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SUMMARY
AAV-based gene transfer protocols have shown remarkable success when directed to immune-privileged sites such as
for retinal disorders like Lebers congenital amaurosis. In contrast, AAV-mediated gene transfer into liver or muscle
tissue for diseases such as hemophilia B, α1 anti-trypsin deficiency and muscular dystrophy has demonstrated a decline
in gene transfer efficacy over time. It is now known that in humans, AAV triggers specific pathways that recruit
immune sensors. These factors initiate an immediate reaction against either the viral capsid or the vector encoded
protein as part of innate immune response or to produce a more specific adaptive response that generates immunolog-
ical memory. The vector-transduced cells are then rapidly destroyed due to this immune activation. However, unlike
other viral vectors, AAV is not immunogenic in murine models. Its immunogenicity becomes apparent only in large
animal models and human subjects. Moreover, humans are natural hosts to AAV and exhibit a high seroprevalence
against AAV vectors. This limits the widespread application of AAV vectors into patients with pre-existing neutralising
antibodies or memory T cells. To address these issues, various strategies are being tested. Alternate serotype vectors
(AAV1-10), efficient expression cassettes, specific tissue targeting, immune-suppression and engineered capsid variants
are some approaches proposed to minimise this immune stimulation. In this review, we have summarised the nature of
the immune response documented against AAV in various pre-clinical and clinical settings and have further discussed
the strategies to evade them. Copyright © 2013 John Wiley & Sons, Ltd.
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INTRODUCTION
Clinical application of a viral vector for gene therapy
requires that sustained therapeutic levels of the
transgene are achieved, with no apparent vector-
related toxicities in the patient. The commonly used
agents for gene correction or gene replacement
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include recombinant vectors based on retrovirus,
lentivirus, adenovirus or AAV [1–3]. Of these, adeno-
associated virus-basedvectors havegainedprominence
in gene transfer studies due to their non-pathogenic
nature and low immunogenicity compared to other
viral vectors such as adenovirus [4]. AAV is a small,
non-enveloped virus of ~22nm in size, belonging to
Parvoviridae family and Dependovirus genus. It has a
single stranded (ss) DNA genome of ~4.7 kb which
contains two open reading frames encoding the rep
and cap genes flanked by 145 base pair long ITR
sequence. Productive infection of the virus requires
the presence of other helper viruses such as adenovi-
rus or herpes simplex virus [5]. During the produc-
tion of rAAV vectors, the transgene cassette is
incorporated between the ITR containing plasmid
whereas the rep-cap is supplied in trans along with
the helper function genes in a triple plasmid transfec-
tion protocol [6]. This generates replication defective
vectorswhich exist as episomes in host cells. Currently,
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12 different AAV serotypes (AAV1-12) have been
utilised as gene therapy vectors while several other
variants are also known to exist [1].
In pre-clinical studies, AAV vectors have shown an

ability to transduce a wide variety of tissues, provide
stable transgene expression and exhibit relatively low
immunogenicity [1]. AAV serotype 2 is the prototype
vector and has been extensively tested for its safety in
pre-clinical and clinical studies [7]. Other alternate
serotypes [AAV1, AAV5, AAV8 and AAV9] have
also generated promising pre-clinical data for treat-
ment of a variety of disease states such as muscular
dystrophy, hemophilia and α1- anti trypsin defi-
ciency [7–9]. These vectors, when compared to
AAV2, show remarkably diverse tissue tropism
and low immune activation [8,10].
In human clinical trials, AAV vectors have

shown promise for gene delivery into post-mitotic
tissues such as liver, retina and brain [1]. Indeed,
AAV8 vectors were successfully evaluated in a
liver-directed clinical trial for hemophilia B where
patients have now shown multi-year therapeutic
benefit [11]. However, host and vector-related
immune challenges not predicted previously in
animalmodels remain. In a phase I/II dose escalation
clinical trial in patients with severe hemophilia B,
liver-directed infusion of AAV2 resulted in therapeu-
tic expression of FIX transiently for ~6weeks [12].
Later, analysis of PBMNCs collected from a patient
in the high dose group revealed a capsid-specific
CD8+T-cell response that destroyedvector-transduced
hepatocytes [13]. Similar responses have been noted
in multiple other trials as well [14,15] including
in patients treated with AAV1 vectors for LPL
deficiency [16] and AAV2 vectors for DMD [9].
The immunological sequel that emerged in clinical

trials using AAV vectors advocates a better under-
standing of the vector immunology. This knowledge
will be a prerequisite in designing optimal gene
transfer strategies. Our review thus attempts to
summarise the data available from literature on
the nature and type of immune response directed
against AAV vectors and further discuss strategies
which could be used to circumvent them.

NATURE OF IMMUNE RESPONSE DIRECTED
AGAINST AAV

Innate immunity
The immunogenic profile of AAV was considered
relatively low owing to its poor transduction of
Copyright © 2013 John Wiley & Sons, Ltd.
APC such as macrophages and mature DC [17].
However, APCs can take up exogenous AAV anti-
genic peptides by endocytosis and display them
on MHC Class I molecules by a process termed
cross presentation. This mechanism of antigen
presentation is believed to trigger CD8+ T-cell
response against the AAV-encoded transgene [18].
However, immature DCs can be infected by AAV
vectors ex vivo and these cells when adoptively
transferred into immune-competent mice result in
T-cell-mediated elimination of transduced muscle
fibres in a CD40-ligand-dependent manner [19].
Nonetheless, direct intramuscular administration
of the vectors did not cause loss of transgene
expression as it failed to recruit enough immature
DCs to the site of AAV injection [20]. These data
suggest that AAV infection of immature APCs
may be the trigger for an innate immune response.

The innate immune system also includes the
complement system which has been known to be
an essential element of the host anti-viral response
[21]. Immuno-precipitation studies have validated
that AAV capsid directly binds and interacts with
the C3 complement proteins, which can lead to
vector opsonisation and macrophage activation.
Regardless of poor transduction and lack of
measurable transgene expression, AAV2 vector
internalisation was found to be enhanced in
primary mouse bone marrow macrophages and
differentiated THP-1, human acute monocytic
leukemia cell line in the presence of normal serum.
This coincided with the activation of these cells, as
ascertained by the expression of various cytokines
and chemokines such as MIP-2, IL-1, IL-8 and
MIP-1. In vivo experiments using complement
receptor 1/2- and C3-deficient mice underscored
the additional role of complement in the generation
of Nab against AAV2 [21]. Figure 1 gives an
overview of the role of complement system and
other innate immune mechanisms noted against
AAV following their internalisation into the cell.

The innate immune system actively participates
in shaping adaptive response, mostly by the
engagement of PRR which recognise PAMPs [26].
This interaction triggers signalling pathways that
lead to the production of pro-inflammatory cyto-
kines and the recruitment of infiltrating macro-
phages and neutrophils. These cells can directly
eliminate the target microbe or initiate a more
specific T-cell and B-cell response. AAV2 is known
to activate plasmacytoid DCs via the TLR signal
Rev. Med. Virol. 2013; 23: 399–413.
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Figure 1. Innate immune response against AAV. (1) AAVenters into the cell by receptor-mediated endocytosis, travels through the cytosol
and is released following the acidification in the endosomes. After its endosomal escape, it enters the nucleus, wherein uncoating of the
viral capsid takes place followed by the release of the AAV genome and induction of gene expression [22]. (2) Depending on the target cell
and appropriate cues, internalisation of AAV may trigger the activation of various innate immune signalling pathways such as TLR, NF-κ
B and UPR [23–25] which leads to the secretion of pro-inflammatory cytokines and chemokines as shown in 3. (4 and 5) These molecules
further activate and cause the infiltration of innate immune cells like neutrophils, DCs and macrophages to the transduced cell thereby
eliminating it. (6) AAV vectors can also be opsonised by binding of complement proteins, e.g. C3, which can cause the activation and
endocytosis by macrophages [18]
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transduction (TLR9-MyD88) pathway to produce
type I IFN [27]. TLR9 signalling was found to be
critical for activation of CD8+ T-cell response
against transgene or AAV capsid, and also genera-
tion of Nab, as demonstrated in studies using
TLR9 or MyD88-deficient mice. The induction of
this endosomal PRR pathway was independent of
the transgene or AAV serotype [27]. Another study
reported that hepatic gene transfer of scAAV
vectors in mice leads to dose-dependent increase
in innate responses via the TLR-9 signalling [23].
These data suggest the important role played by
TLR pathways in activating the innate immune
response against AAV vectors.
Activation of transcription factors associated

with immune reactions to AAV has also been
described [28]. NF-κB, which is a central regulator
of inflammatory response, is known to be involved
in this process. AAV infection of human cells
activated the alternate NF-κB pathway [24]. Liver-
directed administration of AAV in mice showed
activation of the canonical pathway by 2 h and
sequential activation of the alternate pathway by
9h in liver tissue. The transient inflammatory cyto-
kine response and anti-AAV antibody production
Copyright © 2013 John Wiley & Sons, Ltd.
mediated by NF-κB upregulation was effectively
blocked with Bay 11, a pharmacological NF-κB
inhibitor, distinctly highlighting the role of NF-κB
in modulating immune response to AAV [24].

We have recently shown that AAV vectors acti-
vate distinct arms of the cellular UPR signalling
cascade [25]. Available evidence suggests that
AAV intracellular trafficking occurs by retrograde
transport [29,30](Figure 2). During this process,
we reasoned that a massive influx of the AAV
particles into the ER may activate the pathway as
an ER stress response mechanism. The UPR is a
cytoprotective mechanism elicited to maintain
cellular homeostasis (Figure 3)[31,32]. This process
decides the ultimate fate of the cells under stress,
committing them to either undergo apoptosis or
upregulate cytoprotective mechanisms. Such protec-
tive mechanisms include UPR-mediated activation
of innate immune response [33]. Several reports
suggest that the ER stress activates NF-κB pathway
through IRE1α, which then translocates to the
nucleus leading to increased expression of pro-
inflammatory genes (Figure 3)[34,35]. In our studies
[25], we observed that scAAV genome triggered
a more prominent UPR, the PERK and IRE1
Rev. Med. Virol. 2013; 23: 399–413.
DOI: 10.1002/rmv



Figure 2. Retrograde transport of AAVand endoplasmic reticulum stress. (1) AAV binds to its cell surface receptor/co-receptor and forms a
complex [36]. (2) AAV–receptor complex is internalised and travels in the cytosol via endosomal vesicles. (3) Early endosome to late endosome
transition of AAVeventually starts the retrograde transport of AAV [29]. (4) The endosomal vesicles fuse to the Golgi complex from where
the AAV pass to accumulate in the ER. (5) The virus then enters the nucleus, uncoats and maintains the genome in an episomal form [30].
(6) Normal protein synthesis involving protein processing in the ER and its transport through Golgi complex is also highlighted [37]

402 S. Hareendran et al.
pathways in particular, than ssAAV. In addition,
pharmacological inhibition of UPR suppressed
the NF-κB-mediated anti-viral innate immune
response directed against scAAV2 vectors while
modestly improving the transgene expression in
murine liver [25]. Taken together, these data
underscore the role played by various innate
arms of the immune system in initiating an inflam-
matory reaction against AAV and leading to either
vector clearance or activation of the more specific
adaptive response.
Adaptive immunity
Pre-existing immunity. Multiple species are known to
serve as hosts to AAV infection [40,41]. The natural
exposure to various AAV leads to the generation
of anti-AAV antibodies in the sera. Boutin et al.
documented the prevalence of total IgG antibodies
against various AAV serotypes in healthy humans.
The sero-positivity ranged from ~72% for AAV2
and 67% for AAV1 while about 47% for AAV9,
46% for AAV6, 40% for AAV5 and 30% for AAV8
[10]. Based on the structural homology of AAV
capsids, the antibodies against one serotype may
cross react with other serotypes [42]. For instance,
Copyright © 2013 John Wiley & Sons, Ltd.
antibodies against AAV1 and AAV6 cross react
efficiently indicating that they are closely related
serotypes whereas AAV4, which is the most anti-
genically divergent serotype, is not neutralised by
any other anti-sera [43,44]. AAV7 and AAV8, orig-
inally isolated from rhesus macaques, are also sero-
logically distinct with minimal cross-reactivity to
other serotypes. Of the immunoglobin subtypes,
circulating levels of IgG1 are predominant followed
by IgG2, IgG3 and IgG4.

In the liver-directed AAV2-hFIX clinical trial for
severe Hemophilia B, one of the patients in the cohort
administered with the high dose (2×1012 vg/kg)
showed reduced FIX levels owing to his high pre
treatment Nab titre (1: 17) to AAV2 [12]. A passive
immunity mouse model developed to quantitatively
assess Nab titres against AAV8 in male rhesus
monkeys was found to be superior to in vitro immu-
noassay for detecting low Nab titres [45]. Likewise,
in vivo assays, which are more sensitive, can be used
to accurately screen patients with even low AAV-
specific Nabs prior to gene transfer. In a non-human
primate study to assess the impact of pre-existing
immunity on AAV8-mediated gene delivery, it was
demonstrated that Nab titres in excess of 1:10
substantially reduced liver transduction and caused
Rev. Med. Virol. 2013; 23: 399–413.
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Figure 3. Unfolded protein response signalling. It is initiated by sequential and complex activation of three proteins namely (1) protein
kinase R (PKR)-like ER kinase (PERK), (2) activating transcription factor 6 (ATF6) and (3) inositol-requiring enzyme 1 (IRE1), whose functions
are regulated by amaster regulator, immunoglobulin heavy chain binding protein (BiP). This pathway culminates in translocation of essential
transcription factors into nucleus and their binding to UPREs within genes that are crucial for restoring cellular homeostasis [38]. Upon any
stress such as massive influx of AAV into the ER, the stress sensors, PERK, IRE1 and ATF6, are activated. BiP, the master regulator found in
the luminal domain of endoplasmic reticulum, remains attached to the sensors when the cell is in homeostasis. Under stress, BiP is released
from the sensors activating themby binding to the unfolded/misfolded proteins or the viral particles. PERKdimerises and autophosphorylates
and activates elF2α by phosphorylation. Activated elF2α represses protein translation. ATF4 downstream of PERK can escape translational
repression as it has upstream open reading frames. Hence, ATF4 translocates into the nucleus activating a set of target genes necessary to
bring back the cellular homeostasis or CHOP in case if the cell is in irreversible stress leading to apoptosis [32]. When IRE1 is activated,
it dimerises and autophosphorylates leading to the activation of endoribonuclease activity cleaving 26 nucleotide intron from XBP1
(X-box binding protein 1) mRNA performing an unconventional splicing. Spliced XBP1 (sXBP1) protein translocates to nucleus acting as
transcription factor binding to UPREs and activates many genes including chaperones that are crucial for restoring cellular homeostasis
[38]. Alternatively, IRE1 interacts with TRAF2 which in turn activates IKK which phosphorylates IκB. This releases NF-κB which then
translocates into the nucleus and transcribes inflammatory genes [34,35]. The third arm of UPR, ATF6 once activated by the release of
BiP, translocates to Golgi complex where it is cleaved by site-1 protease (S1P) and S2P. The cleaved ATF6 fragment serves as a transcription
factor enabling the transcription of chaperones and UPRE [39]
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stable sequestration of capsid proteins by splenic
DCs [46]. A comparative analysis of Nab titres to
AAV2 and AAV8 in human subjects within the
age group of 0–18 years revealed that the best age
for vector infusion is between 7 and 11months.
The Nab prevalence was moderate at birth, rapidly
declined during 7–11months and then gradually
increased with age thereafter. The study also
suggested that after 3 years of age, AAV8 would
be a better vector than AAV2 on account of its lower
Nab titres [47]. Apart from humoral immunity,
AAV infection at early stage of life also induces
the generation of memory B cells and T cells which
could be re-activated on subsequent exposure to
Copyright © 2013 John Wiley & Sons, Ltd.
viral vectors [7]. Screening of randomised healthy
donors gave insights into immune responses to
natural AAV1 infection with no correlation existing
between AAV1-specific T-cell and humoral responses
[48]. T-cell response was mainly centred on effector
memory CD8+ cells. This finding emphasises the
need to pre-screen patients for AAV-specific cellular
responses, in addition to the presence of Nabs
before undergoing gene therapy.

Vector-induced cellular and humoral immunity.
The adaptive immune responses to AAVare directed
either against the viral capsid or the encoded
Rev. Med. Virol. 2013; 23: 399–413.
DOI: 10.1002/rmv
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transgene protein. When internalisation of the
vector into host cell is followed by degradation of
the viral capsid, the antigenic peptides are cross-
presented to MHC I molecule [49,50] to activate
CTL, which mainly orchestrate the adaptive
immune reactions to AAV. A recent study [51] has
elaborated on the mechanism of AAV2 capsid cross
presentation and showed that it can be effectively
blocked by inhibiting three major cellular processes
such as endosomal acidification, proteasome system
andGolgi protein transport in AAV-permissive cells.
These data corroborated that the process is depen-
dent on virion escape from the endosomes and
antigen degradation by the proteasomal machinery
but independent of viral uncoating in nucleus [51].
AAV is known to poorly transduce APCs, but
however once internalised by these cells, they could
be presented by the classical antigen-presentation
pathway on either MHC I to activate CD8+T cells
or MHC II to activate CD4+ T helper cells [52]. An
Figure 4. Adaptive immune response against AAV. (1) Transduction o
degradation by cellular proteasomes into antigenic peptides. These pep
the cell surface to CD8+T cells. These activated CD8+T cells destroy
pro-inflammatory cytokines such as IFNγ, TNF-α and IL-2 which can i
presenting cells (APC), they are presented throughMHC II complex to T
then secrete pro-inflammatory cytokines such as IL-2, IL-4 and IL-5 to fu
signals such as CD40L also can recruit other immune cells [54]. (4) A
antibodies that specifically bind to AAV vector particles [11]. (5 and
macrophages eliminate antibody-bound vector particles or the vector-tr
AAVand amplifying the overall response (7) [53]

Copyright © 2013 John Wiley & Sons, Ltd.
overview of the events associated with adaptive
immune response is shown in Figure 4.

On the other hand, the transgene cassette can
also influence the CD8+T-cell reactivity [55]. The
presence of certain cryptic epitopes in therapeutic
FIX transgene induced CTL killing of transduced
hepatocytes in mice expressing human MHC class
I molecule B0702. However, no such response was
observed in HLA humanised murine model when
a codon-optimised transgene cassette was used in
which the p18 epitope was deleted [55]. This
emphasises the need to carefully analyse cDNA
gene constructs for the presence of any cryptic
epitopes of MHC molecules prior to gene transfer.

The differences in AAV capsid structure are
known to drive variable immune response between
serotypes [56]. Unlike AAV8, AAVrh32.33, a capsid
variant isolated from rhesus monkey, yielded strong
CTL response to both the capsid and transgene
antigens [56]. Receptor affinity of the AAV capsid
f target cell by recombinant AAV may be followed by the vector
tides then get loaded onto MHC I molecules and are presented in
the transduced host cell [52]. Activated CD8+ T cells also release
ndirectly activate CD4+ T cells. (2) If AAV is captured by antigen-
-cell receptor (TCR) of CD4+ Tcells [53]. (3) These activated Tcells
rther activate B cells, in the presence of appropriate co-stimulatory
ctivated B cells differentiate into plasma B cells, which secrete
6) Activated infiltrating immune cells like neutrophils, DCs and
ansduced target cell. They can also serve as APCs by endocytosing

Rev. Med. Virol. 2013; 23: 399–413.
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such as heparin binding was found to direct the
T-cell response to AAV2 capsid following muscle
targeted vector delivery to mice and non-human
primates. Using AAV2–AAV8 hybrid vectors, a
domain responsible for T-cell activation to capsid
was mapped on VP3 protein. The same motif was
also shown to aid in HSPG binding of the virion,
speculating the role of heparin binding in uptake
of AAV into DC and activation of capsid-specific
Tcells [57]. Other factors including dosage of vector
particles administered and the route of vector
infusion also determine whether immune reactions
are induced or not [11,58]. The impact of route of
administration on immune response induction is
highlighted in the study where hepatic gene trans-
fer protocol showed better efficacy and significantly
lesser antibody formation and CD8+ T-cell infiltra-
tion compared to muscle directed delivery of FIX
in mice [58]. Multiple studies also suggest that
there is direct correlation between the increase in
cellular vector load and immune stimulation [11,13].
In clinical trials, it was consistently observed
that the patient cohort administered the highest
dosage of vector particles often manifested with
immune activation in due course of time, compromis-
ing the initial increase in therapeutic protein
levels [11,16].
Apart from the characteristics of the vector, the

native immunological status of the host also deter-
mines the nature of immune response in gene
therapy. Evaluation of two different strains of mice,
C57BL/6 and Balb/c, illustrated that AAV gene
transfer to liver can induce tolerogenic response in
the former but not in the latter. Balb/c mice fail to
suppress transgene-specific CTL response but exhibit
B-cell tolerance mediated by splenic Tregs [59].

Limitations of data generated from pre-clinical studies.
Data from pre-clinical animal models did not predict
immune-complications seen in humans. In mice,
AAV capsid is shown to induce CTL response but
fails to eliminate vector-transduced cells [53]. Even
in immunised mice, despite the presence of pre-
existing CD8+T cells to viral capsid, the longevity
of AAV-directed hepatic gene transfer of human
FIX in mice was unaffected [60]. Although both
humans and macaques get naturally infected with
AAV, the transgene expression achieved after gene
transfer is only transient in humans while sustained
expression is seen in monkeys. To address such
Copyright © 2013 John Wiley & Sons, Ltd.
contradictions, human and macaque blood samples
were tested for AAV capsid-specific Tcells and sub-
sequently analysed for T-cell subsets and differenti-
ation markers. T cells developed in response to
natural infections significantly differed between
humans and non-human primates in their differen-
tiation status and function [61]. Tolerance to AAV-
encoded antigens, observed in mice during liver-
directed gene delivery, was primarily due to the lack
of inflammatory signals essential to render trans-
duced hepatocytes as targets for CTL-mediated elim-
ination [62]. Thus, studies in animal models which
closely mimic the human immune system should
be able to overcome this constraint. For instance,
mice expressing human HLA- B0702 were used to
determine that cryptic epitopes generated from
ARF of FIX cDNA elicit CTL response against vec-
tor-transduced liver cells [55]. Such humanised mu-
rine and other animal models could serve in better
understanding and prediction of the fate of thera-
peutic AAV-gene delivery with respect to its
interaction with the immune system.

STRATEGIES TO EVADE IMMUNE
RESPONSES AGAINST AAV VECTORS

Gene delivery to immune-privileged sites
Eye andbrain, and to lesser extent liver, are considered
as ideal organs for vector infusion owing to their
immune-privileged status. Multiple trials have
documented the ocular injections of AAV vector,
to be safe and efficacious with evidence of
improved visual function in the patients with LCA
[63,64]. Similar safety and tolerability have been
achieved with AAV in clinical trials for CNS disor-
ders. [65]. There is also evidence to suggest that gene
targeting to the liver induces immune tolerance. KC
in the liver play a major role in suppressing T-cell
responses during vector targeting of hepatocytes.
KCs secrete anti-inflammatory molecules such as
IL-10, TGF-β and prostanoids which are implicated
in promoting antigenic tolerance [59]. In spite of
activation of CD8+ T cells against the foreign
antigen, hepatocytes escape immune destruction
in the absence of additional innate immune signals
controlled by TLR3 activation [66]. Long-term
follow-up data from hemophilic canine and murine
models have consistently proved the tolerogenic
nature of the liver [58,67]. Tregs have been identi-
fied to be crucial mediators for inducing tolerance
to transgene products following hepatic gene
Rev. Med. Virol. 2013; 23: 399–413.
DOI: 10.1002/rmv
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transfer [59]. Antigen-specific Tregs (CD4+CD25+
FoxP3+ Tcells) suppress both cellular and humoral
immune responses by way of secreting immune
suppressive cytokines like IL-10 and TGF-β [68,69].
A summary of the factors which contribute to
the immune-privileged status of liver upon AAV-
mediated gene transfer is shown in Figure 5.

Transient immune-suppression
As a measure to attenuate or prevent unwarranted
host immune responses during AAV-mediated gene
therapy, various transient immune-suppression
protocols have been proposed. Re-administration
of AAV vector would be required to achieve
sustained levels of therapeutic protein in treatment
of chronic disorders like hemophilia and muscular
dystrophy. However, as discussed earlier, secondary
exposure to the vector entails the risk of activation of
memory Tcells and B cells with heightened immune
reactivity and vector elimination. A short-term
immune-suppression regimen induced during the
initial phase of vector infusion could minimise this
problem. A recent study reported that a combination
of non-depleting anti-CD4 antibody and cyclosporine
caused 20-fold decrease in anti-AAV8 antibody
titres following intravenous administration of the
AAV8 vector to immune-competent mice. This
immune-suppression allowed re-administration
Figure 5. Factors contributing to immunological tolerance of liver
during AAV gene therapy. Schematic shows that administration of
AAV vectors targeting the liver results in immunological tolerance
due to the various contributing factors. Tregs (CD4+CD25+FoxP3
+ T cells) secrete immune suppressive cytokines like IL-10 and
TGF-β and suppress both cellular and humoral immune responses
during gene transfer to the liver [59,68,69]. KC in the liver also
secrete anti-inflammatory molecules such as IL-10, TGF-β and
prostanoids which promote antigenic tolerance by suppressing
T-cell responses during vector targeting of hepatocytes [59]. The
blockade of TLR-3 signalling in the liver further prevents the
induction of CXCL9 via pro-inflammatory cytokines IFN-α and
TNF-α, and thus subsequent infiltration of CD8+ T cells [66]

Copyright © 2013 John Wiley & Sons, Ltd.
of the vector pseudotyped with same capsid [70].
Co-administration of mycophenolate mofetil and
tacrolimus with AAV8 vector encoding human
FIX appeared safe in rhesus monkeys as it did not
alter the liver transduction while effectively abro-
gated humoral response against AAV [71]. Modula-
tion of cell-mediated immunity using combination
of CTLA-4/Ig, which blocks the T-cell priming
and programmed death �1 ligands, which inhibit
T effector cell function, was found to improve the
immunological tolerance in muscle-directed AAV
gene transfer [72]. Similarly, rituximab, amonoclonal
anti-CD20 antibody targeting B cells, promoted
tolerance to FVIII in gene therapy by preventing
allo-antibody formation [73]. Repeated injections
of AAV1 for correction of muscular dystrophy in
dystrophicmdxmouse were evaluatedwith transient
immunosuppression using CTLA-4/Fc and anti-
mouse CD40L monoclonal antibody (MR1) which
totally abrogated formation of anti-AAV1 anti-
bodies [74]. It has been noted that proteasomal inhi-
bition using bortezomib is also effective in reducing
AAV2 capsid antigen presentation on MHC I and
in moderating CTL response in mice having pre-
existing immunity to AAV8 [75,76]. In the recent
trial for hemophilia B using AAV8-FIX vector, two
of the patients who were infused with high
amounts of vector particles showed asymptomatic
elevation of serum ALT levels and required a short
course of glucocorticoid therapy with prednisolone
to suppress this response [11]. Figure 6 shows the
ligand – receptor interactions between T cell and
APC and the immune-suppressive drugs that influ-
ence these interactions. These above cited examples
highlight the benefits of using an immunosuppres-
sant regimen to create a window-period for vector
administration and improving the persistence of
administered vectors.

Modification of AAV vectors
Several studies have shown that recombinant AAV
vectors can be modified in terms of either the
expression cassette or the capsid structure with the
aim of mitigating cellular and humoral immunity.
Restricting the expression of transgene to the target
tissue would allow enhanced vector performance
and prevent antigen presentation byAPC and subse-
quent immune activation. This is done by employing
tissue-specific promoters or by preventing ectopic
expression using miRNAs. Sustained therapeutic
protein level was reached and immune tolerance
Rev. Med. Virol. 2013; 23: 399–413.
DOI: 10.1002/rmv



Figure 6. Immuno-suppressive agents to target APC and T-cell
interactions. The interactions between various ligand and receptors
of APC and T cells apart from the effect of different immuno-
suppressant drugs acting at distinct steps are shown. The engage-
ment of T-cell receptor (TCR) with peptide–MHC complex presented
by APC activates calcineurin, a calcium-dependent phosphatase that
activates nuclear factor of activated T cells (NFAT). This leads to
increased expression of IL-2 cytokine. Cyclosporin A and tacrolimus
are known to block this pathway [77]. Corticosteroids block the
expression of cytokines like IL-2 and TNF-γ at the nuclear level in T
cells [11] and also prevent APC differentiation and maturation [78].
T-cell activation also requires the interaction of co-stimulatory
molecules on T cells and their respective ligands on APC. The
interaction between CD40L and CD40 is inhibited by anti-CD40L
antibody [74]. Similarly, the interaction between CD28/CTLA and
CD80/CD86 is inhibited by CTLA-4/Ig [72]

407Immune challenges to AAV vectors
induced in a fabrymurinemodel whenAAV2 vector
encoding human α-galactosidase was delivered
under the transcriptional control of a liver-restricted
enhancer/promoter than using a ubiquitous CMV
promoter [79]. Later, highly efficient liver transduction
was demonstrated using scAAV vectors containing
the codon-optimised human FIX gene driven by a
liver-specific promoter in mice and non-human pri-
mates [80] and in human trials as well [11]. Another
study reported that insertion of liver-specific miR-
122 target sequence into 3′ UTR of AAV vector
cassette effectively prevents the transgene expres-
sion in the liver, thus inhibiting the ectopic expres-
sion in bystander cells [81].
Capsid engineering of AAV vectors is an effective

approach to evade immune response and augment
their transduction potential. To shield AAV from
recognition by antibodies or the Teffector cells, their
immunogenic epitopes may be masked. One can
Copyright © 2013 John Wiley & Sons, Ltd.
achieve this either by chemical or genetic alteration
of specific epitopes on the capsid. Covalent attach-
ment of synthetic polymers onto the virion surface
can shield the antigen binding sites fromneutralising
effects of anti-AAV antibodies and circumvent the
challenge of pre-existing immunity. PEGylation
chemistries tested with different crosslinking groups
to attach the polymer to surface lysines on the viral
capsid have yielded promising results. At a critical
PEG: lysine conjugation ratio, within which the
vector particles are fully infective, it was noted that
PEGylation rendered moderate protection against
antibody neutralisation (2.3 fold) compared to
unmodified AAV vectors [82,83].

Genetic modification of the capsid by mutating
the Nab epitopes is an alternate way to generate
immune escape phenotypes of AAV. Identification
of the immunogenic epitopes was initially done by
peptide scanning to map neutralising epitopes for
antibodies present in mice [84] or humans [85,86].
AAV variant libraries were then generated by
rational design or directed evolution (Reviewed in
detail by Bartel et al., 2011)[87]. Rational design
utilises either insertion of peptides at specific posi-
tions that disrupt the antibody binding site of viral
capsid or site-directed mutagenesis of specific resi-
dues of immunogenic peptides on AAV2 capsid
[88,89]. Of the six mutants generated by insertion
of a 14 amino acid peptide of the laminin fragment
P1 on the VP3 protein of AAV capsid, two of them
(I-534 and I-573) demonstrated ~70% reduction in
affinity for human anti-sera as compared to wild-
type AAV2 vectors [86]. Another study analysed
single amino acid mutations on AAV2 capsid
generated by site-directed mutagenesis to identify
mutants with reduced antibody binding and
neutralisation susceptibility [89]. Alternatively, the
directed evolution approach involves generation
of diverse genetic libraries of variants by either
randomising the capsid by error-prone PCR muta-
genesis or DNA shuffling approach to develop
chimeric capsids [90–92]. The mutant variants are
then subjected to high-throughput screening for
infectivity in the presence of neutralising sera or
T-cell activating immunogenic peptides to identify
modified vectors with enhanced ability for immune
evasion [91,93]. For instance, regions corresponding to
immunogenic sites on AAV2 capsid were randomised
to generate a viral library of approximately 6*106

clones by combining rational design and evolutionary
approaches, whichwas then selected onHEK293 cells
Rev. Med. Virol. 2013; 23: 399–413.
DOI: 10.1002/rmv
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in the presence of human sera [93]. DNA shuffling
method was exploited to form a library of chimeric
virions of serotypes 1, 2, 4, 5, 6, 8 and 9, from which
seven mutant vectors were thoroughly analysed to
identify a mutant which displayed 400-fold reduction
in neutralisation by IVIG [90].
Other studies with rational single amino acidmod-

ifications on AAV2 capsid have allowed generation
of mutants with increased transduction or reduced
reactivity to Nabs. Li et al. generated a mutant in
which insertion of threonine at position 265 in
AAV2 capsid significantly improved the vector trans-
duction into muscles and also changed the immune
profile. Furthermore, the substitution of each of the
20 amino acids at the same position produced classes
of mutants with higher muscle transduction and
lower Nab response, which could facilitate repeat
administration of these vectors [54]. An engineered
AAV2 (tyrosine to phenylalanine) mutant has
been shown to minimise the CD8+ T-cell-mediated
destruction of transduced hepatocytes [94]. Recently,
we reported that substitution of serine to alanine res-
idue at VP1 codon 489 onAAV2 capsid demonstrates
a superior hepatic transduction in mice (14 fold)
along with eight-fold reduced Nab cross-reactivity
[95]. This residue was predicted to lie in one of the
three phosphodegrons identified by extensive struc-
tural analysis of AAV2 capsid. Phosphodegrons are
phosphorylation sites recognised as degradation sites
by ubiquitin ligases and their alteration would
prevent capsid degradation by the host ubiquitin/
proteasomal machinery. Similarly, we demonstrated
that a lysine> arginine substitution at codon 137
(K137R) lying within a phosphodegron of AAV8 cap-
sid resulted in a mutant vector with enhanced hepatic
FIX gene transfer efficiency in vivo and significantly
reduced immunogenicity. This K137R capsid mutant
displayed reduced activation of innate immune
markers such as IL-6, TNF-α, IL-12, TLR9 and KC
(keratinocyte chemoattractant) along with two-fold re-
duction in the levels of Nab than the wild-type AAV8
vector [96]. Table 1 summarises the current strategies
employed to generate modified AAV vectors with an
enhanced gene transfer and immune evasion potential.

CONCLUSIONS
Despite significant advancements in therapeutic gene
transfer using AAV vectors, it is well recognised that
several barriers related to host and vector-related
immune reactions need to be overcome for long-term
gene transfer. Although initially thought to be
Copyright © 2013 John Wiley & Sons, Ltd.
minimally immunogenic based on pre-clinical stud-
ies, data from limited human trials have highlighted
the concept of vector dose-dependent immune-toxic-
ity, consistently [11,16]. In addition, multiple factors
such as the route of delivery, target organ, transgene
cassette and capsid structure have been shown to
evoke an immune response [56,58,97]. Striking the
right balance between improved therapeutic output
and lack of any immune stimulation by using
optimum doses of AAV vector/or by transient
immune-suppression appears to be critical. Restricting
AAV transduction to only the target tissue is another
major challenge. Second, the presence of and the
variation in pre-existing immunity against different
AAV serotypes in humans suggests that no one
AAV serotype will be universally applicable for
therapeutic gene transfer. Thus, it becomes impor-
tant to utilise and develop other naturally occurring
alternate AAV (1–10) serotypes [41,98]. In addition,
any further modifications to these vectors that can
improve their transduction efficiency will be desir-
able to counter vector dose-dependent immune
response. Another confounding issue is the absence
of an animal model which can accurately predict the
anti-AAV immune response seen in humans [61].
However, these challenges have also provided further
opportunities to dissect the biology of AAV–host
cellular interactions. The renaissance of AAV-
mediated gene therapy over the last five years has
offered renewed hope that these challenges will be
conquered soon.
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