiple creative approaches involving both dual vector and
single vector designs have been developed.

The most attractive strategy is dual vector design, which is based on the propensity of
intermolecular recombination between two separate rAAV genomes. Four approaches are
based on dual vector design: cis-activation [61], trans-splicing [62,63], overlapping [62] and
hybrid dual vector (Figure 1) [64]. The first two approaches utilize ITR-mediated AAV
genome intermolecular concatamerization; the overlapping method exploits homologous
recombination of the overlapping regions in two separate rAAV genomes to rebuild a large
full-length transgene; the hybrid dual vector design combines the trans-splicing and
overlapping strategies, from which a large expression cassette can be reconstituted by both
ITR-dependent and -independent mechanisms.

The cis-activation approach (Figure 1) was first reported by Duan et al., in which transgene
and regulatory elements are packaged into two rAAV vectors, respectively [61]. After co-
infection of host cells, the two rAAV genomes undergo ITR-dependent intermolecular
recombination to form a large expression cassette with the regulatory elements joined with
the transgene. This mechanism provides cis-activation of transgene expression in fibroblasts
invitro and in murine muscle in vivo [61]. This strategy is useful for rAAV gene delivery
when the therapeutic transgene is already close to the maximum packaging capacity of
AAV, while regulatory elements are still missing. However, this approach requires that the
transgene itself is small enough for rAAV encapsidation. To deliver transgenes that already
exceed the AAV packaging capacity, the trans-splicing approach was developed (Figure 1)
[62,63]. Briefly, two separate rAAV vectors deliver two parts of a large transgene into target
cells, one part containing a splicing donor signal and the other part harboring a splicing
acceptor signal. Intermolecular recombination between the two vector genomes generates an
intervening ITR junction, which is excluded by the cellular splicing mechanism to form a
complete full-length transgene cassette. Initially the transduction efficiency of this approach
was low. However, this system was dramatically improved later by overcoming a rate-
limiting step in splicing, thus achieving robust transgene expression in murine muscles in
vivo [65,66].

The overlapping approach (Figure 1) provides another option to deliver large therapeutic
genes using rAAV vector [67]. In this design, a large transgene is split in such a way that the
upstream and downstream parts contain an overlapping region. The two portions of the
transgene are packaged into two separate rAAV vectors. After co-infection, homologous
recombination between the shared regions occurs, regenerating a complete full-length
transgene cassette. Ghosh et al. showed that rAAV6 overlapping vectors for alkaline
phosphatase gene achieved transduction efficiency as high as 96% of that of the intact gene
vector in mouse skeletal muscle [68]. Using overlapping rAAV6 vectors, Odom et al.
successfully delivered a 7.3 kb cassette expressing minidystrophin protein in the mdx mice
[69]. More recently, this approach was highlighted in a retinal gene therapy trial to deliver a
7.9 kb MYO7A cDNA with AAV2 and AAVS5 single vectors for the treatment of Usher 1
patients [70]. Although great progress has been made, limitations of the aforementioned
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approaches should also be kept in mind. For example, an optimal gene-splitting site for
efficient splicing is required for the trans-splicing approach, and a highly recombinogenic
region within the transgene is a prerequisite for the overlapping approach. To deliver large
transgenes lacking these features, a hybrid dual vector system combining these two
approaches was established, which significantly outperformed the other dual vector systems
in mouse muscle in vivo [64]. In this system, more efficient transgene reconstitution can be
achieved through both ITR-dependent and intron-dependent recombination followed by
splicing (Figure 1). This novel strategy is not restricted to certain sequence-related features
in transgenes such as an optimal gene-splitting site or a highly recombinogenic region, thus
allowing for more flexible vector designs. Zhang et al. used the dual vector system to
efficiently deliver a mini-dystrophin gene [71] and a neuronal nitric oxide synthase gene
[72] to mouse muscle, respectively, both of which are about 6 kb long.

Besides the dual vector approach, some strategies utilizing single rAAV vectors can also
expand encapsidation capacity. The AAV packaging capacity is influenced by the capsid
structure. For example, most residues of the capsid protein VP2 N terminus localize inside
AAV virions [6,73], which may reduce AAV packaging capacity. It is well known that VP2
plays a minimum role in AAV transduction, and infectious VP2-null AAV vectors can be
packaged efficiently [73]. Therefore, deletion of VP2 may create more space for AAV
packaging without affecting transduction capability. This hypothesis was confirmed by
several studies [60,74]. A viral genome up to 6 kb can be successfully encapsidated in the
VP2-null rAAYV serotype 1 — 5 vectors [74]. A 5.8 kb genome was also packaged efficiently
into the VP2-null rAAV6 vector, which achieved moderate transgene expression in mouse
muscle in vivo [75]. These studies suggest that the VP2-null rAAV vectors can potentially
deliver certain large genes for muscle gene therapy.

3.2 Regulated expression after in vivo transgene delivery

Uncontrolled transgene expression in off-target tissue types or prolonged transgene
expression in target tissue may lead to toxicity. A recent study aimed at treating limb girdle
muscular dystrophy type 2A (LGMD2A) exemplified such a problem. Briefly, LGMD2A is
a skeletal muscle disease due to loss of calpain-3, an intracellular protease encoded by the
CAPN3 gene that is predominantly expressed in skeletal muscle. The intravenous injection
of a rAAV9 vector containing CAPN3 driven by a pan-muscle-specific promoter in mice
caused severe fibrosis in heart and mortality, which was related to the transduction in heart
and unregulated proteolytic activity of calpain-3 therein [76]. To prevent the detrimental
effects related to both off-target and prolonged transgene expression, a number of strategies
have been developed to regulate gene expression at both transcriptional and post-
transcriptional levels.

First, utilizing tissue-specific promoters to drive transcription is a straightforward way to
avoid off-target transgene expression in undesired tissue/cell types. There are several well-
characterized muscle-specific promoters amenable to the limited packaging capacity of
rAAV vector, such as the desmin promoter [77] and muscle creatine kinase (MCK)
promoter [78]. For example, promoters derived from the regulatory regions of murine MCK
gene can yield therapeutic levels of gamma-sarcoglycan [79] and show microdystrophin [40]
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expression in skeletal muscles of two muscular dystrophy mouse models, respectively.
These MCK promoters exhibit strong activity in skeletal muscle but not in cardiac muscle
[80]. To target both skeletal and cardiac muscle involvement in diseases such as DMD and
Pompe disease, promoters driving high-level transgene expression in both muscle types
were successfully developed [80]. One of these promoters, hybrid alpha-myosin heavy chain
enhancer-/MCK enhancer-promoter (MHCKT7), was assessed in a later study involving
Pompe disease in mice [48]. Pompe disease is caused by deficiency in acid alpha-
glucosidase (GAA) and lysosomal accumulation of glycogen in both cardiac and skeletal
muscle cells. rAAV vectors expressing GAA under the control of MHCK7 promoter
reduced glycogen content in both muscle types to a greater extent than that using the original
MCK promoter [48].

Second, transgene expression in off-target tissues can also be prevented at the post-
transcriptional level. MicroRNAs (miRNAS) are a class of ~ 22 nt long small RNAs with
broad and potent effect on gene expression. Most often, they down-regulate gene expression
by binding to the 3’-untranslated region (3'-UTR) of mMRNAs, and triggering mRNA
degradation and/or translation inhibition. There are miRNA species whose expression shows
a highly tissue/cell type-specific pattern. For example, miR-122 and miR-142-3p are
predominantly found in liver and macrophage, respectively [81,82]. Therefore, to prevent
undesired tissue/cell types from expressing transgene, one can design the 3’-UTR of
transgene to carry the target sequence of miRNAs that are expressed specifically in that
tissue/cell type. The first proof-of-concept study of such an endogenous miRNA-based de-
targeting strategy was reported by Brown et al. [82]. In this study, the authors constructed a
lentiviral vector consisting of a green fluorescent protein (GFP) expression cassette with
miRNA-142-3p target sequence incorporated in the 3’-UTR. This vector design suppressed
GFP expression in antigen-presenting cells (APCs) where endogenous miRNA-142-3p is
expressed, which avoided immune-mediated vector clearance and maintained stable gene
expression in other cell types. The same strategy has been adopted in rAAV-mediated gene
transfer studies. For example, rAAV vectors incorporating target sequences of miR-142-3p
[83] and miR-122 [84] in 3’-UTRs have been shown to effectively reduce transgene
expression in APCs and liver, respectively, whereas transgene expression from muscle tissue
was maintained. Importantly, the endogenous miRNA expression profile is not detectably
perturbed due to ectopic miRNA target sequences [84]. Tissue-specific promoter and
miRNA-based de-targeting design can be combined to further restrict transgene expression
in muscle. In the LGMD2A study described at the beginning of this section, the authors
developed new rAAV vectors that carry skeletal muscle-specific promoters and cardiac-
specific mMiRNA-208a target sequence [76]. This vector design successfully suppressed
calpain-3 expression in heart, thus preventing cardiac toxicity, and resulted in the correction
of LGMD2A disease phenotype in skeletal muscle.

Third, inducible promoters responsive to pharmacologic regulators provide a flexible toolkit
to control the level of transgene expression not only in a temporally on-demand fashion, but
also within a certain therapeutic window. The most widely used is the tetracycline-regulated
system, which is derived from prokaryotes and renders bacteria resistant to the antibiotic
tetracycline [85]. Other inducible transcription systems include, but are not limited to,
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promoters induced by the antibiotic rapamycin [86] and the insect steroid hormone ecdysone
[87]. Detailed mechanisms of these and other inducible gene expression designs were
recently reviewed in Jazwa et al. [88]. Such inducible promoters proved to be effective in
controlling rAAV-mediated, muscle-directed gene transfer to express secretory proteins
such as EPO [32,85], growth hormone [86] and I1L-10 [89]. Here we provide an example to
highlight the necessity and value of utilizing an inducible promoter in the context of rAAV
gene therapy targeting muscle as a biofactory.

f-thalassemia is a hemolytic disease caused by a deficiency in B-globin that pairs with a-
globin in adult human. This leads to excess unpaired a-globin and its toxic aggregation in
red blood cells. Patients suffer from hemolytic anemia, which often leads to death [90]. One
approach to treating this disease is to reactivate the expression of fetal hemoglobin, which
can pair with a-globin and neutralize the imbalance caused by the lack of B-globin. The
secretory protein erythropoietin (EPO at high doses is capable of stimulating fetal
hemoglobin expression in baboons [91], and studies have shown that EPO overexpression in
the bloodstream can alleviate beta-thalassemia phenotype. For example, f-thalassemic mice
treated with viral vector-mediated Epo gene transfer showed an improvement in hematologic
abnormalities [92]. However, uncontrolled overexpression of EPO in mice was accompanied
by severe and lethal polycythemia (overproduction of red blood cells) [93]. Intramuscular
injection of an rAAV vector constitutively expressing Epo resulted in high level of Epo in
serum, and 7 of 10 mice died within 10 weeks post injection [93]. To overcome this side
effect, Johnston et al. devised an rAAV gene therapy strategy consisting of two rAAV
vectors for expressing inducible Epo (Figure 2) [93]. In this design, one rAAV vector
expresses two chimeric proteins that dimerize in the presence of rapamycin to form an active
transcription factor. The second rAAV vector carries Epo gene driven by a promoter that is
specifically recognized by the dimerized, active transcription factor. These two rAAV
vectors were co-injected intramuscularly into beta-thalassemic mice. In the absence of
rapamycin induction, baseline Epo expression was negligible and hematologic abnormalities
in these mice were unchanged. Transient induction by weekly high doses of rapamycin for 7
weeks correlated with high level of Epo secretion into circulation, along with severe
polycythemia and mortality in 5 of 13 animals. In contrast, when the mice surviving the
high-dose rapamycin induction were treated with weekly low doses of rapamycin for 7
weeks, abnormal hematologic characteristics associated with thalassemia were improved
without additional mortality (except for one mouse euthanized due to a skin condition). This
study illustrated such a scenario that a pharmacologically inducible system can yield
therapeutic benefit, while avoiding the side effects caused by uncontrolled, prolonged
transgene expression.

It should be noted that translation of these regulatable systems to human use suffers from
several obstacles. For example, the bacteria-derived tetracycline regulator is a potential
antigen in human; the use of antibiotics such as tetracycline and rapamycin has to be strictly
regulated to prevent antibiotic misuse; the immune suppression capacity of rapamycin may
complicate treatment. Developing safe regulatable gene expression systems for human use
will greatly expedite the translation of gene therapy to the clinic.
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4. Muscle as a biofactory to produce secretory therapeutic agents

Skeletal muscle has been targeted in gene therapy not only for muscle diseases, but also as a
biofactory to produce and secrete therapeutic proteins for the treatment of diseases in trans
in distant organs. After rAAV transduction, muscle cells have the ability to express
recombinant proteins with bona fide post-translational modifications and to secrete these
proteins into the bloodstream for whole-body delivery. These characteristics of muscle
tissue make it a versatile platform to develop gene therapy strategies for delivering genes
that are defective in diseases [94-96], for expressing immunoadhesins and antibodies to
combat infections [97-99] and for supplementing cytokine IL-10 with broad anti-
inflammatory effects [29].

Kessler et al. first demonstrated the concept that intramuscular administration of rAAV
vector can result in secretion of functional proteins [100]. In this study, a rAAV vector
containing a gene encoding human EPO, a hormone that stimulates erythropoiesis, was
delivered into adult BALB/c mice through a single intramuscular injection. Dose-dependent
secretion of EPO into serum and corresponding increases in red blood cell production
persisted for < 40 weeks. Shortly after this proof-of-concept study, intramuscular injection
of rAAV vector to express factor IX (F.IX) in both immunodeficient Ragl mice [94] and
canine models [101] of hemophilia B proved to yield sustained F.1X secretion into plasma at
therapeutic levels. The bleeding diathesis in the treated hemophilia B dogs was ameliorated
[101]. F.IX is normally synthesized in liver, where it also undergoes post-translational
modifications that are important for its biological properties. Arruda et al. demonstrated that
myotube-synthesized F.1X has similar post-translational modifications as those of liver-
derived F.IX, such as cleavage of the propeptide and y-carboxylation of the N-terminal
glutamic acid residues. Importantly, both forms have comparable specific activity [102].
These and other [103] pre-clinical studies fostered a Phase I clinical trial involving severe
hemophilia B patients with missense mutations in the gene encoding F.I1X [104]. Multiple
intramuscular injections of rAAV expressing F.1X resulted in detectable gene expression at
injection sites, but circulating F.IX levels did not reach the target therapeutic level of > 1%
of normal. Despite the limited efficacy from the first clinical trial, recent pre-clinical studies
suggested ways to improve muscle-directed rAAV-F.IX gene therapy. For example, Arruda
et al. adopted an intravenous route to achieve widespread muscular transduction in
hemopbhilia B dogs, which resulted in circulating F.IX levels tenfold higher than those
achieved by direct intramuscular administration [105]. Along with higher expression levels
of F.IX, immune response against the transgene becomes a bottleneck of achieving high
gene therapy efficacy, which will be discussed in Section 5.

Expressing immunoadhesins (antibody-like molecules) and antibodies in muscle tissue for
systemic delivery through the circulatory system recently emerged as a novel approach to
battling against infectious diseases. Lewis et al. injected immunodeficient Ragl mice with a
rAAV2 vector containing the gene encoding a human broad HIV-neutralizing antibody
IgG1b12 [106]. After a single intramuscular injection, biologically active 1gG1b12 was
detected in mouse serum and persisted for > 6 months. In their follow-up study in the NHP
model of simian immunodeficiency virus (SIV) infection, genes encoding chimeric
immunoadhesin molecules that are based on broad SIV-neutralizing antibodies or CD4
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binding regions of SIV [97] were constructed and packaged into rAAV1 vectors, followed
by intramuscular injections into rhesus macaques. This approach generated sustained
neutralizing activity in serum for > 1 year, and the immunized monkeys were protected
against aggressive intravenous challenge with SIV. However, immunoadhesin-specific
antibodies were detected in 3 out of 9 immunized monkeys, which proved to correlate with
poor protection. To circumvent immune response against immunoadhesins (i.e., anti-
antibody response) and to achieve higher protective antibody production from transduced
muscles, Balazs et al. packaged individual genes encoding full-length human broad HIV-
neutralizing antibodies into rAAV8 vectors [98]. After a single intramuscular injection into
mice with humanized immunity, high concentrations of secreted antibodies were detected in
serum, and both immuno-competent and immunodeficient mice were fully protected when
challenged intravenously with lethal doses of virulent HIV. The same strategy, termed
vectored immunoprophylaxis (VIP), was recently reported to be successful in protecting
humanized mice from influenza [99]. Together, these studies demonstrated a host immune
system-independent approach to providing protection against infectious diseases. Based on
these encouraging pre-clinical studies, two separate Phase | clinical trials using muscle-
targeted rAAV vectors to express HIV-neutralizing antibodies are currently under
development [107].

IL-10 is a pleiotropic immunoregulator with potent anti-inflammatory activity. In rodent
models, intramuscular injection of rAAV vectors expressing IL-10 results in high levels of
IL-10 in circulation, which dampens inflammation under several disease conditions,
including atherosclerosis in apolipo-protein E-deficient mice, monocrotaline-induced
pulmonary arterial hypertension in rats, hypertensive organ damage in Dahl salt-sensitive
rats [29] and allergic response in a cystic fibrosis (CF) mouse model [108]. However, the CF
mice injected with rAAV1-1L-10 showed thrombocytopenia and splenomegaly due to
prolonged secretion of I1L-10 from transduced muscle tissue [108]. The side effects of long-
term transgene expression emphasize the necessity to utilize controllable rAAV gene
therapy strategies.

5. To overcome immunological hurdles towards successful muscle-

directed rAAV gene transfer

Translation of rAAV gene therapy from animal study to clinical trial unexpectedly revealed
that immunotoxicity in humans is a major obstacle towards successful treatment [109].
Three components in rAAV administration are potential antigens, namely, the recombinant
viral genome, the transgene product and the capsid protein. These factors interact with the
human immune system in multiple facets, posing a significant barrier to achieving high
transduction efficiency and long-term therapeutic efficacy. Current research focuses heavily
on elucidating how rAAYV administration shapes host immune responses, and identifying
viable approaches to bypassing the destructive reaction.

5.1 Immune biology of muscle

Skeletal muscle is the largest cellular compartment of human body in mass and can actively
participate in many local immune reactions [110]. Human myoblasts and myotubes are
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capable of expressing various immunophenotypes, including MHC and costimulatory
molecules [111]. An emerging body of evidence suggests that muscle fibers actively
generate a local inflammatory milieu by secreting proinflammatory cytokines [112]. Human
myotubes express various chemokines such as CXCL8, CXCL9 and CXCL10 as well as the
-chemokines CCL3, CCL20 and CCL5 in response to cytokines, notably IFN-y [112].
Myablasts can present exogenous and endogenous antigens through MHC molecules,
leading to the stimulation of antigen-specific CD4* T cells [113]. Therefore, muscle cells are
considered as facultative antigen-presenting cells (APCs). Additionally, CD8* T cells can
recognize muscle cells in an MHC I-restricted fashion [114].

Consistent with the muscle's ability to generate immunological reactions, muscle-directed
rAAV gene transfer has met with several immune obstacles including both transgene-and
capsid-induced immune responses. For example, intramuscular injection with high titer
rAAV?2 vectors showed long-term expression of hF.IX in SCID mice; however, it was not
seen in immune-competent mice due to the development of anti-hF.1X antibodies [94,115].
In addition, pre-existing NAbs against AAV capsid can limit transduction efficiency in the
case of systemic rAAV delivery to muscle [116]. High prevalence of pre-existing anti-AAV
capsid immunity, memory T cell effect and transgene immunity in humans are among the
major obstacles that must be addressed for broad clinical application of muscle-directed
rAAV gene therapy.

5.2 Pre-existing antibodies to AAV capsid

Prior exposure to wtAAVSs during childhood is prevalent, which results in NAbs against
rAAV vectors in global human populations [117]. The seroprevalence of different AAV
serotypes is varied [118], with NAbs to AAV2 and AAV1 being the most abundant and
detected in 2 of 3 among the healthy population [119]. The circulating immunoglobulin
raised from natural wtAAV infection can neutralize rAAV vectors of various serotypes, thus
compromising or even preventing in vivo gene transfer. Although NAbs do not always cause
problems in some cases of localized rAAV administration such as intramuscular injection
[95], they clearly impede gene transfer through intravascular route such as intravenous
injection [120]. The effect of NAb was experimentally evaluated in SCID mice with
adoptive transfer of pooled human immunoglobulin of pre-calculated titers, and challenged
with a rAAV2-F.I1X vector [121]. In this study, AAV2 NADb titers higher than 1:10
sufficiently abolished F.1X expression following systemic delivery of rAAV2 vectors at the
dose of 2.0 x 1012 viral genomes per kilogram body weight (vg/kg). In another NHP study,
an AAV8 NAD titer as low as 1:5 resulted in complete absence of transgene expression as
well as vector DNA in all tissues examined after 5 + 1012 vg/kg rAAVS8-F.IX administration
via the hepatic artery [122]. In contrast, animals with NADb titer < 1:1 were effectively
transduced by the same vector dose [122].

Simply excluding AAV seropositive patients from treatment is not an ideal approach to
avoiding NADbs, since NADs are highly prevalent in humans. In addition, NAbs can cross-
react with multiple AAV serotypes, rendering serotype switch inefficient in escaping NAbs
[118]. However, chemical modification [123] and genetic engineering of capsid [124] have
been shown to partially protect rAAV vector from neutralization. Circulating NAbs can be
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reduced to some extent by plasmapheresis [125], or separation from administered rAAV
vector by balloon catheterization with saline flushing [126]. However, these two methods
only proved to be effective in dealing with low-to-moderate NAD titers. Recently, Mingozzi
et al. reported using excess empty capsid decoys to absorb NAbs and to overcome their
inhibitory effect in both mouse and NHP [127]. In the same study, they further created a
mutant AAV2 empty capsid that retained NAb binding capability but failed to enter target
cells, thus improving the safety of this approach by reducing capsid antigen load.

5.3 Cytolytic T-cell response against rAAV capsid

In humans, initial infection with wtAAV takes place in the context of a helper virus
coinfection such as adenovirus, which causes a robust inflammatory response likely
initiating the formation of memory CD8* T cells to both AAV and adenovirus. In support of
the presence of capsid-specific memory CD8* T cells in general population, previous studies
have shown that AAV2 capsid-specific CD8" T cells in healthy donors are capable of quick
expansion and mediating potent cytolytic activity against cells displaying the capsid antigen
[109]. After in vitro expansion with capsid antigen, 60% of splenocyte samples isolated
from healthy donors were positive for T-cell responses to AAV2 [128], suggesting the high
prevalence of CD8* T cells due to wtAAV infection. Upon re-exposure to capsid during
rAAV gene transfer in vivo, these memory CD8* T cells are activated to expand and
eliminate transduced cells that display rAAV capsid epitopes on MHC | in a vector dose-
dependent manner. Such a CD8* T-cell response has been observed in several clinical trials,
including the liver-directed hemophilia trials [95,129], muscle-directed LPLD trial [130] and
DMD trial [131]. Recently, Martino et al. established a mouse model to test the effect of
capsid-specific CD8* T cells on therapeutic gene expression and provided direct evidence
showing that the CD8" T-cell response eliminates transduced hepatocytes in mice, resulting
in reduced transgene expression [132].

CD8™ T cells specifically recognize cells flagged by MHC | antigen presentation for
destruction. In target cells such as hepatocytes and muscle fibers, the capsid epitopes likely
reach the MHC | molecules via cross-presentation [133], which occurs when rAAV capsid
escapes endosome and gets degraded by proteasome (Figure 3). This is evident by observing
that AAV capsids undergo ubiquitination, a process that may target exogenous capsids to
proteasomal degradation followed by MHC I presentation [134]. Furthermore, Pien et al.
demonstrated the presence of capsid epitope-MHC | complexes on the surface of AAV-
transduced hepatocytes by confocal microscopy [135]. Recently, Samulski and colleagues
demonstrated in vitro that capsid antigen presentation is dependent on endosomal escape in
AAV-permissive cells [136]. Together, these studies suggest that preventing capsid
endosomal escape and/or proteasomal degradation may reduce capsid antigen cross-
presentation, dampen T-cell response and preserve transduced target cells. Indeed, the
proteasomal inhibitor bortezomib is effective in reducing AAV2 capsid epitope presentation
on MHC I [137]. Preventing proteasomal degradation of capsid and thus reducing antigen
presentation can also be achieved by capsid modification. Martino et al. showed that an
AAV?2 capsid mutant that is less prone to proteasomal degradation [16] reduced MHC I-
restricted presentation and minimized cytolytic killing of transduced hepatocytes by CD8* T
cells compared with AAV2 [132].
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Similar to the cross-reactivity of NAbs, AAV2-specific human T cells proliferated upon
exposure to alternate AAV serotypes (AAV8 or AAV1) [109], indicating that serotype
switching is unlikely to evade capsid-specific T-cell immune response. Transient immune
suppression by a short course of high dose prednisolone has been shown to ameliorate
capsid-directed T-cell response, and to partially rescue transgene expression in the rAAV8-
hFIX clinical trial [129].

5.4 Transgene immunity

Protein product of transgene represents another potential source of antigen in gene
replacement therapy, yet rAAV generally shows weak transgene immunity compared with
other viral vectors such as adenovirus. This is largely because rAAV is inefficient in
transducing professional APCs such as dendritic cells (DCs) and macrophages [138].
Nevertheless, once APC is transduced, transgene-encoded protein can be processed by
proteasome and resulting epitopes are loaded on MHC | molecules. MHC I-restricted
antigen presentation eventually leads to cytolytic CD8* T-cell response to target cells. Direct
intramuscular rAAV administration for treating muscle diseases rarely induced detectable
transgene-specific CD8* T-cell response [116]. However, Mendell et al. reported detection
of dystrophin-specific CD4* and CD8* T cells in four out of six patients receiving rAAV
vectors carrying a truncated dystrophin gene, whereas two patients had dystrophin-specific
T cells before vector treatment [131]. Instead of being directly transduced by rAAV, APCs
can take up secreted proteins or engulf transduced cells and process them through either
direct presentation on MHC 11 molecules to induce B cell immunity and antibody formation,
or cross-presentation on MHC | molecules to trigger CD8* T-cell immunity. Both responses
have been observed in animal studies and human trials [139]. For example, liver-directed
rAAV delivery expressing secretory GAA in Pompe mice could induce anti-GAA antibody,
which will hamper cross-correction in muscle [140].

To reduce transgene immunity, one can design rAAV vector for restricted muscle gene
expression by using tissue-specific promoter or miRNA-based de-targeting strategy as
mentioned in Section 4.2. The goal is to minimize APC transduction and antigen
presentation. Switching to an intravascular route to target muscle can also reduce immune
response compared with direct intramuscular injection [105,141,142].

6. Conclusion

Among a handful of viral vectors, rAAV emerged as the most promising for safe and
effective in vivo gene delivery. The natural diversity of AAV serotypes combined with
recent technologies to engineer AAV capsid has provided a plethora of rAAV vectors with
distinct biological profiles concerning not only tissue tropism, but also immune reactivity
with host, many of which possess superb capability in delivering genes to muscle tissues
with ease. The transgene delivered by rAAV predominantly exists episomally in post-
mitotic cells such as muscle fibers, thus mediating long-term gene expression without the
risk of insertional mutagenesis. Preclinical studies in animal models and clinical trials have
consistently demonstrated the feasibility of using rAAV to deliver therapeutic genes to
muscle tissue to treat human diseases in two scenarios: muscle diseases per se, and non-
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muscle diseases that are treatable by muscle-synthesized, secretory therapeutic factor in
bloodstream.

Similar to other therapeutic developments, muscle-directed rAAV gene delivery is not
without limitations. The relatively small cargo capacity of rAAV is not amenable to
delivering many large muscle genes involved in human diseases. Uncontrolled transgene
expression both in off-target tissues and at inappropriate times may cause toxicity. In
addition, as a natural host of AAV, the human body has the potential to interact with rAAV
vector and transgene product through immune system in multiple ways, posing another
major barrier to successful gene transfer. To address these limitations, research has been
directed to study the basic vectorology of AAV and how rAAV administration shapes the
unigue immune responses in humans. Furthermore, advances in basic research have fostered
the development of novel vector design strategies and immune-modulatory approaches to
overcome these limitations.

7. Expert opinion

Rodent models are the most frequently used platforms for preclinical testing of therapeutic
strategies, including muscle-directed rAAV gene delivery. Translation from rodent models
to larger animals and clinical application poses the challenge that a significantly larger
muscle mass needs to be transduced to achieve optimal therapeutic outcome. This is
arguably the most urgent unmet demand in treating diseases affecting muscles throughout
the body such as DMD. This challenge has to be tackled on two levels: identifying a safe
rAAV delivery route for systemic muscle transduction and developing a scalable, good
manufacturing practice (GMP)-compatible rAAV production method. A single intravenous
injection of several rAAV serotypes can result in effective systemic skeletal and cardiac
muscle transduction in mice [40,49]. However, this could be hampered by destructive
immune response to both capsid and transgene product in large animals [143].
Hydrodynamic limb vein infusion proved successful in delivering rAAV vectors to isolated
skeletal muscle in dogs [144] and monkeys [145] without obvious immune responses.
Nevertheless, this method does not target other muscle types such as cardiac muscle [44], an
important disease-relevant organ in many myopathies. Further development of systemic
delivery routes, likely in combination with special vector design that can bypass immune
surveillance, will greatly enhance the efficacy and safety of rAAV muscle gene therapy.
Currently, lack of a scalable rAAV vector production method limits preclinical studies in
large animals and clinical trials for muscle gene therapy. Vector yield from the widely used
triple-transfection method [146] well satisfies the need for small animal studies. However, to
achieve widespread muscle transduction in humans, ~ 1,000 times more vector will be
required than the amount for transducing an entire mouse. Because transfection-based
method is difficult to scale up, several infection-based rAAV production methods potentially
amenable to large-scale manufacture are under extensive development, including using
stable cell lines [147], adenovirus-AAV hybrid system [148], herpes virus-based system
[149] and a baculovirus-insect cell system [150], each with unresolved technical hurdles
towards successful clinical application. Further improvement of GMP-compatible, large-
scale rAAV vector production system will expedite preclinical testing in large animal
models and clinical investigation.
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The VIP strategy described in Section 3 is a novel application of muscle-directed rAAV
gene delivery. In essence, transgene encoding a broad neutralizing antibody is delivered to
muscle cells using rAAV vector, which leads to potentially sustained expression and
secretion of the antibody to the bloodstream and protects the host from infection. Protection
mediated by VIP is independent of the host immune system. This is of particular importance
for protecting individuals with compromised immune system, who are often the most
vulnerable during a pandemic and poorly respond to immune system-dependent vaccination.
As clinical trials to test VIP are developing [107], it would be exciting to examine whether
this strategy is able to successfully combat deadly infectious diseases such as HIV infection
in humans.

The unique destructive immune response following rAAV administration in humans is
another major obstacle to effective gene transfer. Although the adaptive immunity described
in Section 5 plays a critical role, the effect of innate immunity to rAAV should not be
neglected due to its ability to promote adaptive immunity. The low immunogenic profile of
rAAV is in part due to its inability to stimulate a robust innate immune response [151].
However, myopathies are usually accompanied by inflammation due to tissue damage,
which is thought to lower the threshold for rAAV to trigger adaptive immune response
[151]. Studies showed that innate immunity to rAAYV is mainly mediated by TLR9/MyD88
pathway-mediated response to viral genome DNA and TLR2-mediated response to capsid
[151]. In line with these finding, Wilson and colleagues recently reported that depleting
TLR9 ligand, the unmethylated CpG in viral genome, allows a highly immunogenic vector
rAAVrh32.33 to evade immune response and to achieve persistent transgene expression
after intramuscular injection in mice [152]. Future studies may facilitate vector development
combined with host immune-modulatory approaches to dodge multiple branches of host
immune surveillance to rAAV administration.

Importantly, rAAV transfer to liver induces immune tolerance to transgene product, which
does not occur in muscle [139]. A subclass of regulatory CD4*CD25"Foxp3™ T cell (Treg)
population in liver is responsible for suppressing CTL response by creating an anti-
inflammatory cytokine microenvironment including 1L-10 [153]. Interestingly, Haurigot et
al. detected a population of canine F.IX (cF.1X) antigen-specific, expandable
CD4*Foxp3*IL-107 cells in muscle following peripheral transvenular administration of
rAAV-cF.IX in dog with immune suppression [141]. This study suggested that Treg-
mediated immune suppression might not be restricted to the liver, whereas under certain
circumstances this mechanism can also take place in muscle. Future studies need to further
elucidate the role of Treg in immune tolerance to rAAV, and to utilize its modulatory
function to ease muscle gene transfer by rAAV.
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Figure 1. Schematics depicting four dual vector designs for delivering large genes using rAAV
vector

In all designs, two rAAV DNA genomes from separate vectors join together through either
ITR-dependent or ITR-independent recombination. The recombined DNA is transcribed into
pre-mRNA (not shown), which further undergoes splicing in trans-splicing and hybrid dual
vector designs. The mature mRNA is translated into therapeutic proteins. See text for
details.

I ITR; E: Enhancer; I: Intron; ITR: Inverted terminal repeat; P: Promoter; pA:
Polyadenylation signal; rAAV: recombinant adeno-associated virus; SA: Splicing acceptor;
SD: Splicing donor; Tg: Transgene.
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Figure 2. Rapacymin-mediated inducible gene expression system
The viral genome delivered by Vector 1 encodes the fusion proteins FRB-p65 and FKBP-

ZFHD1, which dimerize in the presence of rapamycin. ZFHD1 tethers the dimerized
transcription factor to the ZFHD1 DNA binding domains (BD) in the viral genome of
Vector 2, when p65 activates promoter and Epo expression.

CMV: Cytomegalovirus promoter; E: Epitope tag; FKBP: FK-binding protein; FRB:
Rapamycin binding domain of FKBP-rapamycin associated protein; IRES: Internal
ribosome entry site; minP IL-2: Minimal IL-2 promoter; N: Nuclear localization signal; pA:
Polyadenylation signal; ZFHD1: Zinc finger homeodomain 1.
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Figure 3. Cross-presentation of rAAV capsid epitope in transduced cell

(1) rAAYV capsid binds to receptor on cell surface. (2) rAAV enters the cell by receptor-
mediated endocytosis and is transported in endosome. (3) rAAV vector undergoes uncoating
in the nucleus to release the genome. (4) Transgene expression leads to protein production in
cytoplasm. (5) rAAV can escape from endosome in cytoplasm, where (6) the capsid is
tagged by ubiquitylation for (7) proteasomal degradation. (8) The resulting peptide is
transported to the endoplasmic reticulum (ER), loaded onto MHC | and transported through
ER and Golgi. (9) The MHC | presents the epitope on cell surface and tags the cell for CD8*
T-cell recognition.

Dashed arrows: Cross-presentation of capsid epitope; rAAV: Recombinant adeno-associated
virus; Solid arrows: Transgene expression pathway.
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Muscle-directed gene transfer using rAAV vectors has been characterized in vertical translation studies from
animal preclinical models to human clinical trials.

Serotypes

Target issue/organ

Preclinical study in small animal

models

Translational study in large
animal models

Clinical trials

AAV1

AAV2

AAV5

AAV6

AAVT
AAVS

AAV9

AAV12
AAV2.5

Skeletal muscle

Heart

Diaphragm

Skeletal muscle

Heart

Skeletal muscle

Skeletal muscle

Heart

Skeletal muscle
Skeletal muscle

Heart

Skeletal muscle

Heart

Skeletal muscle

Skeletal muscle

Mouse [154]

Mouse [155]

Rat [156]

Mouse

Mouse [164], Rat [165]

Mouse [155], Hamster [166]
Rat [167]

Mouse [170]

Rat [171]

Mouse [172-174]

Mouse [175]

Rat [156, 176, 177]

Mouse [184, 185]
Mouse [41, 186]
Hamster [41]

Mouse [41, 187]
Hamster [41]

Rat [188]

Mouse [42,47,192]
Mouse [43,47,56,188]
Rat [188,193]

Mouse [196]

Rabbit [157], cat [158] dog
[36,96], NHP [32]

Pig [159]
Sheep [160]

Dog [101], NHP [32]

Pig [168]

Dog [178]

Dog [179, 180]
Pig [181]

Sheep [182, 183]
NHP [37]

Dog [189, 190]
NHP [191]
NHP [37]

Dog [194]
Dog [35]
Pig [195]
NHP [37]

AIATD [161], LGMD2D
[162], LPLD [163]

Heart failure [39]
Pompe disease [19]

Al1ATD [169]
Hemophilia B [104]

DMD [34]

A1ATD: a-1 anti-trypsin deficiency; AAV: Adeno-associated virus; DMD: Duchenne muscular dystrophy; LGMD2D: Limb-girdle muscular
dystrophy type 2D; LPLD: Lipoprotein lipase deficiency; NHP: Nonhuman primate; rAAV: Recombinant adeno-associated virus.
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Table 2

Routes of administration for muscle-directed rAAV gene transfer.
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Advantages Disadvantages Route  Serotypes Preclinical and clinical applications
Localized Easy to administer High Not able to transduce large im. AAV1 Al1ATD [161], DMD [36,154]
transduction in muscle muscle mass Hemophilia B [96], LGMD2D [162],
Low off-target vector delivery LPLD [163], XLMTM [197], Pompe
disease [19]
Low immune response AAV2 AL1ATD [169], DMD [164], McArdle
disease [198]
AAV6 Hemophilia B [104]
AAV7 DMD [173,178], Pompe disease [172]
AAVE Heart failure [176]
AAV9 Hemophilia B [185]
DMD [189]
CMD [192]
tvp  AAVS DMD [190]
AAV25  DMD [34]
i.c.i AAV1 Heart failure [39]
AAV2 Heart failure and LGMD [166]
AAV6 Heart failure [177]
Myocardial infarction [182]
AAV9 Heart failure [195]
r.c.d. AAV1 Heart failure [160]
AAVE Heart failure [183]
te.c. AAV6 DMD [179], heart failure [180]
Systemic ~ Widespread transduction of large ~ Off-target vector delivery iv. AAV6 DMD [199], FSHD [174]
muscle mass, potentially the Immune responses .
muscles of whole body \l:l:cetc(irof high doses of AAV8 Heart failure [187], mouse [41] -
Limie o cetan v AAVS DD L] e ] et e
i.p. AAVS DMD [186]
AAV9 LGMD [47]

A1ATD: a-1 anti-trypsin deficiency; AAV: Adeno-associated virus; CMD: Congenital muscular dystrophies; DMD: Duchenne muscular
dystrophy; FSHD: Facioscapulohumeral muscular dystrophy; i.c.L: Intracoronary infusion; LGMD2D: Limb-girdle muscular dystrophy type 2D;
LGMD: Limb-girdle muscular dystrophy; LPLD: Lipoprotein lipase deficiency; rAAV: recombinant adeno-associated virus; r.c.d: Recirculating
delivery; t.e.c: Transendocardial injection; t.v.p.: Transvenous limb perfusion; XLMTM: X-linked myotubular myopathy.
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