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Original reports of adeno-associated virus (AAV) vector-mediated gene transfer to the muscle resulted in
high-level B-galactosidase (B-gal) expression and the promise of a viral vector that was largely nonimmu-
nogenic. Subsequent attempts to utilize these vectors for genetic vaccination, however, demonstrated that
it was possible to activate cellular and humoral immunity to AAV-encoded antigens. These findings fueled
years of investigation into factors impacting the immunogenicity of recombinant AAV-mediated gene deliv-
ery, including route of administration, dose, host species, capsid serotype, and transgene product. In cases
where AAV vectors could avoid transgene-directed immunity, it became clear that mechanisms of tolerance
were at work, varying between ignorance, anergy/deletion, or active suppression. Here, we follow the field of
AAV gene therapy from inception, as investigators have worked to understand the delicate balance between
AAV-mediated tolerance and the activation of immunity. This review discusses our current appreciation of AAV

vector immunology, with a specific focus on the transgene-specific T cell response.
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INTRODUCTION

Over the past 20 years, the field of gene therapy has expanded in
its attempts to treat monogenetic disease. To this end, numerous
vectors, both viral and nonviral, have been developed to deliver
therapeutic genes directly in vivo, with the basic objective of
achieving sustained, high-level gene expression. In order to reach
this goal, the vector of choice must be capable of transducing tar-
get cells with high efficiency, while simultaneously avoiding acti-
vation of deleterious immune responses to either the transgene
product, or to the delivery vehicle itself.! Historically, the use of
nonviral gene therapy vectors, including DNA and liposomes, has
resulted in suboptimal levels of transduction and transient expres-
sion in vivo.>® Initial attempts at viral vector-based gene therapy
using retro- or adenoviruses (Ad), have been met with issues of
toxicity, either through activation of immunity or genomic inte-
gration and tumor formation.**

In the search for a gene therapy vector for in vivo gene trans-
fer, one virus emerged with a favorable profile of background
properties. With its nonpathogenic and helper-dependent nature,
adeno-associated virus (AAV), a small (~4.7kb) single-stranded
DNA virus, quickly came to the fore-front of the field. As a vec-
tor, AAV consists of only the inverted terminal repeats which are
necessary for replication, packaging, and integration, while the
viral coding sequences are entirely removed, rendering AAV vec-
tors replication deficient.® Similar to adenoviral vectors, AAV can
transduce both dividing and nondividing cells; additionally, when
delivered to postmitotic or slowly dividing target cells, AAV has the

potential to facilitate long-term transgene expression in the absence
of destructive T cell responses.””

This group of parvoviruses was identified over 30 years ago as
contaminants in laboratory preparations of Ad.'*!! Six serotypes
of AAV were originally identified, of which AAV serotype 2 was
the most readily studied. Since then, an expanded family of AAV's
has been isolated from humans and nonhuman primates based on
recovery of latent forms of the genome using PCR techniques.'*"*
To date, 11 serotypes and over 120 capsid variants have been cate-
gorized into six different phylogenetic clades representing a broad
distribution of potential AAV biology.">** Application of these
novel viruses as recombinant vectors for gene therapy has yielded
impressive results, with transduction efficiencies superior to those
achieved by vectors based on AAV serotypes 1-6. Encouraging
preclinical data in mice has shown that recombinant AAV vec-
tors are capable of generating stable, high-level gene expression
for a variety of applications, including liver, lung, muscle, brain,
and eye-directed gene transfer.? In these cases, the stability of
expression was facilitated by an apparent lack of immunogenic-
ity to the transgene product. Although the molecular mechanisms
are poorly understood, studies have confirmed that AAV is a poor
activator of both innate and adaptive immunity when compared
to other commonly used viral vectors, such as adenovirus.?®

Despite its promise, investigators soon discovered that even
AAV is not without its limitations: both from the very basic
standpoint of its small packaging capacity, to the larger concern
that immune responses to AAV vector-mediated gene delivery
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can develop under certain conditions. Due to natural infections
or prior vector-administration, neutralizing antibodies can pre-
vent vector readministration. Furthermore, cellular and humoral
immune responses to the transgene product may result in inflam-
mation, elimination of gene expression and destruction of trans-
duced cells.*** Furthermore, as studies have progressed toward
clinical trials, we have learned that while the threshold required
for immune activation to AAV in mice is relatively high, immune
responses following AAV gene delivery occur more readily in
larger animal models and humans.?*>** As such, understanding the
mechanism of immune activation to AAV and developing strate-
gies to avoid or circumvent immunotoxicity are critical to the safe
and efficacious use of AAV for gene delivery. This review discusses
our current understanding of AAV immunology, with a specific
focus on the generation or evasion of transgene-specific T cell
responses. Here, we have taken a chronological approach that fol-
lows the development of the field over the past 20 years.

AAV GENERATES STABLE TRANSGENE EXPRESSION
In the 1990s, when limitations to nonviral and adenoviral vector-
based gene therapies began to surface, efforts were directed to
developing AAV as a viral vector because it was capable of gen-
erating prolonged expression and avoiding immune activation. In
the mid to late 90’s, three laboratories gave the first reports of long-
term, high level expression of an Escherichia coli B-galactosidase
(B-gal) transgene following intramuscular (i.m.) administration.””
The use of other vector systems to target the muscle for somatic
gene delivery failed to generate stable expression due to either
transgene silencing or an immune response against transduced
cells. For the first time, the labs of Byrne, Samulski, and Wilson
provided evidence that with the use of an AAV vector, immunity
to a highly expressed, nonself transgene could be avoided, allow-
ing for prolonged and robust expression in mice.”””

To summarize, after a single i.m. administration of recom-
binant AAV2/2 into BALB/c mice, Kessler et al. demonstrated
histochemical expression of B-gal in situ, out to 32 weeks postin-
jection.” Xiao et al. simultaneously confirmed this result, following
mice out to 1.5 years post-i.m. administration of AAV2/2.LacZ.?
This group also showed a direct comparison to an adenoviral vec-
tor expressing the identical LacZ transgene. Compared to AAV2/2,
Ad.LacZ demonstrated inefficient transduction of mature myo-
cytes, accompanied by a large degree of cellular infiltration in the
muscle 4 days postinjection. This cellular response cleared after 3
weeks, at a time when Ad.LacZ positive muscle fibers were no lon-
ger present. In contrast, AAV2/2 generated very minimal and self-
limiting cellular infiltration, which had no effect on the efficiency
or stability of transduction. Fisher et al. confirmed the persistence
of high-level B-gal expression in the muscle of C57BL/6 mice fol-
lowing a single i.m. injection of AAV2/2.LacZ.’

In an attempt to further define the mechanism involved
in avoiding immune activation to B-gal, Fisher et al. analyzed
lymphocytes harvested from inguinal lymph nodes for cytolytic
activity and cytokine production.’ As expected from its tran-
sient expression, Ad.LacZ generated strong cellular and humoral
responses to both adenoviral proteins and B-gal, including anti-
gen-induced secretion of interferon-y and interleukin (IL)-10.
Conversely, AAV2/2.LacZ was unable to elicit antibodies or
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cytotoxic T lymphocytes (CTLs) and showed little to no activa-
tion of CD4" T cell subsets to the 3-gal transgene. Th2-type CD4*
T cell responses were activated to the AAV viral proteins, resulting
in a neutralizing antibody response to the vector capsid, however,
this was unable to block readministration of the vector in this
study. Analysis of the AAV genome demonstrated efficient incor-
poration into nuclei of differentiated muscle fibers where head-to-
tail concatamers with variable inverted terminal repeat deletions
appeared to persist. These were the first reports of achieving stable
transduction and long-term gene expression in vivo without the
need for immunosuppression or modulation.

Around this time, reports of stable expression with AAV2/2
vectors expressing alternative transgenes emerged. In fact, in their
original report, Kessler ef al. documented the stability of AAV2/2.
Epo, which resulted in a dose-dependent secretion of human
erythropoietin and corresponding increases in red blood cell pro-
duction that persisted for up to 40 weeks after a single i.m. injection
into BALB/c mice.” The Fisher et al. study also showed stability of
human B-glucuronidase in the muscle of this small animal model.’
Over the years, preclinical data have shown that recombinant
AAV vectors can generate stable expression of numerous self and
nonself transgenes, not only in the muscle, but in tissues ranging
from liver, lung, and heart to the brain and eye.?**” These results
can also extend beyond murine models into higher order species.
Stability of human or canine blood coagulation factor IX (hFIX or
cFIX, respectively) expression in the liver, for example, has been
reported in mice, hemophilic dogs and rhesus macaques.?**-* It
is important to note that findings of stable transgene expression in
larger animal models are not consistently demonstrated, as will be
discussed further in greater detail.

STABLE TRANSGENE EXPRESSION INVOLVES LACK
OF ANTIGEN-PRESENTING CELL TRANSDUCTION:
EVIDENCE FOR IMMUNOLOGICAL TOLERANCE
Recombinant AAV vectors are nonreplicating and lack viral open
reading frames; however, the encoded (nonself) transgene product
and viral capsid proteins are still viable targets for host immune
responses. As such, investigators began to question how AAV
expressing 3-gal could efficiently transduce muscle fibers without
activating cellular or humoral immunity, especially considering
that expression of the identical transgene in an adenoviral vector
resulted in robust capsid and transgene T cell responses capable of
clearing transduced cells.* How does AAV evade immune activa-
tion? Does AAV avoid T cell priming entirely? Are T cells primed
improperly leading to tolerance? Or, does AAV transduction ren-
der peripheral target cells unrecognizable to CTLs?

To address this, in 1998 Jooss et al. made an interesting discov-
ery relating to the ability of AAV2/2 to avoid -gal transgene-spe-
cific immune responses in the muscle.* This group demonstrated
that while AAV2/2.LacZ alone resulted in stable expression and
no T cell activation, coinjection with an Ad.LacZ vector in the
contralateral leg resulted in substantial inflammation, T cell
infiltration, and loss of 3-gal protein expression in both the Ad
and AAV-transduced muscles. This confirmed that muscle fibers
transduced with AAV were suitable targets for CTL-mediated
destruction, but that AAV transduction alone was unable to prime
functional, antigen-specific T cells. The authors went on to show
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that adoptive transfer of ex vivo Ad.LacZ transduced antigen-
presenting cells (APCs) into AAV2/2.LacZ injected mice was
sufficient to support the priming of strong CD4* and CD8* T cell
responses that effectively cleared AAV-transduced muscle fibers.
However, APCs exposed to AAV2/2.LacZ were not sufficient to
prime a CTL response following adoptive transfer into AAV2/2.
LacZ-injected mice. Furthermore, while transduction of APCs
with Ad.LacZ showed LacZ transgene expression in dendritic
cells (DCs) and macrophages, LacZ expression was undetectable
in APCs exposed to AAV2/2.LacZ. Taken together, these results
demonstrate that APC transduction and presentation of endog-
enously produced antigen are crucial in the successful develop-
ment of B-gal-specific T cell responses, as seen with Ad.LacZ.
However, AAV vectors show inefficient transduction and antigen
presentation by APCs, allowing AAV to evade the generation of a
cytotoxic T cell response.

Two years later, Zhang et al. went on to show that if enough
DCs are recruited and transduced by AAV2/2.LacZ ex vivo, adop-
tive transfer into AAV2/2.LacZ-injected mice could result in the
development of B-gal-specific T cells and a marked reduction in
transgene expression in the muscle.’ However, AAV2/2.LacZ
transduction was only capable ex vivo, in immature DCs (iDCs) but
not mature DCs. Even then, transduction of iDCs with AAV could
not induce DC maturation, as the iDCs did not upregulate surface
expression of major histocompatibility complex (MHC), CD86,
and CD40 molecules, as opposed to stark upregulation of these
DC activation markers by Ad.LacZ transduction. Presentation of
antigen by iDCs has been shown to favor the induction of toler-
ance over immunity (Figure 1). In summary, the loss of transgene
expression occurred only by adoptive transfer of iDCs infected ex
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Figure 1 The activation status of APCs influences the immunogenic
or tolerogenic nature of the adaptive response. The type of patho-
gen and its interaction with pattern recognition receptors (PRRs) on the
surface of the dendritic cell (DC) influences the maturation of different
subsets of either immunogenic or tolerogenic DCs. Each type of mature
DC (mDC) has a unique cytokine profile which acts as signal 3 during
T cell priming. If signal 3 consists of the proinflammatory cytokines IL-12
and IFN-y, a Th1 response is primed, which in turn provides help in
priming functional CD8* T cell effectors. In the presence of IL-4, IL-6, and
IL-10, mature DCs prime Th2-type CD4* T cells, which favor a humoral
response. Regulatory T cells (Treg) can be primed by mDCs which are
either unable to secrete cytokines, or secrete the anti-inflammatory
cytokine TGF-B. Immature DCs (iDC) have a reduced T cell stimulatory
capacity, which also leads to tolerance. APC, antigen-presenting cell;
IFN, interferon; IL, interleukin; TGF-B, transforming growth factor-f;
TNF-o, tumor necrosis factor o.
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vivo (not by direct i.m. injection of AAV). This study confirms that
direct i.m. injection of AAV2/2.LacZ does not provide sufficient
DC transduction and antigen presentation to facilitate an adap-
tive response.

Along with APC transduction, the activation of innate immu-
nity (signal 0) stimulates the maturation of APCs, characterized
by the upregulation of MHCII, CD80/86, and CD40, and the
release of proinflammatory cytokines and chemokines (Figure 2).
Without these signals, APCs cannot properly migrate, take up, or
present antigen (signal 1). Not surprisingly based on their ability
to transduce APCs and prime T cells effectively, adenoviral vectors
have been described as strong inducers of innate immunity. Zaiss
et al. went on to show that AAV2/2 vectors, on the other hand,
elicit significantly reduced expression of inflammatory cytokines
and chemokines, including RANTES, IP-10, IL-8, MIP-1o and
B, as compared to Ad.LacZ both in vitro and in vivo.®® In fact,
the use of AAV2/2.LacZ in vitro showed no induction of innate
immune markers above baseline, and the induction of chemok-
ines in vivo was transient, returning to baseline 6 hours postinjec-
tion. Overall, their results suggest that AAV vectors, unlike Ad,
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Figure 2 The APC—T cell synapse: three signal model for T cell activa-
tion. In the periphery, initial interaction of AAV with pattern recognition
receptors (PRRs), such as TLRs, initiates the activation and maturation of
APCs in a process called innate immunity, or signal 0. This allows APCs
to upregulate the surface molecules and cytokines involved in signals
1-3, and promotes migration to the lymph node where APCs come into
contact with naive T cells. In the lymph node, signal 1 activates the T cell
through interaction of the T cell receptor (TCR) with antigen presented
in the context of MHC molecules. MHCI binds the CD8 TCR; MHCII
interacts with the CD4. Costimulation in the form of CD80/CD86 (also
known as B7.1 and B7.2) and CD28 ligation provides the necessary sec-
ond signal, promoting T cell function and survival. The CD40-CD40L
(CD154) interaction is important during costimulation, as it further acti-
vates the APC, supporting upregulation of CD80/86. Cytokines, either
pro- or anti-inflammatory in nature, provide signal 3, which dictates
the differentiation status of the T cell. AAV, adeno-associated virus; APC,
antigen-presenting cell; IL, interleukin; MHC, major histocompatibility
complex; TGF-B, transforming growth factor-f.
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are poor activators of innate immunity, which may prevent proper
activation and performance of APCs.

These reports were the first attempts at describing the mecha-
nism of immune activation, or rather immune evasion, by AAV.
Taken together, they suggest that one factor contributing to the
lack of immunogenicity following AAV vector-mediated gene
delivery is immunological ignorance: a mechanism of tolerance
which involves the lack of antigen presentation required to prime
a cellular response (no signal 1) (Figure 1). A second factor
appears to be insufficient activation of innate immunity (signal 0)
to promote the upregulation of costimulatory molecules necessary
for T cell priming (signal 2). This poor innate activation prevents
proper maturation of APCs, limiting the ability of those cells to
take up, process and present antigen. In combination, AAV’s poor
transduction of APCs provides even less of the antigen necessary
to prime naive T cells. Ultimately, it appears that there is a thresh-
old of innate immune activation and APC transduction that must
be reached in order to elicit the downstream adaptive response
to viral antigens. L.m. injection of AAV2/2.LacZ was simply not
capable of reaching this threshold. This also suggests that under
more inflammatory conditions, using alternative transgenes, adju-
vants or routes of administration, AAV vectors may overcome
this threshold, resulting in the priming of cellular immunity to
encoded antigens. In fact, one study in later years suggests it may
be possible to achieve some level of innate immune activation,
even with AAV.#

STABILITY OF EXPRESSION IS TRANSGENE-
DEPENDENT: EVIDENCE OF IMMUNE ACTIVATION

It did not take long for investigators to discover conditions whereby
AAV was capable of reaching the threshold required to activate
immunity. In the late 90’, Manning et al. was the first to report
that im. injection of AAV2/2 encoding transgenes other than
[3-gal were able to generate both CTL and humoral responses in
mice.”! Attempting to utilize AAV for genetic immunization, the
group constructed AAV vectors that expressed either herpes sim-
plex virus type 2 glycoprotein B (gB) or glycoprotein D (gD). They
demonstrated that, unlike AAV2/2.LacZ, i.m. injection of AAV2/2.
gB or gD led to transgene-specific CTL and antibody. Interestingly,
a single immunization of AAV2/2.gD was more effective in gen-
erating gD-specific antibodies than plasmid DNA or recombinant
protein. When restimulated in vitro, the gB-specific T cells demon-
strated rapid proliferation in response to antigen and destruction
of gB-expressing target cells.

A few years later in 1999, Brockstedt et al. observed that
AAV2/2 expressing the secreted protein ovalbumin (Ova) could
also elicit Ova-specific cytotoxicity in mice.”? These investigators
took the study one-step further by showing that AAV was deliver-
ing Ova epitopes into the classical MHC class I pathway of antigen
presentation. Briefly, when vector enters the cell, endogenously
produced peptides are processed in the cytosol, transported into
the endoplasmic reticulum, and subsequently presented on the
cell surface in the context of an MHCI molecule in a process called
direct presentation (Figure 3). Endogenously expressed transgene
products can be presented in MHCI on the surface of all cell types:
both on professional APCs, to prime naive CD8* T cells in the
lymph node; or on all peripheral cells, to mark them as targets
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Figure 3 Processing and presentation of AAV-encoded antigens
in the APC. (a) AAV vector transduces the APC by receptor-mediated
endocytosis. Endosomal escape and nuclear uncoating lead to produc-
tion of the endogenous transgene product. In the cytosol, endogenously
produced antigen is processed through the proteosome (P), enters the
endoplasmic reticulum (ER) via TAP, where it is loaded onto MHCI and
shuttled through the Golgi apparatus to the cell surface by “direct pre-
sentation.” Capsid fragments can be processed within the endosome
for direct presentation onto MHCII; capsid can also escape the endo-
some and get fed into the ER to be “cross-presented” onto MHCI.
(b) Phagocytosis of transduced cells or secreted transgene products enter
the APC. Exogenous antigen is processed in the endosome and presented
onto MHCII. Conversely, exogenous antigen can escape the endosome
and be cross-presented onto MHCI. (Purple solid line, MHCI direct pre-
sentation; purple dashed line, MHCI cross-presentation; purple receptor,
MHCI; blue line, MHCII presentation; blue receptor, MHCII; GV, golgi
vesicle). AAV, adeno-associated virus; APC, antigen-presenting cell; MHC,
major histocompatibility complex.

for CTL-mediated destruction. In this study, AAV2/2.0va infec-
tion resulted in presentation of Ova antigen on MHCI, which was
sufficient to activate a CD8* T cell hybridoma to stimulate IL-2,
and also act as a target cell to an Ova-specific MHCI restricted
CTL line. Several years later, Wang et al. confirmed this finding
by demonstrating that within 10 days postinjection, Ova-specific
T helper cells were activated in draining lymph nodes and Ova-
expressing muscle fibers were eliminated by a transgene-specific
CD8* T cell response.*

Ovalbumin and herpes simplex virus glycoproteins were not
the only transgenes to push AAV vectors beyond the threshold of
immune activation. In 2000, Sarukhan et al. demonstrated thati.m.
injection of AAV2/2 expressing the strongly immunogenic influ-
enza virus hemagglutinin (HA) protein could also result in a cel-
lular immune response and the elimination of transduced muscle
fibers within 4 weeks.* Interestingly, they observed that the kinet-
ics of CD4" T cell activation were substantially delayed following
AAV2/2 HA as compared to Ad.HA, which could be attributed to
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mechanistic differences of antigen presentation between the two
vectors. Due to AAV’s poor transduction of professional APCs,
transgene products are not endogenously available for direct pre-
sentation onto MHCI. Therefore, in order to prime CD8* T cells,
transgene antigens must be taken up exogenously, released from
the endosome and fed into the endoplasmic reticulum for loading
onto MHCI in a process known as “cross-presentation” (Figure 3).
Adenoviral vector-mediated delivery of HA, on the other hand,
could prime transgene-specific CD8* T cells by both direct trans-
duction of DCs and cross-presentation of the transgene product,
which may explain the enhanced kinetics of T cell activation in
this case.

These findings indicated that AAV vectors are not always non-
immunogenic and emphasized the impact of the transgene prod-
uct in activating an immune response. As a result, investigators
began to question what other factors might trigger the generation
of cellular responses following AAV gene transfer.

ADDITIONAL FACTORS INFLUENCING THE
GENERATION OF TRANSGENE-SPECIFIC T CELLS
Target tissue: route of administration

and promoter specificity

When Brockstedt et al. reported Ova-specific CTL responses
after a single administration of AAV2/2.0va by either i.m., intra-
venous, intraperitoneal, or subcutaneous injection, they also
noted that the strength of the T cell response was affected by the
route of administration.”? Two weeks postinjection, splenocytes
or draining lymph nodes were harvested, restimulated in vitro to
expand the transgene-specific CTL population, and then assayed
by *'Cr-release of antigen loaded target cells. Cytolytic activity
was strongest following subcutaneous or intravenous injection,
followed by the intraperitoneal and finally, the i.m. route. This
study demonstrated that the route of administration affects the
generation of cellular immunity to AAV vectors.

Route of administration can impact both the generation of
CTLs and the formation of transgene-specific antibodies. The sta-
bility of human factor IX expression achieved following AAV2/2
gene transfer to liver was quite different than that achieved fol-
lowing i.m. injection, where hFIX expression was transient and
potent transgene-specific CD4* T cell and B cell responses were
observed.’**>4-# In these studies, transduction of the liver allowed
for sustained FIX expression and limited immune activation,
whereas delivery of AAV2/2.hFIX to skeletal muscle resulted in
a reduction in systemic FIX levels concomitant with robust CD4*
T helper-dependent antibody formation.*-* Here, expression of
human FIX was studied in immune-competent mice with intact
expression of endogenous FIX. Mice carrying null mutations at
the factor IX locus also demonstrated robust CD8* T cell infil-
tration in transduced muscle, which was greatly reduced follow-
ing injection into the liver.” These findings further illustrate the
influence of target tissue on immune responses to AAV vector-
encoded transgene products.

In addition to the route of administration, the choice of pro-
moter can also greatly influence the tissue specificity of transgene
expression, thus further impacting the generation of immunity or
tolerance. Using a murine model of the lysosomal storage disorder,
Fabry disease, Ziegler et al. compared intravenous administration
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of AAV2/2 vectors expressing human o.-galactosidase A (ct-gal)
under the control of either the ubiquitous CMV promoter, or a
liver-restricted enhancer/promoter, DC190.* Expression from the
ubiquitous promoter, which allows for some off-target transgene
expression in tissues other than the liver, resulted in the formation
of transgene-specific antibodies concomitant with a reduction in
expression levels over time. In contrast, use of the liver-specific
promoter resulted in significantly higher levels of enzyme expres-
sion with little to no anti-oi-gal antibody formation. Overall, the
influence of route of administration and promoter selection on
immune outcome clearly illustrates the substantial impact of tar-
get tissue on the generation of transgene-specific immunity, where
the liver itself appears to be a more tolerogenic organ than skeletal
muscle.

Dose

Vector dose has a predictable impact on the amount of trans-
duction and subsequent expression levels in injected animals.
Increasing vector dose, however, also increases the amount of
foreign antigen available for presentation and T cell priming.
Therefore, not surprisingly, numerous studies have shown that
vector dose can influence the generation of cellular immunity
to AAV-encoded proteins. In 2002, Herzog et al. reported that
increasing AAV2/2 vector doses i.m. increased inhibitory anti-
canine FIX development in hemophilia B dogs.*®>*! Three years
later, a study by Wang et al. confirmed that while formation of
inhibitory antibodies to human FIX in outbred mice was observed
over a wide range of vector doses, increased doses caused stron-
ger immune responses.”” These findings indicate that vector dose
has an important affect on the formation of inhibitory antibody
responses to FIX, which is most likely caused by influencing the
extent of local antigen presentation. From this, we can conclude
that higher vector doses (per site of i.m. injection) augment the
generation of a transgene-specific immune response following
muscle-directed AAV gene transfer.

In contrast, studies have shown an indirect correlation between
vector dose and anti-FIX antibody formation in the liver. Unlike
i.m. delivery approaches, increasing doses of AAV2/2.hFIX favor
the establishment of tolerance following hepatic gene transfer by
intraportal injection.”” This finding was also evident in a study by
Ziegler et al., who showed a more rapid and complete induction
of hepatic tolerance to o.-galactosidase A when mice were admin-
istered higher doses of recombinant AAV2/8.>° These studies
further emphasize the influence of target tissue on the immune
response to AAV vector-encoded transgenes, where high levels
of transgene expression following liver-directed gene transfer are
associated with the induction of tolerance, whereas high-level
expression in the muscle leads to transgene-specific immunity.
Despite the confounding effects of the target tissue itself, one con-
clusion remains clear: vector dose has a significant impact on the
generation of immunity or the establishment of tolerance to AAV
vector-encoded transgene products.

Inflammation in the target organ

In light of the well-described impact of innate immune-mediated
inflammation on enhancement of adaptive immune responses, one
must also consider the baseline level of inflammation present in

www.moleculartherapy.org vol. 19 no. 1 jan. 2011



© The American Society of Gene & Cell Therapy

the target tissue as potentially confounding the outcome of in vivo
gene therapy. In 1997, Snyder et al. began to address this question
by using BaCl, to destroy muscle fibers and induce regeneration
and inflammation at the time of vector injection. They observed
that while AAV2/2.nLacZ was capable of efficiently and stably
transducing postmitotic muscle fibers in the absence of BaCL,, very
little gene transfer occurred in the severely damaged, regenerat-
ing muscle.® Instead, gene transfer in this context resulted in an
early inflammatory response and the elimination of the majority
of transduced myofibers. This is relevant to studies using recom-
binant AAV vectors for the treatment of muscular dystrophies,
where subjects or animal models present a large degree of muscle
degeneration, necrosis, and inflammation. In a murine model
of muscular dystrophy [gsg (-/-) mice lacking y-sarcoglycan),
Cordier et al. demonstrated that an i.m. injection of AAV2/2.LacZ
elicited strong cellular and humoral immunity to the transgene
product.”® In wild-type mice, AAV2/2.LacZ generates stable gene
expression with no immunogenicity, suggesting that the inflam-
matory environment in the muscle of gsg (—~/—) mice lowered the
threshold required for immune activation. Interestingly, the use
of a muscle-specific promoter (truncated muscle creatine kinase)
was capable of subverting immune activation to permit signifi-
cant muscle transduction in 3-6-week-old gsg (—/—) mice.***® In
these mice, signs of fibrosis and necrosis were just beginning to
develop, and muscle-specificity may have prevented endogenous
transduction of APCs by AAV. Injection of 16-40-week-old gsg
(—/-) mice, however, showed very limited transgene-expression in
muscle fibers, indicating that the muscle creatine kinase promoter
can only drive efficient gene transfer if vector is injected before the
development of widespread muscular degeneration and extensive
fibrosis.*

The strong degree of inflammation present in the muscle of
these mice may create a microenvironment more similar to that
seen following adenoviral vector injection. As with Ad vector-
mediated gene transfer, this state of increased inflammation
appears sufficient to support transgene-specific T cell activation
to AAV vectors resulting in the elimination of transduced cells.

Host species
As AAV vectors have progressed toward clinical use, numerous
animal models have been tested for safety and efficacy. In the
majority of cases, investigators have learned that vector perfor-
mance in mice cannot necessarily predict outcome in nonhuman
primates or higher order species. Following direct i.m. injection
into random-bred wild-type dogs, for instance, both AAV2/2 and
AAV2/6 vectors elicited a robust cellular immune response that
was independent of the transgene expressed, the cellular speci-
ficity of the promoter, or the muscle type injected.”” Around the
same time, another group confirmed these results, showing that
despite successful in vitro transduction by AAV2/2.LacZ in pri-
mary canine myotubes, gene transfer into skeletal muscles of nor-
mal dogs resulted in poor transduction followed by a high degree
of cellular infiltration, strong activation of cellular and humoral
immunity, and the subsequent loss of transduced cells.*®
Furthermore, even in disease models where recombinant
AAV vectors show stable expression in canine models, the lack of
immunogenicity does not necessarily translate to human subjects
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enrolled in clinical trials. For instance, in a canine model of severe
hemophilia B, liver-directed AAV2/2 vector expressing canine fac-
tor IX generated long-term, therapeutic levels of expression.**—
However, a phase 1/2 dose-escalation clinical study to extend
this approach to humans with severe hemophilia B resulted in a
reduction in hFIX levels over time concomitant with a transient
elevation in liver transaminases and a capsid-specific CD8" T cell
response to AAV2/2.33%

Although preclinical studies are necessary and informative in
the design of clinical trials, it is important to note that any lack
of immunogenicity observed in animal models is not necessar-
ily predictive of the immune outcome in higher order species.
Another recent study directly comparing the performance of
identical vectors in both mice and nonhuman primates succinctly
illustrates this point. Following injection of AAV2/7.CMV.GFP
into mice or cynomolgus macaques, investigators observed simi-
lar transduction levels at early time points.*® Over time, green flu-
orescent protein expression was stable in mice and associated with
minimal T cell activation. However, in primates a robust cytotoxic
T cell response to green fluorescent protein ensued, resulting in
hepatitis and a loss of transgene expression. This indicated that the
threshold required to activate immunity to AAV vector-encoded
antigens was higher in mice than in nonhuman primates. With
the goal of progressing gene therapies toward the clinic, it is essen-
tial to understand species-specific differences in immune activa-
tion in order to ensure the safety of AAV gene delivery in human
subjects.

Capsid serotype

In addition to transgene, dose, route of administration, inflamma-
tion, and host, there is yet another factor influencing the activa-
tion of immunity: the AAV vector capsid. The AAV capsid can
impact transgene T cell responses such that two different serotypes
expressing the identical transgene are capable of generating two
distinct immune outcomes. A study in 2009 demonstrated that
AAV?2/8-mediated expression of nuclear targeted B-gal (nLacZ)
resulted in stable expression in the absence of T cell responses,
whereas novel capsid variant, AAV2/rh32.33, elicited robust
nLacZ-specific CD4* and CD8" T cells and a loss of B-gal expres-
sion in the muscle.” In this case, the strong CD8" T cell responses
were CD4 helper-dependent; AAV2/8 was incapable of eliciting
CD4" T cell help.

Three recent vaccine studies using recombinant AAV vectors
to introduce HIVgag or Env gp160 antigens also showed differ-
ences in the level of CD8* T cell responses primed depending upon
whether the transgene antigen was delivered in vectors based on
AAV serotypes 1-9.°6? Xin et al. found that AAV2/5 encoding
HIV-1 Env gp160 produced the strongest HIV-specific humoral
and cell-mediated responses out of serotypes 1-8.% This correlated
with the higher tropism AAV2/5 has for both mouse and human
DCs, which is consistent with the theory that poor APC trans-
duction prevents T cell priming to the majority of AAV vectors.
Differences in receptor binding and vector uncoating between
serotypes undoubtedly influence the transduction and activation
of APC populations, leading to variable immune induction.

These studies confirm the ability of vector capsid to impact
the generation of T cells toward the encoded transgene-product.
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It is important to note that the viral capsid itself can also act as a
source of antigen for priming T cells. Exogenous antigens, such as
the viral capsid, are processed differently than their endogenous
counterparts. After entering the endosome, they are loaded onto
MHC class IT molecules expressed on APCs and presented on the
cell surface to prime naive CD4* T cells (Figure 3). Endosomal
escape and cross-presentation onto MHCI also allows for CD8*
T cell priming. Ultimately, differential processing and presenta-
tion of capsid versus transgene explains why the generation of cel-
lular immunity to these antigens can be mutually exclusive. While
the majority of this review focuses on evidence for the generation
of transgene-specific T cells, it is important to note that capsid-
specific T cells may also contribute to the clearance of transduced
cells following gene transfer.

BECOMING IMMUNOLOGISTS

With the discovery that AAV was not entirely nonimmunogenic,
and the plethora of factors influencing the onset of cellular immu-
nity, the field of gene therapy collectively realized that it was
critical to understand the principle factors involved in tipping
the balance between tolerance and immunity. In fact, principles
of basic host-virus interactions that were characterized in the
study of natural infections provided a conceptual framework for
studying the immunology of gene therapy. When a foreign anti-
gen is detected, the host’s immune system reacts promptly to fight
infection and rid the body of the pathogenic threat. During innate
immunity, the first wave of the response, pathogen-associated
molecular patterns, which distinguish between self- and nonself
antigens, are recognized by pattern recognition receptors, such as
Toll-like receptors (TLRs), on the surface of professional APCs.®
These cells, including macrophages and DCs, reside in peripheral
tissues in an immature state. The interaction of foreign proteins
with the APC sends “danger signals” through a signal transduction
cascade resulting in the activation of transcription factors, such as
nuclear factor-xB, and the production of proinflammatory cytok-
ines, including IL-6, tumor necrosis factor-o,, MIP1-0/-B and
type Linterferons.* The inflammatory environment stimulates the
maturation of APCs, enhancing phagocytic activity and upregu-
lating expression of molecules necessary for antigen processing,
presentation, and costimulation, such as MHCII, CD80/86, and
CD40.%%¢ Endogenously produced antigen is directly presented
on MHCI molecules; exogenous antigen is either cross-presented
on MHCI or loaded directly onto MHCII (Figure 3).

Adaptive immunity is stimulated later, as APCs migrate to the
draining lymph nodes where they present antigens to naive lym-
phocytes in the context of MHCI or MHCII, priming antigen-
specific CD8* and CD4" T cells, respectively.®® CD4* T cells exist in
different subsets and provide help and direction to the developing
adaptive response.®’” The Th2 subclass favors B cell development and
antibody production, whereas Th1 CD4* T cells provide help in the
development of cytotoxic CD8* T lymphocytes (CTLs) (Figure 1).
These effector cells undergo rapid proliferation and migration to
peripheral sites of infection, where engagement of the CD8" T cell
receptor (TCR) with antigen in the context of MHCI molecules
results in recognition and destruction of transduced cells.

Overall, there are three signals required for T cell activation:
signal 1, interaction of the T cell receptor with antigen presented
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in MHC; signal 2, the engagement of costimulatory molecules
such as CD80/86 on the APC with CD28 on the T cell; signal 3,
additional signals from the APC dictating which T helper subset
is primed®"° (Figures 1 and 2). For instance, Th1-inducing DCs
provide proinflammatory cytokines and CD40-CD40L interac-
tion to drive a Thl response. There are also Th2-inducing DCs,
which direct a Th2 response, as well as tolerogenic DCs, which
favor the development of another subset of CD4s, known as regu-
latory T cells (Tregs).”""* Instead of providing help to the develop-
ing T or B cell responses, Tregs actively suppress CD8* effectors.
The initial TLR signaling cascade and subsequent inflammation
are critical to the unique activation status of APC subsets and
their perpetuation of an adaptive response. For this reason, innate
immunity is often referred to as signal 0.

Importantly, in the absence of any one signal immune tol-
erance can result, through either ignorance (lack of signal 1),
anergy/deletion (lack of signal 2), or suppression (lack of signal 3).
Generally speaking, immunological tolerance describes a state in
which the immune system is unable to activate the appropriate cel-
lular or humoral responses following antigen exposure.” In cases
of ignorance, for instance, poor APC transduction may result in
insufficient antigen presentation (signal 1), whereby naive T cells
are never primed. In the absence of proper costimulation (signal
2), antigen-specific T cells are primed but remain functionally
aberrant in a process known as anergy; anergic T cell populations
cannot undergo proper proliferation or cytokine secretion in
response to antigen. Alternatively, in the absence of the necessary
proinflammatory cytokine milieu (signal 3), Tregs may develop,
resulting in the active suppression of adaptive immune effectors.
It is important to note that signal zero, innate immune-mediated
inflammation, is critical in the upregulation of costimulatory mol-
ecules on APCs (signal 2) and is therefore necessary to avoid the
onset of anergy. Signal 0 may also provide support for signals 1
and 3: by inducing APC maturation, innate immunity enhances
antigen uptake and upregulates expression of the antigen process-
ing and presentation machinery that are necessary for signal 1; it
also dictates the development of DC subsets, which then supply
signal 3 to the naive T cell during priming.

MECHANISMS OF AVOIDING T CELL ACTIVATION
AND INDUCING TOLERANCE

Some AAV vectors elicit T cell responses; others avoid them. We
have discussed the factors involved in generating cellular immu-
nity. Here, we will discuss the factors involved in avoiding T cell
activation by the induction of tolerance. Over the years, numerous
studies have investigated the mechanisms of tolerance at work fol-
lowing AAV gene transfer.

Ignorance and the role of innate immunity

As previously discussed, the earliest attempts at defining mecha-
nisms of immune evasion suggested that AAV induces immuno-
logic ignorance through a lack of signal 1. These initial reports
concluded that poor transduction of APCs by AAV2/2 resulted
in insufficient antigen presentation and a lack of T cell prim-
ing to the LacZ transgene.***! Over time, however, it became
clear that in many cases AAV vectors were capable of eliciting
transgene-specific T cell responses, arguing against the ignorance
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hypothesis, and indicating that tolerance to AAV is often a more
complicated story. In 2001, for instance, Sarukhan et al. reported
that AAV2/2 expressing a more immunogenic antigen, influenza
HA, primed a potent cellular immune response capable of elimi-
nating HA-expressing cells.* In 2009, Zhu et al. demonstrated that
the activation of the CD8" T cells to AAV2/2.HA was dependent
upon TLRY activation and MyD88 signaling.” In the absence of
TLR9 or MyD88, knockout mice showed diminished CD8* T cell
activation and prolonged HA expression in murine muscle, simi-
lar to the state of tolerance observed following AAV2/2.LacZ gene
transfer in wild-type mice. These results support the theory that
proper innate immune activation (signal 0) is critical to the prim-
ing of a functional adaptive response. Taken together, we conclude
that poor innate activation and limited APC transduction are two
critical mechanisms allowing AAV vectors to avoid immunity.
Compared to adenoviral vectors, AAV typically displays a very
minimal inflammatory potential, as it does not commonly engage
pattern recognitions receptors, such as TLRs, which are known
to initiate innate immune responses.”’* The use of microarray
technology by McCaffrey et al. supported this by showing AAV2’s
reduced activation of type I interferon-dependent genes when
compared to adenoviral vectors.”” In contrast, Zhu et al. reported
an increase in type I interferons following AAV2/1, AAV2/2, and
AAV2/9, through activation of the TLR9-MyD88 pathway.*? This
emphasizes that a closer look should be taken at the inflamma-
tory potential of different AAV serotypes to truly understand their
interaction with TLRs and other mediators of the innate response.
Based on the importance of inflammation, investigators have
attempted to break AAV vector-mediated tolerance by the addition
of TLR ligands to provide supplemental innate immune activation.
In an established model of tolerance to AAV2/8.LacZ in the liver,
systemic administration of the TLR ligands LPS (TLR4) or CpG
(TLR9) could indeed result in the loss of LacZ expression, suggest-
ing that AAV simply lacks the inflammatory signals necessary to
render transduced cells targets for CTLs.”® Without supplemental
TLR signaling, transduced hepatocytes demonstrated a downregu-
lation of MHCI molecules, preventing necessary antigen presen-
tation on target cell populations. Ultimately, these findings reveal
that if the appropriate degree of inflammation and innate activa-
tion are reached, AAV vector-induced tolerance can be broken.

Anergy or deletion

Principally, in the priming of CD8" T cells, two basic signals are
paramount: antigen presented on MHC, and the costimulatory
molecules CD80/86 and CD40. On one extreme, a low degree of
inflammation and APC transduction may prevent antigen presen-
tation altogether, resulting in ignorance. On the other extreme,
the response may be strong enough to fuel both signals, resulting
in functional T cell priming. It is also possible to fall somewhere
in between these two extremes, resulting in antigen presentation
without sufficient upregulation of costimulatory factors. In this
case, the T cell priming event involves signal 1, but not signal 2,
resulting in either anergy or deletion. A state of anergy is evidenced
by the presence of a T cell population that is antigen-specific, but
nonfunctional. Unlike normal effectors, anergic T cells are unable
to proliferate or secrete cytokines, particularly IL-2, in response to
antigenic stimulation.
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The importance of costimulatory molecules in priming a func-
tional T cell response to AAV was noted early on. In 2000, Zhang
et al. reported that T cell immunity to AAV was dependent upon
CDA40L signaling.*" In this study, AAV2/2.LacZ-injected mice
received an adoptive transfer of ex vivo AAV2/2.LacZ-infected
iDCs to support the generation of cellular immunity; wild-type
C57BL/6 mice, but not CD40L deficient (CD40L~") mice, were
capable of eliciting a transgene-specific CTL response following
adoptive transfer. Furthermore, in 2001, Sarukhan et al. demon-
strated that the transgene-specific T cell response generated to
AAV2/2.HA could be ablated by using an anti-CD40L monoclo-
nal antibody to block the APC:T cell interaction in these mice.*
While normal mice developed robust cellular immunity to the HA
transgene, leading to the elimination of transduced muscle fibers
within 4 weeks, “tolerized” mice showed stable expression of HA
after 28 days with no evidence of cellular infiltration in muscle
sections. These studies confirm that improper costimulation is
sufficient to circumvent immune responses to AAV, supporting
the anergy/deletion hypothesis.

Two recent reports have provided evidence for functionally
aberrant T cell populations. In both cases, the use of AAV carry-
ing an HIV-1 gag antigen for vaccination purposes demonstrated
that gag-specific CD8* T cells could be primed, but they failed to
expand upon secondary antigen exposure.®>*? Transgene-specific
CD8* T cell responses to AAV2/7.HIVgag demonstrated prolif-
erative impairment. Coimmunization with TLR adjuvants was
unable to restore the proliferative capacity of these T cells, which
also expressed markers of exhaustion, including CTLA-4, gran-
zyme B, and PD-1. In the second study, using AAV2/8. HIVgag, a
high frequency of gag-specific CD8* T cells were initially primed,
however as the response matured and contracted, it failed to elicit
the production of IL-2 and the generation of central memory
cells. As a result, upon re-exposure to antigen in an adenoviral
vector-mediated boost, AAV2/8 primed CD8* T cells were unable
to undergo proper expansion, reaching levels far lower than that
seen in the initial prime.** In addition, at the peak of the primary
response, a disproportionately lower percentage of gag-specific
CD8* T cells was detected by intracellular cytokine staining ver-
sus MHCI tetramer staining, indicating the presence of substan-
tial numbers of nonresponsive gag-specific CD8" T cells. Taken
together, CD8" T cells appear to be primed in high frequency,
but their functional ability to proliferate and secrete cytokines is
impaired, providing further support for the anergy hypothesis.

Furthermore, in an Ova-specific T cell receptor transgenic
mouse model, liver-directed AAV2/2.0va gene transfer resulted
in CD4* T cell tolerance suggestive of anergy and deletion.”
Following injection, Ova expression remained stable, and upon in
vitro stimulation of lymphocytes with Ova antigen, proliferation
and secretion of IL-2 were substantially reduced. Proliferation
could be restored in the presence of exogenous IL-2, which is a
trademark of anergic cells. Mice receiving AAV2/2.0va also dem-
onstrated an increased number of apoptotic cells within the TCR*
population, reducing the overall number of CD4* TCR* cells and
indicating a mechanism of deletion at work.

In 2009, Velazquez et al. reported a confounding observation
where AAV vector-mediated gene transfer to the muscle resulted
in stable transgene expression despite the priming of a functional
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(nonanergic) transgene-specific CD8" T cell response detectable in
spleen and liver.”® Investigators described a mechanism in which
antigen-specific CD8* effectors were primed, but after migration
to the muscle, they underwent functional impairment followed by
programmed cell death. Based on the finding that CD8" T cells
primed in the absence of CD4* T cell help are highly susceptible
to activation-induced cell death upon antigen-restimulation,”
the authors speculated that inadequate costimulation during the
initial prime could predispose CD8* effectors to enhanced death
signaling upon encounter of transduced target cells. It is also pos-
sible, however, that programmed death is induced by Tregs work-
ing to actively suppress muscle-infiltrating CD8"* effectors in this
system.

Suppression

In addition to ignorance, anergy or deletion, an alternative theory
of tolerance is that of active suppression, where a special class of
Tregs is primed with the ability to eliminate activated CD8* effec-
tors. In the first description of hepatic tolerance to a human FIX
transgene following AAV gene transfer, Mingozzi et al. provided
mechanistic evidence for active suppression together with Fas-
FasL-mediated deletion of reactive T cells.*” Initially, high vector
doses of AAV2/2.hFIX resulted in stable expression in the liver
in the absence of anti-hFIX antibody formation. After challenge
with hFIX in complete Freund’s adjuvant, previously treated mice
continued to express hFIX with no evidence of antibody forma-
tion, confirming the induction of tolerance. To establish the role
of suppression, investigators showed that adoptive transfer of
either pooled splenocytes or purified CD4* T cells from AAV2/2
treated, hFIX-tolerant mice was capable of significantly reducing
the formation of hFIX-specific antibodies in recipient mice fol-
lowing challenge. This confirmed that a class of CD4* T cells was
mediating suppression to FIX in the liver. The strength of this sup-
pression was attested to several years later, when Dobrzynski et al.
showed that hepatic tolerance to AAV2/2.hFIX could even pre-
vent FIX-specific CTL responses following challenge with a highly
immunogenic adenoviral vector.®

Since that time, the role of suppression in liver-directed gene
transfer has been confirmed by several groups expressing thera-
peutic transgenes for the purposes of correction in animal models
of disease. Ziegler et al. observed the induction of hepatic toler-
ance to human o-galactosidase A (o.-gal) following intravenous
administration of AAV2/2 or AAV2/8 in a murine model of Fabry
disease.*** Adoptive transfer of CD4* T cells isolated from toler-
ized mice was able to suppress the formation of anti-o.-gal anti-
bodies in naive recipients, confirming that tolerance in this system
was also mediated by a CD4* suppressor. In 2007, Sun et al. dem-
onstrated a similar mechanism of hepatic tolerance to human acid
o-glucosidase (GAA) in the murine model of a second lysosomal
storage disorder, Pompe disease.®’ Together, these studies demon-
strated that the phenomenon of AAV vector-mediated suppres-
sion first observed in a murine model of hemophilia B was also
associated with other clinically relevant disease models.

To date, numerous types of suppressor cells and mechanisms
of suppression have been described. The predominant subclass,
Tregs, are characterized by expression of high CD25 and the tran-
scription factor Foxp3.* In addition to CD4*CD25*Foxp3* Tregs,
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there are also type 1 regulatory (Trl) cells, which do not express
Foxp3 and function via production of high levels of IL-10, as
well as Foxp3-expressing T helper 3 cells that mediate suppres-
sion through the secretion of transforming growth factor-3.5%¢
Due to the diversity in suppressor cell phenotype and function,
further studies were required to fully characterize the subset of
CD4* T cells mediating suppression to AAV vector-encoded
transgenes.

In 2007, Cao et al. provided the first definitive evidence that
tolerance induction following hepatic gene transfer was specifically
induced by a population of regulatory CD4*CD25*Foxp3* T cells.®
In an Ova transgenic mouse model in which mice are Treg-deficient,
injection of AAV2/2.0va resulted in a CD4*CD25* cell population
capable of expressing Foxp3, GITR, and CTLA-4. When cocultured
in the presence of Ova antigen, Tregs suppressed IL-2 secretion
by CD4*CD25~ T cells, confirming their regulatory function in
vitro. Furthermore, in the standard model of tolerance to AAV2/2.
hFIX after hepatic delivery, adoptive transfer and in vivo depletion
experiments confirmed that CD4*CD25* cells were responsible for
suppression of hFIX antibody formation.** Using depletion experi-
ments, Sun et al. confirmed the role of Tregs in a murine model
of Pompe disease.*® Furthermore, administration of AAV2/2.hFIX
to the liver of nonhuman primates under transient immunosup-
pression provided the first evidence of CD4*CD25*Foxp3* Treg-
mediated tolerance in a large animal model.*”

Tolerance induction to FIX in the liver was not only
observed with AAV2/2, but also AAV2/8.°*% Compared with
AAV2/2, an equal dose of AAV2/8 was capable of generating a
significantly higher frequency of transgene-specific regulatory
CD4*CD25*Foxp3* T cells, permitting stable expression of the
secreted transgene product in three different strains of wild-type
mice.* Martino et al. went on to demonstrate that hepatic gene
delivery of AAV2/2 expressing cytoplasmic -gal also induced
a Treg population that actively suppressed B-gal-specific CD8*
T cells.® This confirmed that the role of Tregs in tolerance induc-
tion following hepatic gene transfer is not limited to a systemic
transgene product and antibody responses, but can also be elicited
following the delivery of a cytoplasmic antigen to suppress a cyto-
toxic T cell response.

In 2009, Breous et al. further explored the mechanisms of Treg-
mediated suppression in C57BL/6 mice using AAV2/8 expressing
the human a-1 antitrypsin (hAAT) reporter gene.” They discov-
ered that Tregs in the liver secrete the immunosuppressive cytokine
IL-10 in response to antigen. In addition, Kupffer cells also adopt a
tolerogenic phenotype in this model, where Kupfter cell depletion
abrogates IL-10 production by hepatic Tregs, indicating an inter-
action between Tregs and Kupffer cells to create a local cytokine
microenvironment that suppresses the CTL response. The follow-
ing year, this group went on to caution that the mechanisms of
suppression observed in C57BL/6 mice differed from that medi-
ated in an alternate strain. In contrast, BALB/c mice displayed
impaired hepatic tolerance which could be broken by strong
immunogenic challenge using an adenoviral vector, indicating the
importance of host- and strain-specific differences in defining the
subtleties of mechanism.”!

Although AAV gene transfer to liver is associated with the
induction of transgene tolerance mediated by active suppression,
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there is no evidence that i.m. delivery is associated with Treg
expansion.****%% In fact, direct i.m. injection of high vector
doses is often associated with CD4* T helper-dependent antibody
responses limiting sustained transgene expression.”® Recently, a
protocol of regional intravascular delivery of AAV2/2 using affer-
ent transvenular retrograde extravasation and transient immu-
nosuppression was used in place of direct i.m. injection in order
to achieve sustained expression of the canine FIX transgene in
the muscle of hemophilia B dogs.” In this case, stable transgene
expression and minimal antibody formation were associated with
high levels of IL-10 secretion in response to cFIX antigen, as well as
expansion of a population of antigen-specific CD4*Foxp3*IL-10*
T cells.* These findings suggested that the mechanisms of toler-
ance described following hepatic gene transfer may not be limited
to the liver; protocols involving transient immunosuppression,
lower vector doses, and/or modified vector delivery approaches
may also lead to Treg-mediated suppression following muscle-
directed gene transfer.

CONCLUSION

Over the years, the field of AAV gene therapy has addressed
numerous issues relevant to ensuring the efficacy and safety of
our vectors. Initial preclinical studies showing stable, high-level
gene transfer in the muscle revealed the promise of recombinant
AAV vector-mediated gene delivery over other viral and nonviral
vector systems being explored. Evidence of T cell and antibody
responses to different transgene products, delivered by various
doses or routes of administration, fueled investigation into the
number of factors influencing the generation of cellular immunity
to these vectors. Finally, in cases of transgene-specific tolerance,
researchers delved into translational immunology in an attempt to
determine the mechanisms of tolerance at work. A growing pool
of evidence is present to investigate the roles of either ignorance,
anergy/deletion, or suppression in AAV vector-mediated gene
delivery under varying conditions.

We believe that it is important to view AAV immunogenic-
ity as a delicate balance between tolerance and immunity, to
which numerous facets of the AAV-host cell interaction contrib-
ute. Depending upon the conditions, AAV is capable of priming
immunity or inducing tolerance—both passively, through igno-
rance or anergy/deletion, as well as through active forms of sup-
pression. However, upstream of these immune outcomes, there
is one common denominator: innate immunity. AAV vectors are
unique in their ability to deliver genes with little to no danger
signals, avoiding the activation of an innate response. Combined
with poor transduction of APCs, the end result is the priming of
a continuum of dysfunctional T cells, which can only overcome
the threshold for immune activation with the support of supple-
mental triggers.

From the very beginning, AAV’s poor transduction of APCs
reduces the amount of endogenous antigen available for presenta-
tion to naive T cells. If this antigen load does not reach a critical
level, ignorance would be inevitable. Additionally, as a poor acti-
vator of innate immunity, local inflammation is limited, prevent-
ing the recruitment and activation of APC populations and proper
upregulation of molecules critical to antigen processing and pre-
sentation. Limited MHCII upregulation may prevent priming of
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CD4" T helper cells, which have been shown to play a critical role
in CD8" T cell activation, effecting either initial CD8 priming, or
the establishment of functional CD8 memory. Furthermore, if the
inflammatory response to the AAV capsid does not reach a certain
threshold, APCs do not mature to express proper costimulatory
molecules, such as CD80/86 or CD40, preventing the support of
signal 2 and leading to anergy or deletion.

The absence of a sufficient inflammatory response to AAV
prevents proper upregulation of antigen presentation machinery
not only in the APC population, but also in target cells. While,
poor upregulation of these molecules in DCs prevents functional
T cell priming, poor expression on non-APC populations makes
AAV-transduced cells poor targets for CTL-mediated clearance.
Evidence in the literature has shown that AAV2/8’s poor inflam-
matory response limits upregulation of MHCI on hepatocytes,
preventing the elimination of transduced cells following hepatic
gene transfer.’® As such, in the absence of supplemental immune
triggers, the standard host response to AAV vectors can be viewed
as one involving minimal danger signals or inflammation, with
insufficient upregulation of the molecules required for T cell
priming or target cell recognition.

However, cases of AAV inducing robust, polyfunctional CD4*
and CD8* T cell responses capable of clearing transduced tar-
get cells clearly indicate that under certain circumstances AAV
sufficiently transduces APCs and activates innate immunity, pro-
viding ample signal 1 and signal 2 during T cell priming, and suf-
ficient upregulation of MHCI:Ag complexes on target cells. We
believe there is a threshold required for the activation of functional
CD8" effectors, where multiple factors contribute to either helping
AAV overcome this threshold or keeping it below the critical level,
resulting in tolerance. The degree of innate immunity dictated by
the AAV vector capsid, transgene, host species, and the level of
inflammation in the target organ are the driving forces determin-
ing whether or not this threshold is met. Higher order species and
tissues with a greater degree of regeneration and inflammation
are known to more readily generate immune activation to AAV
vectors. Certain capsid variants, such as AAV2/rh32.33, readily
promote robust T cell responses even in wild-type mice, whereas
AAV?2/8 vectors expressing the identical transgene are unable to
do so. AAV2/rh32.33 has been shown to provide robust CD4*
T cell help, of which AAV2/8 is incapable of priming. Moreover,
unpublished work in our lab has provided evidence that AAV2/
rh32.33’s enhanced immunogenicity over AAV2/8 also correlates
with enhanced transduction of APCs in vitro, as well as signifi-
cantly greater upregulation of CD80/86, CD40, and MHCII on
CD11c* DCs in the draining lymph nodes following i.m. injection
(L.E. Mays and ].M. Wilson, unpublished results). This supports
our view that sufficient APC transduction and innate immune
activation contribute to enhanced CD4" T cell help, and ultimately
CD8" T cell priming.

If AAV vector administration does not initiate sufficient innate
immune activation, a mechanism of passive tolerance results,
through either ignorance, anergy or deletion. However, even if
AAV reaches the threshold sufficient for T cell priming, a mecha-
nism of dominant tolerance via active suppression may still ensue.
The vector’s innate effect on the pro- or anti-inflammatory cytokine
milieu may impact the immunogenic versus tolerogenic nature of
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APCs, which dictate the priming of either effector T cells or sup-
pressors, respectively. Thus, even if the innate response is strong
enough to support naive T cell priming, the tissue microenviron-
ment is responsible for swaying the T cell priming event toward
immunity versus tolerance. In the case of AAV vector-mediated
hepatic gene transfer, the AAV capsid promotes a cytokine milieu
which favors the generation of CD4*CD25*Foxp3* Treg suppres-
sors over the priming of functional CD8" effectors. In contrast,
priming of Tregs has not been observed following direct i.m. injec-
tion of AAV vectors, only via a protocol of afferent transvenular
retrograde extravasation under transient immunosuppression,
thus highlighting the more immunogenic nature of this target tis-
sue in comparison to liver.

Overall, the ability of the AAV vector to induce innate
immunity—transducing APCs, activating APC maturation and
eliciting a proinflammatory environment—largely dictates the
successful acquisition of signals 1, 2, and 3, and the generation
of a functional CD8" T cell response to vector-encoded proteins.
Future studies will certainly continue in the further elucidation of
immunologic mechanisms, with the ultimate goal of establishing
a thorough understanding of the threshold between establishing
tolerance and generating immunity. In order to avoid destruc-
tive T cell responses to AAV vector-encoded transgene products,
efforts should be taken to minimize the factors that may lead
to innate immune activation. This highlights the critical role of
selecting the appropriate capsid, transgene, dose, route of admin-
istration, and host species. For gene therapy applications aimed
toward a clinical setting, selection of host species, transgene-
product, and the degree of inflammation in the target tissue may
be predetermined by the disease model itself. This emphasizes the
importance of screening for the AAV serotype or capsid variant
which can minimize innate immune activation in multiple pre-
clinical models. The ability to predict and circumvent deleterious
cellular responses is essential to the safe and efficacious translation
of AAV vectors into the clinic.
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