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The administration of recombinant adeno-associated
viral vectors (rAAV) for gene transfer induces strong
humoral responses through mechanisms that remain
incompletely characterized. To investigate the links
between innate and adaptive immune responses to the
vector, rAAVs were injected intravenously into mice defi-
cient in cell-intrinsic components of innate responses
(Toll-like receptors (TLRs), type-1 interferon (IFN) or
inflammasome signaling molecules) and AAV-specific
antibodies were measured. Of all molecules tested, only
MyD88 was critically needed to mount immunoglobulin
G (IgG) responses since MyD88~~ mice failed to develop
high levels of AAV-specific IgG2 and 1gG3, regardless of
capsid serotype injected. None of the TLRs tested was
essential here, but TLR9 ensured a Th1-biased antibody
responses. Indeed, capsid-specific Th1 cells were induced
upon injection of rAAV1, as directly confirmed with an
epitope-tagged capsid, and the priming and develop-
ment of these Th1 cells required T cell-extrinsic MyD88.
Cell transfer experiments showed that autonomous
MyD88 signaling in B cells, but not T cells, was suffi-
cient to produce Th1-dependent IgGs. Therefore, rAAV
triggers innate responses, at least via B cells, controlling
the development of capsid-specific Th1-driven antibod-
ies. MyD88 emerges as a critical and pivotal regulator of
both T- and B-cell adaptive immunity against AAV.
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INTRODUCTION

Recombinant vectors derived from adeno-associated virus (rAAV)
are currently tested in several phase I/II gene therapy trials. In
spite of being non-inflammatory' and well-tolerated in animals,
particularly in mice, rAAV vectors have proven to be more immu-
nogenic than initially expected.” In mice or primates, the adap-
tive immunity developing against rAAV itself is characterized by a
robust humoral response and capsid serotype-specific neutralizing
activity® preventing vector readministration even with low titers.*
In mice, gene transfer is facilitated with serotypes inducing low
levels of capsid-specific CD4 and CD8 T cells.® In humans, there

is prevalent seropositivity against several AAV capsid serotypes in
particular serotypes 1 and 2 which elicit high titers of neutralizing
antibodies.”® Administration of rAAVs gene transfer vectors can
boost pre-existing natural humoral immunity in patients, trigger-
ing in some cases, the destruction of gene-modified cells by capsid
epitope-specific CD4 and CD8 T cells.”"* Better understanding
the molecular and cellular bases for the immunogenicity of AAV,
is therefore of great interest for medical applications of this viral
vector.

During immune reactions, T cell help is influenced by innate
responses that provide essential accessory signals for contextual
information.'*"* Pathogen-associated molecular patterns are rec-
ognized by the innate system using various receptors such as the
highly conserved intracellular Toll-like receptors (TLRs) located
at the membrane or in endosomes (recently reviewed by ref. 13).
Such pathogen-associated molecular pattern recognition medi-
ated either through MyD88 or TRIF adaptors, leads to the pro-
duction of type I interferon (IFN) or of inflammatory cytokines.
Pathogenic signals may also trigger the inflammasome such as
NALP3. This cytoplasmic multiprotein complex leads to the
activation of the proinflammatory cytokines interleukin (IL)-1f3
and IL-18 and can be triggered by several microbial components
and by various danger-associated host molecules." There is little
doubt that as a virus, AAV faces some level of innate immune
defenses but the specific signals and mechanisms triggered by
rAAV innate recognition are only beginning to emerge. Upon
intravenous injection, rAAV interacts with complement proteins
which facilitate uptake of AAV by macrophages, trigger cytokine
production and contribute to B cell responses to AAV2 in mice."?
Cell-intrinsic innate recognition mechanisms are also engaged
in response to AAV. Both the viral genome and the capsid have
been recently identified as pathogen-associated molecular pat-
terns. Several rAAV serotypes (AAV1, AAV2, AAV9) trigger the
TLR9/MyD88 and type I interferon cascade in murine and human
plasmacytoid dendritic cells in vitro.'® This TLR9-induced cascade
appears to be essential in mice in vivo, for the development of
antibodies and of CD8 T-cell responses against both vector and
transgene.'® When structured as self-complementary DNA, the
viral genome of AAV2 triggers a marked inflammatory cytokine
response in the liver of mice that is TLR9 dependent.” AAV also
triggers NFkB-dependent responses in mouse liver presumably
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through effects mediated by genomic sequences.”® Besides the
viral genome, the capsid of AAV2 was also recently found to
trigger innate recognition in human cell cultures. The AAV2
capsid is recognized by TLR2 in primary human liver nonhepa-
tocyte cells in vitro, mediating NFxB-dependent cytokine pro-
duction.” Altogether, these studies provide strong evidence that
innate immune recognition of AAV occurs and probably involves
both the recognition of viral genome and capsid determinants.
However, there is still limited information on the importance of
the innate recognition for the development of T- and B-cell adap-
tive immune responses occurring in vivo following administra-
tion of rAAV. While an inflammatory activation is observed in the
liver in response to administration of rAAV it is not clear if this
inflammation has a direct link to the capacity to induce antibody
or cellular responses in response to the vector. Most studies have
focused on serotype 2 and the experimental systems in vivo, trig-
ger concomitant immune responses against the vector and trans-
gene which could be confounding factors.

To establish a link between specific innate pathways and adap-
tive immune responses to rAAV, we have used a battery of mice
deficient in various specific molecular components of TLR, type-I
IFN or IL-1/inflammasome-mediated responses and measured
adaptive responses to the vector. To study vector and capsid-spe-
cific responses while avoiding reactions against transgenic anti-
gens, we have tested rAAV vectors carrying non protein-coding
sequences or coding for a naturally tolerated proteins. We have
also used several AAV serotypes and rAAV1 vectors engineered
with a capsid bearing CD4 epitope tags. These tools enabled us
to show that the systemic intravenous (i.v.) administration of
rAAV induced a strong antibody response dominated by immu-
noglobulin G2 (IgG2) and IgG3 subtypes, linked to the induc-
tion of a capsid-specific Th1 CD4 T cell response. Such antibody
response was critically-dependent in vivo upon MyD88 signaling
for both antibody and cell-mediated immunity but surprisingly
not critically-dependent upon a single TLR, or upon type I IFN
or IL-1/inflammasome signaling, although TLR9 innate recogni-
tion of rAAV ensured Th1-based antibody responses. Cell transfer
experiments showed that B cells but not T cells, required cell-in-
trinsic MyD88 signaling to promote humoral rAAV1 immunity.
Collectively these observations reveal that immune responses
against rAAV link specific innate signals to adaptive T and B cells
responses. MyD88 emerges as a precise therapeutic target for
immunosuppression in the context of gene therapy.

RESULTS

Antibody response to rAAV1 is MyD88-dependent

but TLR/IL1-independent

Various mutant mice with specific deficits in pattern recognition recep-
tors (PRRs) and downstream signaling pathways were injected i.v. with
rAAV1 to measure the levels of anti-rAAV1 IgG induced. We adminis-
tered the rAAV1-U7ex23 vector which does not encode a protein.?’ In
normal mice [so-called wild-type (wt) mice], a single i.v. administra-
tion of 10" vector genome (vg) of this rAAV 1 rapidly induced rAAV1-
specific IgM in about a week, followed ~2-3 weeks later by high levels
of rAAV 1-specific IgGs in 100% of injected wt mice (data not shown).
Such antibodies were shown to be specific for rAAV1 and recognized
all subunits (VP1, VP2, and VP3) of the capsid (data not shown).
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The role of endosomal TLRs was evaluated as these receptors
may possibly interact with rAAV during cellular infection. Mice
deficient in the DNA CpG sensing TLR9 or in the RNA sens-
ing TLR7 responded efficiently to rAAV1 by producing equiva-
lent levels of specific IgG titers as wt control mice (Figure 1).
Similarly, the anti-rAAV1 IgG response was normal in mice defi-
cient in TRIE which is the obligatory adaptor for the endosomal
double-stranded RNA sensor TLR3, thereby excluding this PRR
as being critical. To investigate the possibility that rAAV may
interact with multiple but redundant endosomal TLRs, we have
tested mice carrying the 3D mutation on the Unc93b1 gene con-
trolling the trafficking and localization of endosomal TLRs, and
unable to respond to TLR3, TLR8, TLR7, TLR9.* Results show
that 3D mice have a reduced IgG response to rAAV1, albeit not
statistically-significant.

The potential implication of cell surface TLRs was investigated
in mice lacking either TLR2 or TLR4. Injection of the vector in
these mice produced normal levels of anti-rAAV1 IgGs (Figure 1)
indicating that TLR2 or TLR4 is not critically-required to respond
to rAAV1. This also means that the potential presence of TLR2/4
ligands such as lipopolysaccharide in the vector preparations,
which was carefully minimized by the use of endotoxin-free mate-
rials, can be ruled out as being responsible for humoral responses
to our vector preparations in normal mice.

While we failed to identify a single TLR critical for respond-
ing to rAAV 1, other molecules could be involved. Common paths
engaged by several PRRs such as the adaptor MyD88, or down-
stream effectors such as antiviral or inflammatory cytokines were
investigated. Administration of rAAV1 to mice deficient in MyD88
produced striking results as these mice reproducibly failed to pro-
duce specific IgG (end-point titer mean 1.7 = 0.7 x 10 versus 3
+ 1 x 10* in wt mice, P = 0.0007) (Figure 1). In terms of cytok-
ines, we did not observe a critical impact of type I IFN response
on the development of humoral response to rAAV1. In spite of the
reported need for type I IFN signaling in plasmacytoid dendritic
cells to respond to rAAV2,' we found that mice deficient in their
ability to respond to type I IFNo or IFN and otherwise highly sus-
ceptible to viral infections,? could produce high levels of specific
IgG following i.v. administration of rAAV1, like wt mice (Figure 1).
As a potential alternative, and because short-lived inflammatory
reactions have been identified following rAAV1 injection in mice,’
we investigated if the inflammasome/IL-1 signaling cascade was
important for anti-AAV antibody production. Mice deficient in
inflammasome activation (NALP37~ mice) or IL-1 converting
enzyme (ICE”™ mice or caspase 17~ mice) or unable to respond to
IL-1 (IL1R™~ mice) exhibited normal levels of rAAV1-specific IgG
responses (Figure 1). Taken together, this evaluation reveals that
rAAV1 immunogenicity is critically-dependent upon MyD88 but
does not involve in a critical fashion any single component of type
I IFN pathway or other microbial-sensing TLRs or IL1-dependent
inflammatory cytokines that was tested here.

MyD88, not TLRY, is required for adaptive humoral
and cellular immunity to rAAV1

In mice, the adaptor MyD88 is crucial to develop Thl T cell
immunity* and sufficient to induce Th1 antibodies such as IgG2
against model antigens.** This prompted us to examine in greater
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Figure 1 Humoral response to adeno-associated virus serotype 1 (AAV1) vector is TLR/IL-1R and type | interferon (IFN)-R-independent but
MyD88-dependent. Control C57BI/6 or mutant TLR9~-, TLR7-~, TRIF~, 3D, TLR27-, TLR4~/-, MyD88 /-, IFNofR”-, caspase 1-, NALP3-~, IL-1R1-/~
mice were infused intravenous (i.v.) with 10" vg of rAAV1-U7mEx23 vector. Serum samples were harvested at weeks 4-5 for the measurement of
anti-rAAV1 immunoglobulin G (IgG) titers. Histograms represent the geometric mean + SEM of reciprocal end-point titers of 2 to 4 independent

experiments for each targeted mutant (n = 6-13 mice per group).

detail the role of MyD88 in CD4 T cell-driven humoral responses
against rAAV1. In parallel, we also investigated more closely the
role of TLR9 which is described as essential for rAAV2 gene trans-
fer-mediated immune responses.'®

Following injection of the vector, specific IgM responses were
rapidly induced in TLR9™~ or MyD88~~ mice as in normal mice
(Figure 2a, left panel). However, IgG class switching occurred in
TLR9™~ mice as in wt mice, but not in MyD88~~ mice (Figure 1)
even after a vector boost. Thirty five days after injection of the first
rAAV1-U7ex23 vector, mice were injected a second time with a
rAAV1 encoding the mSeAP transgene. While wt and TLR9™~ mice
exhibited high titers of anti-rAAV1 IgGs after the boost, MyD88~/-
mice maintained markedly low levels of anti-rAAV1 IgGs (end-
point titer mean 0.5 + 4 x 10* in MyD88~~ mice versus 3 + 1 x 10°
in wt mice; P = 0.006) (Figure 2a, right panel). The vector injec-
tion protocol was also designed to detect neutralizing activity by
measuring the level of mSeAP gene transfer obtained from the sec-
ond vector.”* About a third of the MyD88~~ mice permitted gene
transfer from the second vector (Figure 2b). These particular mice
had also failed to respond to the first vector injection by produc-
ing negligible IgG end-point titers <102 The other MyD88~~ mice
had developed low levels of antibodies which were sufficient to be
neutralizing. It is known from other models, that exquisitely low
antibody titers (1/20) are sufficient in vivo to block rAAV-mediated
gene transfer.*>* To evaluate the different groups of mice with a
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more discriminative measure of neutralizing activity, all sera were
tested in vitro for their capacity to block the infection of 293 cells
with a luciferase-encoding rAAV 1 vector. This assay confirmed that
on average, MyD88”~ mice immunized with rAAV1 had clearly
lower serum neutralizing activity compared to wt mice since sera
had to be diluted beyond 1:1,000 to permit in vitro gene transfer
(Figure 2c). Taken together, these results show that the lack of
MyD88 strongly impairs IgG responses to rAAV1.

In normal mice, rAAV1 induces high levels of IgG2b and
IgG2c, moderate levels of IgG3 and very low levels of IgGl
(Figure 3a,b). This particular profile suggested a response driven
by a dominant IFN-y-mediated IgG switch process. The exis-
tence of IFN-y-mediated cellular responses were confirmed in the
spleen of mice immunized with rAAV1 (Figure 2d). Following ex
vivo restimulation with rAAV1, splenocytes from wt mice immu-
nized with rAAV1 produced an average of 36 (range 11-97, n =
9 mice) IFN-y-producing spot-forming units (SFU) per million
cells which is higher than in phosphate-buffered saline (PBS)-
treated controls (average 0.57 SFU, range 0-6; P = 0.003). In con-
trast to normal mice, MyD88~~ mice failed to develop a strong
cellular IFN-y response (average 2.6 SFU, range 0-9; P = 0.002)
(Figure 2d), coherent with the marked reduction in Th1-driven
IgG isotypes such as IgG2 and IgG3, observed in these mice
(Figure 3a, top panel). The IgG response in TLR9™”~ mice was high
but qualitatively not entirely normal. Compared to normal mice,
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Figure 2 Involvement of MyD88 and TLR9 in neutralizing antibodies and cellular responses to recombinant adeno-associated virus serotype
1 (rAAVT). Wt, MyD88-~, and TLR9~- mice were injected intravenous (i.v.) with 10" vector genome (vg) of rAAV1-U7mEx23. Serum was obtained
at day 7 and day 35. At day 35, mice were re-challenged with 10" vg of rAAV1-mSeAP then sacrificed at day 50 to measure antibodies and cellular
immune responses, as well as expression of the second vector to evaluate neutralizing activity. (a) IgM levels at day 7 and immunoglobulin G (IgG)
levels at day 50. Histograms represent the geometric mean + SEM of reciprocal end-point titers of AAV1-specific IgM and IgG in 3 to 4 independent
experiments (n = 9 mice per group). *Statistically-significant different titers using Student’s t-test (P < 0.05). (b) Neutralizing activity in vivo at day
35. Serum alkaline phosphatase activity was measured in each mouse 15 days after rAAV1-mSeAP boost in 3 independent experiments (n = 9 mice
per group). Results are expressed as a percentage relative to those found in naive mice having received the mSeAP vector (levels set as 100%). (c)
Neutralization activity in vitro at day 35. These tests were performed on 293 cells incubated with rAAV1-luc mixed with serial dilutions of sera obtained
35 days post injection of rAAV1-U7mEx23 in wild type (wt) or MyD88-~ mice. Curves show the mean + SEM of relative enzyme activity in cells 2
days after transduction in three independent experiments (n = 9 mice per group). **Statistically-different differences between the area under the
curve values using Student’s t-test (P < 0.05). (d) Cellular response at day 50. Spleen cells of wt, MyD88--, or TLR9-~ mice harvested at day 50 were
stimulated with rAAV1-luc for 24 hours and assayed for interferon (IFN)-y secretion. Each symbol represents IFN-y spot-forming unit (SFU) (duplicate
measures) of each mouse in three independent experiments (n = 9 mice per group). **Statistically-significant different group using Student’s t-test
(P <0.05). n.s., not significant.

levels of IgG1 were higher and IgG2c were moderately reduced
(Figure 3a, bottom panel). The cellular responses induced by
rAAV1 in TLR9™" mice tended to produce lower levels of IFN-y
than normal mice but this was not statistically-significant (aver-
age 17.6 IFN-y SFU, range 5-34; P = 0.06) (Figure 2d).

To extend these observations, we tested whether MyD88 and
TLRY were also needed for antibody responses to other AAV capsid
serotypes, and results are regrouped in Figure 3b. Injection of
rAAV2,rAAVS, and rAAV9 vectors encoding mSeAP into MyD88~/-
and TLR9™~ mice confirmed the critical requirement for MyD88 for
the production of specific IgG2b, IgG2c, and IgG3 against these two
serotypes (Figure 3b). As with rAAV1, TLR9 was not required to
mount AAV2, AAVS, or AAV9-specific IgG responses in mice, how-
ever IgG1 levels were elevated in the absence of TLR9 (Figure 3b).

In summary, the systemic administration of rAAV to normal
mice induced the development of a strong humoral response
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characterized by an IgG2-skewed isotypic profile, neutralizing anti-
bodies and accompanied by an IFN-y-mediated cellular immune
response. Administration of several serotypes showed induction
of similar antibody IgG subclasses and similar requirements for
TLR9 and MyD88 in controlling these responses. TLR9 was not
critically-needed to produce anti-AAV IgGs but was required to
maintain a high IgG2¢/IgG1 ratio, typical of Thl-supported anti-
body responses in C57Bl/6 mice. MyD88 was necessary to develop
cellular immunity and neutralizing antibody responses against
rAAV1, prompting further experiments to understand the role of
this adaptor in various key immune effector cells.

MyD88 controls the development of anti-capsid CD4
T cell responses

In our model, we are evaluating T cell-dependent antibodies to
AAV. No specific IgG were induced by i.v. injection of 10" vg of

www.moleculartherapy.org vol. 20 no. 8 aug. 2012
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Figure 3 Generation of recombinant adeno-associated virus (rAAV) serotype 1, 2, 8, 9- specific Th1-type immunoglobulin G (IgG) subtypes
are strongly reduced in MyD88-deficient mice and perturbed in TLR9~/~ mice. Mice [wild type (wt), MyD88~-, or TLR9~ mice] were immunized
intravenous (i.v.) with 10" vg of rAAV1-U7mEx23, rAAV2-U7mEx23, rAAV8-mSeAP or rAAV9-mSeAP (controls received PBS) and sera were harvested
at day 35 for the measurement of respectively AAV1, AAV8, AAV9-specific IgG subtypes by ELISA. Curves represent the mean + SEM of optical den-
sity obtained at the indicated dilutions. Statistical analyses were performed by comparing area under the curve values using Student’s t-test. (a)
Representation of four independent experiments (n = 13 mice per group). Top and bottom panels represent the comparison of wt (plain line) mice
with respectively MyD88-- or TLR9-- mice (dotted lines). Responses were obtained in same sets of experiments but separated for clarity. (b) Grouped
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bottom, respectively responses to rAAV2, rAAV8 and rAAV9.

Molecular Therapy vol. 20 no. 8 aug. 2012 1575



B Cell MyD88 Controls IgG Responses to AAV

rAAV1-U7mex23 vector in nude BALB/c mice (data not shown)
as found by others with rAAV2.7” The vector capsid being the sole
source of immunogenic peptides for T cells, we hypothesize that
the induction of capsid-specific CD4%" T cells triggering capsid-
specific antibodies may require MyD88.

To directly test this hypothesis, we constructed a vector
reporter of capsid-specific CD4 T cell responses (so-called DBY-
rAAV1) by inserting the MHC class II Dby epitope of the male
H-Y antigen in the N-terminal region of the VP1 capsid pro-
tein sequence, starting in AA position 34 of VP1 (Figure 4a). In
the capsid of AAV2, this position is permissive to the insertion
of epitope tags that are displayed at the surface of the particle.”
Particles carrying this DBY-rAAV1 chimeric capsid could be suc-
cessfully assembled. Infectivity of the DBY-rAAV1 was confirmed
by mSeAP production in 293 cells (data not shown). Vector pro-
duction titers of the DBY-rAAV1(-U7 or -mSeAP) were reduced
and averaged 3 £ 1 x 10" vg/ml and 5 £ 2 x 10" physical particles
(pp)/ml; ratio pp/vg = 177 £ 5 (n = 2 batches of vector) in contrast
to higher titers regularly obtained for batches of rAAV1-U7ex23
or rAAV1-mSeAP vectors averaging 4 + 4 x 10 vg/ml and 2 +
3 x 10" pp/ml; ratio pp/vg = 62 = 41 (n = 10 batches of vector).

© The American Society of Gene & Cell Therapy

In spite of this reduction in titer which may render the particles
partially defective and more easily degraded, the DBY-rAAV1 tool
was useful to probe T cell antigenic presentation of the capsid.

In vivo, the capsid of the DBY-rAAV1 vector was efficiently
processed and presented to prime naive specific CD4™ T cells. To
demonstrate this point, female CD45.1% Marilyn T cell receptor
(TCR) transgenic mice in which the majority of CD4* T cells carry
the Dby-specific TCR* were adoptively transferred into congenic
CD45.2% C57Bl/6 (wt) mice and the following day, the recipient
mice were injected with rAAV1 carrying or not the Dby-tagged
capsid. Subsequently the levels of transgenic T cells were monitored
by FACS over time. Circulating Dby-specific T cells were clearly
detected in the blood of mice injected with the DBY-rAAV1 vector
at day 5 postinjection and not with the vector bearing the native
capsid (data not shown), thereby validating the system.

To probe the role of MyD88 in the induction of capsid-specific
T cell responses, the DBY-rAAV1 vector was injected i.v. into wt
or MyD88-deficient mice and 12 days later, spleen cells were re-
stimulated ex vivo with either a rAAV1 carrying a native capsid
(Figure 4b, left panel) or with the Dby peptide (Figure 4b, right
panel). Re-stimulation with the whole virus induced a positive
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Figure 4 MyD88 pathway involvement in anti-capsid CD4" T cell response. (a) Schema of the construct used for the production of the DBY-
rAAV1 capsid. The Dby peptide sequence is inserted in AA position 34 in VP1. (b) Capsid-specific interferon (IFN)-y responses. Wt and MyD88-~ mice
were injected intravenous (i.v.) with 5 x 10'"" particles of DBY-rAAV1. Spleens were harvested at day 12 and cells were stimulated with rAAV1-luc vector
(native capsid) (left panel) or with the Dby peptide (right panel) for 24 hours and assayed for IFN-y secretion. Histograms represents mean + SEM of
IFN-y spot-forming unit (SFU) (duplicate or triplicate measures on each point) of three independent experiments (n = 6-11 mice per group) (wild type
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IFN-v cellular response in wt mice immunized with DBY-rAAV1
(P = 0.02 compared to PBS) thereby confirming the full immu-
nogenicity of the DBY-rAAV1 vector used to prime the mice.
Under these conditions, MyD88~~ mice failed to respond to DBY-
rAAV1 (P = 0.02 compared to wt; Figure 4b, left panel). This pro-
vides an explanation for the lack of IFN-y response observed 50
days after injection of a native vector (shown in Figure 2d) and
emphasizes the crucial role of MyD88 to mount IFN-y mediated
T cell responses to rAAV1. Re-stimulation of the cells with the
Dby peptide induced positive IFN-y responses in samples from
wt mice (immunization with DBY-rAAV1 compared to PBS in
wt mice, P = 0.04; Figure 4b right panel). In contrast, MyD88~/
mice injected with the DBY-rAAV1 developed less IFN-y
producing cells after Dby peptide re-stimulation compared to wt
mice (P = 0.02; Figure 4c, right panel). We confirmed that IL-2
was also produced specifically in response to the peptide in wt
mice and IL-2-producing cells were reduced in MyD88~/~ mice
(IL-2-SFU per million cell = 26.2 4 in wt mice (n = 11) and 9.1
6.8 (n=28) in MyD88~~ mice; P = 0.03). These data provide the first
direct evidence that MyD88 signaling is required in mice to permit
optimal development of capsid-specific Th1 cell responses. These
results thereby provide an explanation for the strong impairment
in the development of IgG2 and IgG3-mediated humoral immune
responses to rAAV1 in MyD88~~ mice.

MyD88 does not play an intrinsic critical role

in T cells for anti-rAAV1 immune responses

MyD88 signaling can potentially play a direct intrinsic role in
T cell responses as demonstrated in another system in the case of
virus-specific CD8 T cells.® To test this hypothesis, wt T cells were
adoptively-transferred into congenic MyD88~'~ recipient mice and
the following day, mice received the native-rAAV1 vector. The
transfer of purified T cells from wt mice failed to restore antibody
responses to rAAV1 even when large numbers of wt T cells (10-25
x 10° wt T cells) were injected into MyD88~~ mice. Anti-rAAV1
end-point titers remained at background levels as in nontreated
MyD88~~ mice (Figure 5a).

B cell-intrinsinc MyD88 is involved in anti-rAAV1
antibody responses.

Contrary to T cell transfers, the infusion of wt B cells in
MyD887~ restored a specific anti-AAV1 IgG immune response
in all four experiments performed (Figure 5b). Purified B cells
were obtained either by CD19 positive selection or by negative
depletion with magnetic beads. Both of these strategies pro-
vided pure cell populations containing 94-98% B220% cells.
End-point titers in wt mice were 12 328 £ 27 136 versus 285 *
470 in MyD88~~ mice and 1,425 * 3,379 in MyD88~~ mice *
B cells, therefore a 5 fold increase in titer was due to B cell
transfer. There was also a specific effect on Th1 isotypes as the
transfer of wt B cells into MyD887~ mice increased the levels
of rAAV1-specific IgG2b, IgG2¢, IgG3 isotypes compared to
MyD88~'~ controls (Figure 6).

Taken together, our data strongly suggest that the MyD88-
dependent signaling intrinsic to B cells is playing an important and
rather unique role in humoral rAAV1 immunity by controlling
levels of Th1 antibodies.
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Figure 5 Cell-specific restoration of adeno-associated virus serotype 1
(AAV1) vector specific humoral response. Serum samples were harvested
35 days after intravenous (i.v.) injection of rAAV1 in various mice to mea-
sure anti-rAAV1 IgG titers. Curves represent the mean + SEM of optical
density obtained at the indicated dilutions of sera. Statistical analysis was
performed on averaged area under the curve for sera of individual mice.
(@) T cell MyD88 is not sufficient to restore anti-AAV1 antibodies. Wt and
MyD88-~ mice were injected i.v. with 10" vg of rAAV1-U7mEx23 1 day
after being adoptively transferred or not with 10-25 x 10¢ wild type (wt)
T cells purified by magnetic cell selection. Curves represent the mean +
SEM of optical density obtained at the indicated dilutions of sera obtained
from two separate experiments including 6-13 mice per group. (b) B cells-
MyD88 restores anti-rAAV1 humoral response. Wt- or MyD88-deficient
mice were injected with rAAV1 1 day after the adoptive transfer (or not) of
MACS sorted 66 x 10° wt B cells. Results from four separate experiments.

DISCUSSION

Adaptive immune responses to rAAV, in particular the induction
of a strong humoral response against the vector capsid, represent
a significant hurdle in the clinical application of this vector for
gene transfer protocols in vivo. By investigating the relationship
between innate immunity pathways and the development of anti-
body responses following rAAV administration in mice, the pres-
ent study establishes the first direct link between the induction of
capsid-specific T and B cell immunity and the critical role of intra-
cellular signaling via the adaptor MyD88 particularly in B cells.
The second main point of this study is the lack of critical impor-
tance that IL-1 mediated inflammation and type I IFN signals may
have for the production of antibodies to AAV in mice.

Results, obtained with several capsid serotypes, confirm that cell-
intrinsic innate recognition of AAV signaling through the common
TLR adaptor MyD88, is essential to mount T and B cell immune
responses to the AAV capsid in vivo. These data emphasize the
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Figure 6 Autonomous MyD88 signaling in B cells restores IgG2c. Curves represent the mean + SEM of optical density for measuring anti-rAAV1
immunoglobulin G (IgG) levels at indicated serum dilutions in four independent experiments (n = 8-13 mice per group). IgG subtype in wild type
(wt) mice (plain line) or MyD88-- mice (large dotted line) or MyD88-'- mice restored with wt B cells (small dotted lines). Statistical analysis was per-
formed on averaged area under the curve for sera of individual mice. rAAV1, recombinant adeno-associated virus serotype 1.

importance of capsid-specific CD4 T cells in responses against rAAV.
Indeed, a recent study shows that administering nondepleting anti-
CD4 antibodies to mice can effectively prevent the induction of anti-
AAVS antibody titers.* In our model, we show that capsid-specific
CD4 T cell responses are of Th1 type based on several observations.
First, a Th1-polarized antibody profile marked by high levels of IgG2c,
IgG3 and low levels of IgG1, is induced in response to rAAV1, rAAV?2,
rAAV8S, and rAAV9. We found no evidence for IgE and IgA levels in
blood of mice examined (data not shown). The Dby epitope-tagged
capsid allowed us to track the antigenic presentation of CD4 T cell
epitopes and the development of primed CD4%1 T cells, confirming
the existence of capsid-specific IFN-y- and IL-2 producing Thl T
cells. Furthermore, the Dby-tagged capsid showed the essential role
of MyD88 for the productive priming and development of capsid-
specific Th1 effector cells which is consistent with the known impor-
tance of MyD88 for Th1 T cell responses in other antigenic systems.?
Presumably, MyD88 is involved in licensing antigen-presenting cells
(APCs) to prime naive T cells,”* through PRR-initiated signaling cas-
cades that can upregulate MHC, costimulatory molecules and cytok-
ines on APCs.? Altogether, the data emphasize the important role of
capsid-specific Th1 T cell responses which may therefore provide an
explanation for the strong serum neutralizing activity which is observed
following AAV administration in all models and in humans.

The specific cellular requirements for MyD88 signaling was inves-
tigated. A major finding is that B cell-intrinsic MyD88 controls the
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production of Th1-associated IgG2 antibody responses against rAAV,
in particular the IgG2 (especially IgG2c) and IgG3 responses. B cells
express a variety of TLRs on their surface permitting their activation
and cytokine production capacity. In other immunization systems,
notably with viruses, viral-like particles or bacteria, B cell-intrinsic
MyD88 signaling controls the magnitude of IgG responses and in
particular for the production of IgG2s.2+*** B cells, rather than other
types of APCs, are known to efficiently recognize particulate forms of
TLR ligands hereby augmenting germinal center responses.” Elegant
bone marrow chimera experiments creating a MyD88-deficient B
cell compartment within a normal mouse blood system, revealed
that IgG2c antibody responses against bacteria were entirely depen-
dent on B cell-intrinsic MyD88 signaling.** Therefore, in several
antigenic systems, including rA AV, antibody responses are supported
at least in part, by an autonomous MyD88-dependent signaling in B
cells. Regardless of the exact mechanism involving MyD88 in B cells,
the findings emphasize the critical role of B cells at the interface of
innate and adaptive immune responses and suggest that interactions
between B cells and AAV should be examined more closely.

It is currently thought that the AAV viral genome, particularly
as double-stranded DNA, can interact with TLR9 and triggers via
MyD88, NF«B or type I IFN signaling to induce cytokine responses
which may control the development of humoral and cellular immu-
nity against the vector and transgene.* While we confirm the critical
importance of MyD88, we also report that IgG responses to rAAV
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are not critically-dependent upon TLR9 or type I IFN in our model,
unlike reported by Yang’s laboratory.s Several parameters could
explain why different conclusions were reached in these respective
studies and include: different genetic backgrounds for the TLR9-
deficient strains (our mice are backcrossed on C57BL/6 background
and their genotype and phenotype was validated, the mice used in
the Yang study were on a BALB/c background); differences in AAV
vector preparation methods (purification by double Cesium chloride
gradient versus affinity columns); differences on the co-existence of
an immune response to a transgene product (our system does not
include a protein-coding transgene); differences in routes of admin-
istration known to impact on immunogenicity of vectors®” (we used
intravenous injections, Yang ef al. used intramuscular injections).
These differences suggest that the degree of activation of the innate
immune system by rAAV can be in part, dependent of the context.
It is important to note that our results show that TLR9 contributes
to antibody responses to rAAV, even though it is not critically-
needed. In our model, TLR9 seems to emphasize the Th1-biased IgG
responses to AAV. In the absence of TLRY, IgG2c levels are lowered
and remarkably, IgG1 levels rise. In other systems, increased IgG1
responses were also observed in TLR9-deficient mice immunized
with M13 phage® or with viral-like particles loaded with Cpg.*
This may be a signature of down-regulated by IFN-y Indeed, TLR9
is known to induce the expression of Tbet following CpG stimula-
tion leading to IFN-y-mediated down-regulation of IgG1 and IgE
responses in mice.* Therefore our data support the fact through
TLRO recognition, the AAV viral genome contributes to the quality
of humoral responses by enforcing an optimal Th1 T cell response to
the capsid of rAAV and IgG2c class switching.

The impact that inflammatory cytokine may have on the devel-
opment of antibody responses to rAAV was also investigated. rAAV
vectors induce much less inflammation than adenoviral vectors,' but
nevertheless can reportedly trigger rapid inflammatory responses
in liver as observed by several investigators in vivo""” or in vitro.'"
In our system, we find no evidence that inflammatory cytokines
could be the critical factor that induces IgG responses to rAAV,
since total IgGs as well as IgG subtypes (not shown) are normal in
mice lacking the ability to activate IL-1 inflammation cascades as a
result of deficiency in either caspase -1, IL-1R, or NALP3 inflam-
masome. Similarly, the role of type I IFN response was not found to
ve critical as shown by normal IgG responses in IFNAR™~ mice. We
also found no critical role of any TLR tested, including TLR2 which
has recently been implicated in the response to the AAV2 capsid
and induction of cytokines by liver sinusoidal endothelial cells and
Kupfer cells.”” Our data do not exclude that the induction of cytok-
ines in response to rAAV contributes to immune cell activation, but
this is probably too transient a phenomenon, as reported,’ to be an
essential factor in IgG production.

We failed to identify a single TLR that controls IgG responses
to AAV, within the limits of our study. Among the endosomal PRRs
which might be likely to encounter rAAV during the infection
cycle, we can exclude a direct critical role of TLR9, as discussed
above, but also of TLR7 and indirectly of TLR3 since we find nor-
mal IgG production in the absence of TRIF which is an obligatory
signaling molecule for TLR3. We cannot exclude the possibility of
redundancy. This was evaluated with 3D mice unable to sustain
normal trafficking and localization of endosomal TLRs therefore
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unresponsive to TLR3, TLR8, TLR7, TLR9.?! Only a partial reduc-
tion in IgG response was observed in 3D mice contrasting sharply
with the more severe lack of response in MyD88-deficient mice.
This does not support the hypothesis that a combined activation
of TLR7 and TLR9 is responsible for AAV-induced MyD88 trig-
gering. The 3D mice also have a defect in antigenic cross presenta-
tion and in MHC class II presentation of exogenous antigens.* It
is therefore likely based on our results that the mildly (and not sig-
nificantly) reduced anti-AAV1 IgG response observed in 3D mice
reflects a defective antigenic presentation impacting on the prim-
ing of AAV capsid-specific CD4 T cells. The strict requirement
for MyD88 and not any TLR tested or IL-1 in response to rAAV
is probably due to the involvement of other receptor pathways not
tested here, or due to redundant signaling, not evaluated here.

The existence of strong antibody responses induced by the
rAAV vector components remains an important barrier for medi-
cal application of this vector and immunosuppressive strategies
are needed. With the identification of the critical need for MyD88,
for both capsid-specific CD4 Thl T cell responses and for direct
B cell activation, and with the identification of a role for TLR9 in
this context, our studies confirm the importance of innate recog-
nition of the vector components for its immunogenicity. Targeting
CDA4T cells with nondepleting antibodies was recently found to
be a very efficient strategy to prevent the induction of neutral-
izing antibodies to rAAVS, although additional immunosuppres-
sion was needed to further reduce antibody titers.”* Based on our
results, alternative strategies that would reduce the innate system
activation would be justified. Intervening on TLRY activation by
AAV should reduce the immunogenicity of the vectors based on
our data but this is not expected to completely abrogate immune
responses against the vectors. Combined T and B immune-
suppression should be implemented to fully control the induction
of strongly neutralizing IgG2-dominated humoral responses to
rAAV. Approaches targeting a common and critically-needed
molecular pathway such as MyD88 could constitute an effective
strategy in that regard. In addition, because of the direct role of
B cell MyD88, protocols leading to B cell immunosuppression or
ablation must probably be emphasized.

MATERIALS AND METHODS

Recombinant AAV vector production and titration. Recombinant non-
replicative, adenovirus-free AAV2/1 vectors (rAAV1) were produced by
tri- or -bitransfection of HEK293 cells. Endotoxin-free preparations of
plasmids were used (Macherey-Nagel, Hoerdt, France). The adenovirus
helper functions were provided by the pXX6 plasmid (a kind gift of R.J.
Samulski, University of North Carolina, Chapel Hill, NC). The AAV2 rep
and cap genes of AAV1 were supplied from the pLTRCO?2 packaging plas-
mid (a kind gift from R.C. Mulligan, Harvard Medical School, Boston,
MA). Capsid serotypes 2, 8, and 9 were respectively produced with the
pRepCap4, pDG8, and pDF9 plasmids. To produce the chimeric capsid
of the DBY-rAAV1 vector the pLTRCO2_34DBY plasmid was used in
which the sequence encoding a peptide (NAGFNSNRANSSRSS) of the
MHC class II male HY antigen Dby was inserted in N-terminal position
34 of the VP1 capsid protein sequence. : pPGG2-CMV-muSeAP encoding
the secreted form of the murine alkaline phosphatase under control of the
cytomegalovirus (CMV) IE promoter-enhancer, generating the rAAVI-
mSeAP vector; pSMD2-CMV-Luc encoding the firefly luciferase under
the CMV promoter, generating the rAAV1-Luc vector and pU7_DTex23
encoding antisense sequences specific for the murine dystrophin gene
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and linked to a modified U7 small nuclear RNA, generating the rAAV1-
U7mEx23 vector already described.”” Recombinant vectors were purified
by two consecutive CsCl ultracentrifugation gradients followed by dialysis
against sterile Dulbecco’s PBS with Ca**t and Mgt™. Vector titers were
determined by quantitative PCR in comparison to a standard expres-
sion plasmid and expressed as /ml or in the case of serotype 1, titer was
also measured by ELISA (PRAAV1; Progen, Heidelberg, Germany) and
expressed as pp/ml. Endotoxin concentrations in the purified viral lots
were measured with an end point fluorescent assay (Pyrogene rFC Assay;
Lonza Group, Basel, Switzerland) and found to be inferior to 20 EU/ml.

Mice. Animal procedures were performed according to institution-approved
protocols in certified EOPS animal facilities and under appropriate biologi-
cal containment. MyD88~~, TLR9”~, TLR7”~, TRIF”-, TLR2"~, TLR4™"~
mice were kindly provided by S. Akira (Osaka University, Osaka, Japan),
IFNofR™, caspase 17~ (ICE™"), and IL-1R17~ have been described respec-
tively in refs. 22,42,43 NALP3™~ mice were kindly provided by J. Tschopp
(University of Lausanne, Lausanne, Switzerland) and all of these targeted
mutant mice were bred at the Orleans animal facility. Experiments with such
mice were controlled on the background strain C57Bl/6 since MyD88™",
IL-1R17, TLR27-, TLR4™~, TLR7”-, TLR9"", 3D~, and NALP3”~ mice
were backcrossed at least 10 times on the C57BL/6 genetic background. The
Marilyn TCR transgenic, Rag2”~ mice® were kindly provided by O. Lantz
(Curie Institute, Paris, France) and were used as a source of I-Ab-restricted
Dby-specific CD4 T cells either as such or after breeding to generate (Marilyn
x C57Bl/6) F1 mice. C57Bl/6 wt mice, BALB/c mice and BALB/c nude mice
were purchased from Charles River Laboratories (LArbresle, France).

Immunization and adoptive cell transfer protocols. For vector immu-
nizations, mice were injected i.v. into the tail vein with 200l of vector
diluted in PBS containing 10" vg or 5 x 10" pp as indicated. Control ani-
mals were injected with equivalent volume of PBS alone. Blood was col-
lected by retro-orbital puncture under anesthesia and sera were stored at
-80°C. For adoptive cell transfer, mice were injected i.v. into the tail vein
with 200 pl of cellular preparations containing 1-66 x 10° T or B cells, puri-
fied as described below.

Measurement of anti-AAV antibody titers. rAAV-specific serum anti-
body titers were evaluated by ELISA. F96 Maxisorp Nunc Immuno plates
(Thermo Fisher Scientific, Roskilde, Denmark) were coated overnight
at 4°C with 10° vg of AAV1, AAV8 or AAV9 vectors and 0.1 x 10° vg of
AAV?2 diluted in 0.1 mol/l carbonate coating buffer (pH 9.6). Plates were
washed three times and blocked with a solution of 6% milk in PBS for
2 hours at room temperature. Serial dilutions of samples in this blocking
buffer (tenfold dilutions starting 10->-~107 were tested) were incubated on
the plates for 1 hour at 37°C. Plates were washed three times, incubated
with various horseradish peroxidase-conjugated goat antibodies directed
against either mouse IgG, IgG1, IgG2b, IgG2c, I1gG3, or IgM (Southern
Biotech, Birmingham, AL) and revealed by TMB Substrate reagent Set (BD
Biosciences, San Jose, CA). Reaction was stopped with an H,SO, solution
and the optical density at 450nm was determined using a luminometer
(Discovery HT-R; BioServ, Thiais, France) with KC4 software. End point
titers were defined as the inverse serum dilution giving the lowest detect-
able signal above threshold i.e., optical density obtained in a well without
serum. The limit of detection was set at 10 end-point units and the limit of
quantification was set at 100 end-point units. Results were expressed either
as mean of reciprocal end-point titers, or as the average value of optical
density at specific dilutions. The area under the curve values obtained from
the optical densities at four dilution points (102, 10-%, 10~%, 10-°) were cal-
culated for statistical analysis using GraphPad Prism software.

In vivo neutralization assay by quantification of circulating mSeAP.
Determination of alkaline phosphatase concentration in immunized mice
sera was performed by chemoluminescence as previously described.”
Briefly, sera were heat inactivated for 5 minutes at 65°C to remove the
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endogenous alkaline phosphatase and heat resistant mSeAP was measured
by addition of the reaction buffer and CSPD (1,2-dioxetane chemolumines-
cent substrate), according to manufacturer’s instructions (Tropix; Applied
Biosystems, Foster City, CA). Chemoluminescence was quantified using a
luminometer (Mediators Diagnostika, Vienna, Austria). Values are given
as relative enzyme activity; 100% corresponds to mSeAP activity levels in
mice injected once and only with the rAAV1-mSEAP vector.

In vitro assay for anti-AAV1 neutralization activity. The neutralization
activity present in the sera of immunized mice was evaluated in vitro by
measuring inhibition of HEK293 cell infection by rAAV 1, with slight mod-
ifications from a previously described protocol.” HEK293 cells were plated
the day before the assay in 48-wells plate in DMEM supplemented with
10% fetal bovine serum, 100 U/ml penicillin/streptomycin and 2 mmol/l
L-glutamine (Gibco-BRL, Paisley, UK). Test sera were incubated at 56°C
for 30 minutes to inactivate complement. The AAV1-Luc vector used to
infect HEK293 cells was diluted in DMEM and incubated for 1 hour at
37°C with serial dilutions of heat-inactivated sera (twofold dilutions from
1/50 to 1/6,400). The virus-serum mixtures were added to HEK293 cells
in plates at a multiplicity of infection (MOI) of 20,000 vg/cell). After 48
hours of incubation, HEK293 cells were lysed (0.2% Triton X-100 solu-
tion), mixed with assay buffer (25 mmol/l Tris-phosphate, 1 mmol/l dithio-
threitol, 1 mmol/l EDTA, 15% glycerol, 8 mmol/l MgCl2, 2 mmol/l adenine
triphosphate), and 167 mmol/l luciferin (Molecular Probes, Leiden, NL).
Luciferase expression was quantified for 10 seconds with a luminometer
(Mediators Diagnostika). Enzyme expression levels were expressed as rela-
tive light units (RLU)/s/well and standardized according to the quantity of
proteins. Values are given as relative enzyme activity; 100% corresponds to
Luc activity in HEK293 cells transduced in the absence of mice sera.

Magnetic cell separation. T cells and B cells were purified from freshly
isolated splenocytes by magnetic cells sorting using different strategies. To
prepare B cells for adoptive transfer, splenocytes were obtained by mechanic
disruption of the tissue followed by removal of red blood cells with ACK
lysis and magnetic immunoselection (Miltenyi Biotec, Bergisch Gladbach,
Germany) using either the B cell negative selection isolation kit or CD19
microbeads for cell sorting on the autoMACS according to the manufac-
turer’s instructions. The FACS analysis of such purified preparations of cells
showed >95% B220% cells following either negative or positive selection
strategies. To prepare T cells for adoptive transfer, the residual unselected
cells leftover from the CD19 positive selection experiments were labeled
with the pan-T cell negative isolation kit (Miltenyi Biotec) and sorted with
the autoMACS. The FACS analysis of the resulting cell populations showed
>95% CD37 cells. To prepare Dby-specific TCR transgenic T cells for adop-
tive transfer or for in vitro cultures, splenic T cells were obtained from
[Marilyn x C57Bl/6]F1 or Marilyn mice, respectively using a direct CD90.2
magnetic bead positive selection (Miltenyi Biotec). Such purified popula-
tions contained >75% CD37 cells as determined by FACS.

Cells staining and flow cytometric analysis. The following Abs were used for
FACS analysis: pacific blue-labeled anti-CD4 (clone RM4-5; DB Bioscience,
San Jose, CA), allophycocyanin-labeled anti-B220 (clone RA3-6B2; eBiosci-
ence, San Diego, CA), or anti-CD90.2 (clone 53-2.1; BD Biosciences) phyco-
erythrin-labeled anti-CD3 (clone 145-2C11, BD bioscience) and biotinylated
anti-CD45.1 (clone A20, BD bioscience) revealed with streptavidin-allophy-
cocyanin (BD Bioscience). Dead cells were excluded by 7-aminoactinomy-
cin D staining. All FACS data were collected on a LSRII flow cytometer (BD
Bioscience) and analyzed using the Diva software.

T-cell cytokine response assays. Multiscreen-HA Assay System 96-well
Filtration plate (Millipore, Bedford, MA) were coated overnight with
5ug/ml anti-mouse IFN-y mAb or 3ug/ml anti-mouse IL-2 mAb (BD
Biosciences) at 4°C, washed, and then blocked with complete medium (see
above). Splenocytes were added in duplicate to the IFN-y-coated well (1 or
2 x 10° cells/well) and cultured in the presence of the antigen, consisting
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either of the rAAV1-Luc vector particles (added at an MOI of 1,000 vg/
cell) or DBY peptide (2umol/l) in case of DBY-rAAV1 immunization.
Wells stimulated with ConA (5ug/ml) were included as a positive control
in each test. After 24 hours, plates were washed three times with PBS/0.05%
Tween 20 and three times with PBS alone before overnight incubation at
4°C with 1 ug/ml biotinylated anti-mouse IFN-y mAb or 1.7 pg/ml biotiny-
lated anti-mouse IL-2 mAb (BD Biosciences) in PBS/3% fetal bovine serum.
Plates were washed three times with PBS/0.05% Tween 20 and three times
with PBS alone before incubation with 0.66U/ml streptavidin-alkaline
phosphatase (AP) conjugate (Roche Diagnostics, Mannheim, Germany).
Plates were incubated at room temperature for 1 hour and washed with
PBS/0.05% Tween 20, then with PBS alone before spot were developed
using BCIP/NBT color development (Promega, Madison, WI). Spots were
counted using a bioreader 2000 (BIO-SYS, Karben, Germany). SFU for each
mouse are represented as the mean of duplicate measures after substraction
of background values obtained with in vitro non stimulated splenocytes.

Statistical analysis. Significant differences between mean values were
determined using unpaired two-tailed Students test. For antibody produc-
tion significant differences were analyzed by comparing the average values
of the area under the curve for the titration of each mouse serum. P value
under 0.05 was considered statistically-significant. In the graphs, *P value
inferior to 0.05, **inferior to 0.005 and ***inferior to 0.001.
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