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Serotype-specific Binding Properties and
Nanoparticle Characteristics Contribute to the
Immunogenicity of rAAV1 Vectors

Maxime Ferrand'?, Sylvie Da Rocha'?, Guillaume Corre'?, Anne Galy'? and Florence Boisgerault'2

Inserm, U951, “Integrare” research unit, R&D department, Genethon, Evry, F91002 France; ?University of Evry, UMR_S951, Evry, F91002 France

The immunogenic properties of recombinant adeno-
associated virus (rAAV) gene transfer vectors remain
incompletely characterized in spite of their usage as
gene therapy vectors or as vaccines. Molecular inter-
actions between rAAV and various types of antigen-
presenting cells (APCs), as well as the impact of these
interactions on transgene or capsid-specific immuniza-
tion remain unclear. We herein show that binding motifs
recognized by the capsid and which determine the vec-
tor tissue tropism are also critical for key immune acti-
vation processes. Using rAAV capsid serotype 1 (rAAV1)
vectors which primary receptors on target cells are 02,3
and a.2,6 N-linked sialic acids, we show that sialic acid-
dependent binding of rAAV1 on APCs is essential to trig-
ger CD4* T-cell responses by increasing rAAV1 uptake
and contributing to antigenic presentation of both the
capsid and transgene product although this involves dif-
ferent APCs. In addition, the nanoparticulate structure
of the vector in itself appears to be sufficient to trigger
mobilization and activation of some APCs. Therefore,
combinations of structural and of serotype-specific cell-
targeting properties of rAAV1 determine its complex
immunogenicity. These findings may be useful to guide
a selection of rAAV variants depending on the intended
level of immunogenicity for either gene therapy or vac-
cination applications.

Received 21 October 2014, accepted 10 March 2015, advance online
publication 5 May 2015. doi:10.1038/mt.2015.59

INTRODUCTION

Recombinant adeno-associated virus (rAAV) vectors are small
viral nanoparticles (~26nm) constituted of a viral icosahedral
protein capsid surrounding a single-stranded DNA gene expres-
sion cassette with an estimated isoelectric point of about 6-6.6."
While several applications of rAAV as genetic vaccines have been
reported,™* these viral vectors are also commonly used for gene
transfer applications in genetic diseases, based on their ability to
safely transduce post-mitotic tissues with relatively low immuno-
genicity as compared to other vectors like recombinant adenovi-
ruses. However, deleterious anti-capsid and anti-transgene cellular
immune responses have been observed following rA AV-mediated

gene transfer in animal models and in human trials>® while at the
same time evidence of tolerance against the vector capsid or trans-
gene has also been reported,”” raising important questions about
the nature of rAAV determinants involved in its immunogenicity.

A wide variety of nanoparticles have been used as DNA or
protein delivery systems for vaccination approaches, with the
objective of targeting and stimulating antigen-presenting cells
(APC) to induce protective immune responses (for review'’). By
mimicking a native viral structure, virus-like particles can often
strongly stimulate innate and adaptive immune responses and
become potent vaccines. Nanoparticle-based vaccines can exploit
various physical and chemical properties that influence the tar-
geting, processing of the antigens and signals delivered to den-
dritic cells (DC), a highly specialized population of APC able to
prime T cells'**?). Several subtypes of DCs exist with specialized
pathogen sensors and immune-activating properties (reviewed
recently’®'*). Pathogen-associated molecular patterns for pattern
recognition receptors such as toll-like receptors (TLR) and C-type
lectin receptors, but also damage-associated molecular patterns
play crucial role in DC activation. The activation status of DCs
determines the orientation of CD4"* T cells toward either a tolero-
genic or “helper” phenotype.'* With regard to T-cell activation, if
conventional or classical CD11c+ DC (cDC) are often essential
players, there is also increasing evidence that plasmacytoid DC
(pDC), B cells and macrophages have additional roles.'*"'® In mice,
rAAV-mediated gene transfer in vivo leads to the transduction of
DCs" and to the presentation of the transgene product to T cells
with induction of T-cell responses.?® The properties of rAAV lead-
ing to its immunogenicity are not fully understood but known to
be influenced by intrinsic characteristics such as the capsid sero-
type and the structure of the encapsidated DNA.?** To explore
what other determinants are involved in the immunogenicity of
rAAV gene transfer, we focused on vectors engineered with cap-
sid serotype 1 (rAAV1) which are capable of inducing T-cell and
antibody responses in mice against both the vector capsid and the
transgene.**?* In particular, we have shown the importance of
MHC class II presentation to CD4 T cells for the production of
neutralizing antibodies against the rAAV1 capsid* and for effec-
tor T-cell-mediated rejection and the production of antibodies
against the transgene.”®® In this model, CD11c+ ¢DC efficiently
processed and presented transgene-derived T-cell epitopes in vivo
following intramuscular (IM) delivery.*® However, it is not known
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if other APCs contribute to the antigenic presentation of this vec-
tor or of the transgene in case of systemic administration and
what properties of the vector and APCs are involved.

The primary receptors of rAAV1 are known to be 02,3 and 02,6
N-linked sialic acids*® which are known to be expressed on many
types of cells including APCs.* Many viruses use sialylated glycans
for attachment and entry” and sialylated receptors are involved in
many cell adhesion functions particularly in the immune system and
for APC functions such as phagocytosis, endocytosis, migration, and
the capacity to induce T-cell responses.” Therefore, the engagement
of sialic acids on APC by rAAV1 may play a role in T-cell immunity
and involve different mechanisms. In addition, the pattern and the
density of sialic acid modifications differ with regard to the origin,
differentiation, and the maturation of APC,* possibly orienting the
vector tropism toward specific subpopulations of APC and affecting
its immunogenicity, but this has not yet been examined functionally.
Here, we showed in mice that sialic acid-dependent interactions of
rAAV1 with DC and macrophages contribute in a different man-
ner to the establishment of anti-capsid and anti-transgene-specific
CD4* T-cell responses. In addition, the nanoparticulate nature of the
vector also contributes to the overall activation and recruitment of
those APC. Thus, both structure and specific receptors determine
the complex immunogenicity of rAAV1.

RESULTS

Capsid immunogenicity is determined by sialic
acid-dependent interactions with CD11c* DC and
CD11b* cells

Various types of APCs contribute to T-cell responses and CD11c+
DC are endowed with the unique capacity to prime naive T cells.
The critical importance of CD11c+ DC for capsid immunization
was verified in a conditional in vivo depletion model which is
based on the transplantation into normal mice, of bone marrow
from CD11c-DTR transgenic mice.” In this protocol, 90% donor
chimerism was achieved in the blood of recipient mice, which
recovered normal blood counts 8-9 weeks after transplantation
(Table 1). Such chimeric mice were capable of mounting robust
anti-AAV1 capsid T-cell responses following the administration of
a capsid-tagged vector (rAAV1-DBY). The tagged capsid induces
the same level of anti-capsid antibodies as the nontagged AAV1
capsid but it contains the MHC class I Dby peptide of the HY male
antigen inserted in position 34 of VP1, providing an easily detect-
able CD4* T-cell epitope to measure capsid antigenic presentation
and capsid-specific CD4* T-cell responses as previously reported.**
The administration of diphtheria toxin (DT) to kill DTR+ cells

Structural and Cell-targeting Properties Both Determine rAAV1 Immunogenicity

in these chimeric mice depleted about 80% of all CD11c+ DC in
spleen and lymph nodes as measured 1 day after the last injec-
tion of DT (Table 2). In such DC-depleted mice, the injection of
a rTAAV1-DBY showed a 50% reduced anti-capsid CD4* T-cell
response compared to mock-treated animals (Figure 1a). These
results establish that CD11c+ DC play a major role in the initia-
tion of CD4* T-cell immune responses against the vector capsid
in vivo. To demonstrate the direct involvement of CD11c+ DC
in antigenic presentation and to assess the contribution of other
APCs such as CD11b+ macrophages and CD19+ B cells in this
process, we compared the ability of these different populations of
APCs to present capsid epitopes to T cells after systemic adminis-
tration of the vector in normal mice. These various populations of
APC were purified from the spleens of mice injected intravenously
(IV) with rAAV1-DBY. Antigenic presentation capacity was evalu-
ated ex vivo by coculturing the purified APCs with Dby-specific
T cells and detecting T-cell division. In this system, antigenic pre-
sentation of the capsid was only promoted by CD11c+ DC but
neither by CD11b+ macrophages nor by CD19+ B cells (Figure
1b). Yet all three of these populations of APC had the intrinsic
ability to present the Dby peptide to specific CD4+ T cells in vitro
(Supplementary Figure S1a). Thus, CD11b+ macrophages and B
cells display sufficient numbers of MHC II molecules to present
to CD4* T cells but do not contribute in a major way to antigenic
presentation of the rAAV1 capsid in vivo. Similar findings were
made following IM injections of rAAV1-DBY and show that in
the spleen or in lymph nodes, the capsid is essentially presented by
CDl11c+ DC (Supplementary Figure S1b).

The overall contribution of sialic acids to this antigenic
presentation process was first evaluated in vitro, then in vivo
using neuraminidase (NA) to remove sialic acids on the surface
of various cells. In vitro, NA-treated splenic CD11c+ DC and

Table 2 Depletion of CD11c+ cells after DT treatment

a) %CD11c+ %CD11b+ %CD3+ %CD19+
PBS 0.875+0.06 5.50%0.06 24.94+5.0 69.3+4.96
DT 0.093+0.05 6.55%0.86 21.10+2.3 72.6+2.63
b) %CD11c+ %CD11b+ %CD3+

PBS 0.12+0.09 1.75+1.15 29.1+£2.59

DT 0.02+0.02 1.73+0.82 21.5+£3.51

Analysis of cell populations in a) spleen or b) draining lymph nodes follow-
ing injection of DT or PBS in mice. Results are expressed as the mean * SD of
the percentage of CD11c+, CD11b+, CD3+ or CD19+ cells measured by FACS
among live cells from 6 independent experiments with 3 mice per group.
FACS, fluorescence activated cell sorting.

Table 1 Hematological reconstitution of chimeric CD11c-DTR mice after transplantation

White blood cell

(Blood) platelet

Blood analysis  counts x 10%/I %Lymphocyte %Monocyte %Granulocyte counts x 10%/1
Grafted 12.05+2.84 87.7+3.05 6.48+1.3 5.78+2.35 916+313
Control 14.10+2.77 85.0+£2.59 8.40+0.8 7.60+2.59 1,441+337
Spleen analysis %CD45.1+ %CD45.2+

Grafted 11.34+2.35 88+2.37

Control 100+0.05 0+0

Hematological reconstitution in blood and donor chimerism in spleen observed 8-9 weeks after transplantation of CD11c-DTR bone marrow in six independent
experiments with 20 mice per experiment. Controls are age-matched C57BI/6 mice nonirradiated and nontransplanted. Results are expressed as mean values + SD.
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Figure 1 Antigenic presentation and functional contribution of sialic acids on DC for rAAV1 capsid immunogenicity. (a) The role of CD11c+
cells in the anti-capsid CD4* T-cell response was investigated by injecting the rAAV1-DBY vector (5.10° vg/mice, IM) to mice depleted (+) or not (-)
of CD11c+ cells and measuring the IFN-y response in the spleen after 8 days. Prior to the injection of vector, mice were transplanted with CD11c-
DTR bone marrow and CD11c+ cells were depleted in the chimeric animals by three repeated DT injections. Data represent four experiments,
each including at least three mice per group. Dots represent individual mouse data and horizontal bars indicate the average value. (b) Antigenic
presentation of capsid by different populations of APCs was tested ex vivo following IV injection of the rAAV1-DBY vector to C57BL/6 mice. Purified
CD11c+ (circle), CD11b+ (triangle), CD19+ (square) cells were prepared from the spleens of vector-injected mice and were cultured ex vivo with
Dby-specific and CFSE-stained CD4* T cells from Marylin mice at different ratios. The graph represents results obtained with ratios of 1 APC to 10°
T cells. Antigenic presentation was evident from the induced CD4 T-cell division measured by FACS as illustrated in Supplementary Figure S1a
and results are expressed as % of cells having undergone at least one cell division. Data represent between five and eight experiments. Each dot
represents the average antigen presentation value obtained in one experiment on a specific cell type using three mice. Horizontal bars indicate the
average value of all experiments per cell type. (c) The functional contribution of sialic acid on in vitro antigenic presentation of the rAAV1 capsid was
measured by incubating NA-treated (+) or nontreated () CD11c+ (circles) or CD11b+ (triangles) cells with the rAAV1-DBY vector for 1 hour then
washing cells and incubating them with Dby-specific and CFSE-stained CD4* T cells from Marylin mice to measure antigenic presentation by FACS
as detailed above. Data are representative of four experiments with four mice per group. (d) The importance of sialic acids on APCs was measured in
vivo. CD11c+ (circles) or CD11b+ (triangles) cells that were previously NA-treated (+) or not (=) were incubated with rAAV1-DBY and were injected
to C57BL/6 mice (10° cells IV). After 8 days, IFN-y CD4+ T-cell responses were measured in the spleen by enzyme-linked immunospot assays. Each
dot represents one mouse and two to five experiments are shown. Some points had to be discarded due to enzyme-linked immunospot assays signal
saturation. Statistical analysis was used to compare the effect of NA on CD11c+ cells in five experiments. FACS, fluorescence activated cell sorting.

CD11b+ macrophages were incubated with the rAAVI-DBY
vector and subsequently cocultured with specific CD4* T cells.
Removal of sialic acids on CD11c+ DC significantly decreased
the antigenic presentation of the capsid compared to controls
without NA digestion (Figure 1c). CD11b+ cells remained inef-
ficient at presenting capsid antigens in vitro, regardless of NA
treatment. To evaluate in vivo the contribution of sialic acids on
antigenic presentation, mice were injected with rAAV1-loaded
CD11c+ DC or CD11b+ macrophages that were treated or not
with NA. These experiments confirmed that CD11c+ DC had
the strongest capacity to present the capsid in vivo and required

1024

sialic acids to induce an optimal anti-capsid CD4* T-cell
response (Figure 1d). Unexpectedly, the injection of rAAV1-
loaded CD11b+ also induced sialic-acid-dependent CD4 T-cell
responses in this model although this was lower than CD11c+
cells. Possibly, CD11b+ cells indirectly provide antigens to cDC
as these cells are not able to directly present the capsid to T cells
in vitro (Figure 1c). Altogether, those data show that capsid
antigenic presentation to T cells is essentially performed by
CDl1lc+ DC and is mediated by the presence of sialic acids on
these cells. Sialic acids on macrophages may indirectly help to
provide antigen in vivo.
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Figure 2 Involvement of sialic acids on DC and macrophages for
anti-transgene immune responses. (a) The role of CD11c+ cells
in the anti-transgene immune response was investigated by IFN-y
enzyme-linked immunospot assays 14 days after the IM administration
of rAAV1-SGCA_HY vector (5.10° vg/mice) to chimeric CD11c_DTR
mice depleted (+) or not (=) of DC as described in Figure 1a. Data
represent four experiments, each including three mice per group.
(b) The ex vivo antigenic presentation of the transgene to CD4* T cells
by CD11c+ (circle), CD11b+ (triangle), CD19+ (square) cells was mea-
sured following IV injection of rAAV1-SGCA_HY and was evaluated by
FACS as in Figure 1b. Data are representative of seven experiments.
(c) Anti-transgene immune response was evaluated by IFN-y enzyme-
linked immunospot assays in C57BL/6 mice injected IV with 10°
CD11c+ or CD11b+ cells previously treated (+) or not (=) with NA and
loaded with rAAV1-SGCA_HY. Data are representative of three experi-
ments with four mice per group. Dots represent individual mouse data
and horizontal bars indicate the average value. FACS, fluorescence
activated cell sorting.
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Sialic acids on DC and macrophages are involved in
the anti-transgene immune responses

To examine T-cell responses against the transgene product,
we again used a T-cell epitope-tagging strategy. Here, rAAV1
with a native capsid is used to deliver a transgene encoding an
o-sarcoglycan protein fused to the Dby peptide (Sgca-HY) as pre-
viously reported.’® In the CD11¢c-DT conditional depletion model,
the removal of CD11c+ DC (reaching 80%) prior to Sgca-HY gene
transfer reduced anti-transgene CD4* T-cell responses by 70%
meaning that CD11c+ DC were essential to mount anti-transgene
CD4-mediated immune responses (Figure 2a). Accordingly,
CD11c+ DC efficiently presented transgenic epitopes to specific
CD4" T cells following systemic administration of rAAV1-Sgca-
HY (Figure 2b). In this model, CD11b+ cells were as efficient as
CD11c+ cells to present transgenic CD4 T-cell epitopes, whereas
CD19+ B cells were incapable of such activity (Figure 2b). Thus
contrary to the capsid, both DC and macrophages can process and
present the transgene product in vivo. Indeed, adoptive transfer of
rAAV1-Sgca-HY-loaded CD11c+ or CD11b+ cells both success-
fully primed specific CD4* T cells (Figure 2c).

Sialic acids were involved in T-cell priming to the transgene
since the injection of NA-treated and rAAV1-loaded CDI11lc+
or CD11b+ cells induced lower levels of anti-transgene CD4-
mediated immune responses compared to non-NA-treated control
cells (Figure 2c). The serotype specificity of the NA-digestion was
confirmed with the use of rAAVS, a serotype which does not bind
cells through sialic acid recognition. Contrary to rAAV1, rAAV8
was capable of inducing anti-transgene T-cell immune responses
in our model regardless of NA digestion (Supplementary
Figure S1c). Those data point out the central role played by sialic
acids on CD11c+ DC and CD11b+ macrophages in the immuno-
genicity of the transgene when delivered by rAAV1.

Sialic acid binding enables rAAV1 targeting of
macrophages and CD11c¢+CD8a+ DC

Having established that sialic acids on CD11c+ DC and CD11b+
macrophages contribute to the overall immunogenicity of the vec-
tor, we investigated if sialic acids confer a specific pattern of inter-
action between rAAV1 and APCs in vivo as compared to inert
particles. Twenty nanometers of carboxy-functionalized poly-
styrene fluorescent nanospheres were chosen for similar physical
characteristics to rAAV in general and were therefore expected
to indicate levels of serotype-non-specific interactions with APCs.
To detect serotype-specific interactions, rAAV1 particles were
marked with fluorochromes enabling the detection by flow cytom-
etry (fluorescence activated cell sorting (FACS)) of cells interact-
ing with the vector in the organs of mice with similar sensitivity as
for inert particles. Following IV injection, both fluorescent rAAV 1
and fluorescent nanospheres were found within all the splenic APC
populations tested (including various subpopulations of CD11c+
DC, CD11b+ macrophages, and CD19+ B cells—Supplementary
Figure S2a) but with obvious differences (Figure 3a-d).
The injected viral or inert particles interacted with less than 8%
of CD19* B cells without selective preference between the viral
or inert particle (Figure 3a). In contrast to B cells, both CD11c+
DC and CD11b+ macrophages interacted more with rAAV1 than
with nanospheres (Figure 3a) suggesting that specific interactions
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occur between the vector and these cells. Within the CD11c+ DC
population, the CD80i+ CD11c+ subpopulation was twice more
targeted by rAAV1 than by nanospheres whereas CD11c+CD11b+
DC or CD1lc+pDca+ pDC subpopulations did not exhibit this
preference (Figure 3b). Strikingly, CD11b+F4/80+ macrophages
interacted far more efficiently with rAAV1 than with nanospheres

© The American Society of Gene & Cell Therapy

(five to six times more) and with high efficiency since more than
70% of the cells were targeted (Figure 3c). Using another fluo-
rescent marker, we confirmed that the monocytic/macrophagic
population, stained as Gr1™ cells, was preferentially targeted by
rAAV1 as compared to nanospheres (Figure 3c). These interac-
tions were not only observed in the spleen but also in the liver
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Figure 3 Antigen-presenting cells (APCs) targeting by rAAV1. (a-d) C57BL/6 mice were injected IV in the retro-orbital sinus with 10" pp of
nanospheres (gray bars) or same amount of Alexa Fluor-labeled rAAV1 (black bars) or with equivalent volume (100 pl) of phosphate-buffered saline
(PBS) (open bars). Two hours later, various populations of cells were sorted with magnetic beads from the spleen (CD11c+, CD11b+, CD19+ cells)
(as indicated in Supplementary Figure S2a) or from the liver (CD45* cells) of mice to measure the presence of fluorescent particles by FACS. Prior
to FACS analysis, sorted cells were stained with noninterfering fluorescence to recognize the CD8c, CD11b, pDC, F4/80, and Gr1 subsets. Data are
expressed as the mean percentage of fluorescent cells + SD obtained in three independent experiments, each including two or three mice per group,
testing two different batches of rAAV1. Measures of particle targeting were made: (a) in total spleen CD11c+ CD11b+ and CD19+ cells (b) in subsets
of the sorted CD11c+ spleen cells as identified by multi-color staining as indicated (c) in subsets of the sorted CD11b+ spleen cells as identified by
multi-color staining (d) in subsets of the sorted liver CD45 cells identified by multi-color staining. (e) In vitro rAAV1 binding assay. Splenic CD11c+,
CD11b+, and CD19+ cells were obtained from untreated C57BL/6 mice using the same purification technique as above and cells were incubated
1 hour at 4 °C with different amounts of Alexa-fluor 488-stained rAAV1 vector and the percentage of fluorescent cells was measured by FACS. Data
are representative of one experiment out of five. FACS, fluorescence activated cell sorting.
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(Figure 3d). In vitro, rAAV1 also preferentially interacted with
F4/80+ macrophages at any of the concentration tested (Figure
3e), and to a lower extent with CD8a+ CD11c+ DC and B cells.
CD11c+ CD11b+ cells were poorly targeted.

To determine if sialic acids might account for the differential
interactions between rAAV1 and APCs, cells were treated with
NA and tested for binding to fluorescent rAAV1. Efficient enzy-
matic digestion by NA was confirmed using a fluorescent Wheat
germ agglutinin (WGA) lectin which binds 02,3 02,6 02,8 02,9
N-acetylglucosamine linkage (Supplementary Figure S2b). The
NA treatment significantly reduced the number of rAAV1-posi-
tive F4/80+ macrophages compared to nontreated cells (by about
30%) and CD80+ CD11c+ DC (by about 40%) (Figure 4a), con-
firming the involvement of sialic acids in the binding of rAAV1 by
those cells. In contrast, the overall binding of rAAV1 to B cells was
not affected by removing sialic acids (Figure 4a).

Competition experiments were performed to better char-
acterize the importance of different sialic acid linkages in

Structural and Cell-targeting Properties Both Determine rAAV1 Immunogenicity

the interactions between rAAV1 and the different cell types.
Competition between labeled rAAV1 and increasing doses of fluo-
rescent lectins: Maackia Amurensis agglutinin (MAA), Sambucus
Nigra agglutinin (SNA), and WGA detect respectively 0.2,3-linked
sialic acids, 02,6-linked sialic acids or all linkages. At low doses of
WGA, rAAV 1 competes better for binding on CD80+ CD11¢c+DC
as compared to F4/80+ macrophages. With increasing doses of
WGA, a dose-effect was clearly seen for F4/80+ macrophages
(Figure 4b). Both MAA and SNA competed for the binding of
rAAV1 to CD8o+ CD11c+DC, while the competition with SNA
on F4/80+ macrophages was marginal as compared to MAA. The
results argue that 0.-2,3-N-sialic acids on macrophages predomi-
nantly contribute to the interactions with rAAV1 whereas both
0.-2,3- and 0.-2,6-N-sialic acids contribute to a similar extent on
CD80+CD11c+DC. Regarding B cells, both WGA and SNA but
not MAA significantly competed for rAAV1 binding, suggesting
that 0-2,6-N-sialic acids on B cells have the ability to interact with
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Figure 4 Involvement of sialic acids in rAAV1 binding to macrophages and DC. Antigen-presenting cells (APCs) obtained as indicated in Figure 3e
underwent various treatments before measuring in vitro the binding of fluorescent rAAV1 using multi-color FACS. In vitro binding with fluorescent
rAAV1 was measured: (a) after treatment of the cells with NA, (b) after competition with increasing doses of fluorescent lectins: Wheat germ agglutinin
(circle), Sambucus Nigra agglutinin (square) or Maackia Amurensis agglutinin (diamond-shaped), (c) after competition with various capsid serotypes.
Results on CD11c+ CD8a+ DC, CD11b+ F4/80+ macrophages, and CD19+ B220+ B cells are represented respectively in the left, middle and right
panels. Results represent the average percentage values + SD in three to four independents experiments. FACS, fluorescence activated cell sorting.
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rAAV1 even though sialic acid-independent mechanisms seemed
to play a major contribution in these cells.

Then, to assess if other properties shared by rAAV vectors could
explain part of the binding specificity of rAAV1 on these cells, we
performed competition assays between labeled rAAV1 and nonla-
beled vectors using different capsid serotypes (1, 2, 5, and 8) known
to utilize different cell entry receptors.>*"*? As shown in Figure 4c,
binding of rAAV1 to F4/80+ macrophages and CD80+ CD11c¢+DC
competed in a dose-dependent manner with itself and with rAAV5
but neither with rAAV2 nor rAAVS. Therefore, these data con-
firmed that binding of rAAV1 to APC is sialic acid dependent
since rAAV1 shares with rAAV5 the ability to bind o.-2,3-N-sialic
acids, but no other shared binding specificity emerged.

Thus, primary receptors described for the rAAV1 vector medi-
ate its binding to CD8ai+ CD11c+DC and to F4/80+ macrophages
and explain the greater tropism of rAAV1 for those cells in vivo as
compared to nanospheres.

Sialic acid-independent signals provided by the structure
of rAAV1 are sufficient to recruit and to activate APC
AAV1 may not only provide antigens by targeting APC in
a sialic acid-dependent manner, but could also deliver sig-
nals to recruit and activate those cells. As shown in Figure 5a—c,
the systemic administration of rAAV1 caused selective
changes in cell populations of the spleen at early time points
(2 hours). Injections of rAAV1 did not modify splenic CD11c+
DC subpopulations (Figure 5a), but increased by three-
fold the relative number of CD11b+F4/80+SSC" and the
CD11b+Gr1™SSC" cells among the CD11b+CD11c- population
with no change in the CD11b+Gr1"¢" cells (Figure 5b,c). Injection
of the same amount of nanospheres provided the same results,
meaning that changes observed in monocytes/macrophages pro-
portions in the spleen are not due to signals triggered upon sialic
acids recognition, but presumably by the nanoparticulate nature
of rAAV1. The same was observed in liver (data not shown).
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Figure 5 Antigen-presenting cell (APC) mobilization by rAAV1 vector and nanospheres. C57BL/6 mice were injected as in Figure 3a and spleens
were harvested 2 or 16 hours later to select CD11c+ (a) and CD11b+ (b and c) cells by magnetic cell sorting followed by multi-color stain and FACS
analysis. The percentage of cell subsets in the represented gates in response to rAAV1 or nanospheres injection (left scatter plots) are averaged + SD in
three independent experiments, each including three mice per group, testing two different batches of rAAV1 and are represented in the right line graphs.
FACS, fluorescence activated cell sorting.
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To analyze if interactions with particles activate APC, we com-
pared the cellular expression of MHC II, costimulatory molecules
(CD80, CD86), CD206 and CD301 markers following admin-
istration of fluorescent nanospheres or of fluorescent rAAV1.
Supplementary Figure S3 shows the level of expression of each
individual cellular marker in populations of cells positive or nega-
tive for beads or for rAAV1. In parallel to serve as controls, mice
were injected with phosphate-buffered saline (PBS) or with agonists
for TLR4 and TLRY, i.e., LPS and CpG A, CpG B which are known
to activate APC in vivo but with different efficacy. Results on the
percentage and the level of expression for each of these parameters
were integrated in a multiparametric analysis using principal com-
ponent analysis (PCA) followed by hierarchical clustering. This
analysis clearly distinguished DC or macrophages harvested from
PBS-injected mice from those obtained from CpG- or LPS-injected
mice (Figure 6; Supplementary Figure S$4). Interestingly, PCA
distinguished the effects of beads and of rAAV1 from the effects of
PBS both in DC and macrophages (Figure 6). This observation was
confirmed by hierarchical clustering (Supplementary Figure S4)
and by statistical analysis on PC1 which captures approximately
70% of data (Table 3). Indeed, statistical significance is found
between DC from PBS- and rAAV 1-injected mice (P = 0.001), but
not between DC from nanosphere- and rAAV1-treated mice (P =
0.087). Similar clear cut observations were made for the CD11b+
macrophagic population (P = 0.0002 for ¢-test (PBS, rAAV1), and
P = 0.4 for t-test (nanosphere, rAAV1)).

Such data showed that the recruitment of macrophages and
the activation pattern of DC and macrophages are similarly
induced by inert and by viral particles. The sheer nano-particu-
late structure of rAAV can therefore contribute to immunize in
addition to specific interactions that will occur with APCs. The

CD11c+CD8o+ / CD11c+CD11b+

PCH1

4 PBS A Nanospheres

X rAAv1
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immunogenicity induced by the administration of rAAV1 gene
transfer vectors is therefore complex and involves various prop-
erties of the vector itself, associated with the existence of diverse
APCs with differential ability to interact with vectors as summa-
rized in Table 4, contributing to explain the differential T-cell
immunization against capsid and transgene.

DISCUSSION

In this study, we provide evidence for the first time that the rAAV1
serotype-specific sialic acid receptors on APCs and nonspecific
properties inherent to the vector as a nanoparticle, can both con-
tribute to immune responses induced by gene transfer in vivo.
While several prior studies have shown that rAAV can transduce
human or murine DCs in vitro or in vivo, triggering CD8* T cells
or the production of inflammatory cytokines,”*2"**-%" our study
is the first to explore in detail the complex in vivo interactions
between rAAV1 and diverse populations of APCs to understand
the basis of anti-transgene and anti-capsid T-cell immunity par-
ticularly in the case of CD4* T-cell responses.

Viral vectors like rAAV are nanoparticles and physicochemi-
cal properties of nanoparticles like size, surface chemistry, charge,
are known to play a crucial role in their interactions with cells
and with the immune system in vivo.*® The size of the particles
is known to directly modulate APC function and activation
thresholds.*** Strong signals are provided by positively charged
nanoparticles induce systemic toxicity and Thl immune activa-
tion through TLR4.* While cationic polystyrene nanoparticles
induce toxic oxidative stress, to activate the NLRP3 inflamma-
some and the subsequent release of proinflammatory cytokines in
macrophages, anionic and neutral nanoparticles do not have such
effects.* While the exact physicochemical characteristics of rAAV
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Figure 6 Analysis of antigen-presenting cell (APC) activation by rAAV1 using principal component analysis (PCA). Mice were injected IV with
phosphate-buffered saline (PBS) (diamond), rAAV1 (X), nanospheres (triangle), CpG A (75 pg/mice) (gray square), CpG B (75 pg/mice) (gray circle),
and LPS (5 pg/mice) (plus sign). Spleens were harvested 16 hours later and CD11c+ and CD11b+ cell subsets were magnetically-sorted, stained
with antibodies to CD8o, CD11b, F4/80, CD86, CD80, MHCII, CD301, and CD206 and analyzed by multi-color FACS. Data were submitted to PCA
separating results for CD11c+ CD8ou+ cells and CD11c+ CD11b+ cells (left plot) from results on CD11b+ cells and CD11b+ F4/80+ cells (right plot).
For each treatment, each dot represents the integrated value calculated by PCA and the 95% confidence interval is represented by an ellipse. Data
include three experiments, each including three mice per group. FACS, fluorescence activated cell sorting; LPS, lipopolysaccharide.
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preparations are not defined and not inferred from the present
study, we observe that the level of immune cell activation pro-
duced by rAAV1 is similar to that of anionic nanoparticles com-
parable in size, in terms of inducing MHC II and costimulatory
molecules (CD80, CD86) on conventional DC, or macrophages
and clearly inferior to what could be provided by microbial sig-
nals such as TLR agonists. In addition, rAAV1 and nanoparticles,
both induced the rapid mobilization of some CD11b+ cell sub-
sets in the spleen (CD11b+F4/80+SSC"" and CD11b+Gr1™SSCl"
cells). Taken together, this suggests that the nanoparticulate
nature of AAV more than its serotype-dependent binding proper-
ties provides initial activation signals to APCs upon delivery. This
serotype-non-specific effect may therefore not only diversify the
populations of APCs recruited to the immune response following
gene transfer but may also contribute to cellular activation signals
received by APCs in addition to those transmitted by serotype-
specific interactions or by TLR, C-type lectin receptors, or dam-
age-associated molecular patterns. Additional signals provided
by DNA or RNA are known to augment stimulation by virus-
like particles.*’ In the case of rAAYV, prior studies have implicated

Table 3 Statistical analysis of the principal component analysis results
on two different types of APC

a) CD11c¢+ and

CD11c+CD8ou+ cells CpGB  CpGA  LPS rAAV1 Beads
PBS 0.016 0.112  0.001 0.001 0.007

Beads 0.270 0.405 0.013 0.087

rAAV1 0.435 0.050  0.157

LPS 0.990 0.009

CpG A 0.219

b) CD11b+ and

CD11b+F4/80+ cells CpGB CpGA LPS rAAV1 Beads

PBS 0.03 0.01 0.0004 0.0002 0.0002
Beads 0.16 0.21 0.006 0.37

rAAV1 0.70 0.23 0.003

LPS 0.86 0.05

CpG A 0.18

P values obtained from two-tailed Student’s test analysis comparing two experi-
mental groups (PBS, nanosphere, rAAV1, LPS, CpGA and CpGB) on PC1 for 2
different cell types: a) CD11c+ and CD11c+CD8a+ cells and b) CD11b+ and
CD11b+F4/80+ cells.

LPS, lipopolysaccharide; PBS, phosphate-buffered saline.
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TLR9 and CpG DNA in the immunogenicity of rAAV1, rAAV2,
rAAV9 vectors and the transgene.*** Our observations complete
the understanding of innate immune system activation by rAAV
administration and provide functional bases for further structure/
function studies of rAAV.

Besides interactions determined by physicochemical proper-
ties of rA AV, specific molecular interactions also take place. Sialic
acids play a clear role in targeting and delivering the rAAV 1 vector
to APCs. While this is not entirely unexpected considering the
known tropism of the vector,” our study provides the first descrip-
tion of functional sialic acid-mediated interactions with CD11b+
F4/80 macrophages and CD8a+ CD1lc+ DC and shows the
importance of this mechanism for anti-capsid and anti-transgene
immune responses. Sialic acids not only play an important role
in determining interactions of rAAV1 with conventional DC but
also seem to favor the capacity to endocytose the vector which is
coherent with prior studies with human immature DC.* However,
contrary to DC, macrophages were really inefficient in presenting
the vector capsid to CD4* T cells in spite of entry of rAAV1 in the
cells as seen by confocal microscopy (Supplementary Figure S5).
It is known that the phospholipase A2 activity of the capsid VP1
protein results in the partial escape of the particle from the endo-
somal route to the nucleus via the cytosol.** As a result, infection
of APCs with rAAV probably induces processing of capsid anti-
gens for presentation on MHC class II molecules not through the
classical exogenous pathway but mainly through the endogenous
route which is not efficient in macrophages.*” However, since
macrophages are highly targeted by rAAV1, these cells may play
a major indirect role in transferring capsid antigens to immuno-
competent cells such as DC. Indeed, we have shown that adoptive
transfer of rAAV1-loaded CD11b+ cells in an immunocompe-
tent host can trigger a CD4* T-cell-mediated anti-capsid immune
response, suggesting that direct targeting of CD11c+ DC by the
vector is not fully required. However, we can speculate that direct
targeting of CD80+ CD11c+ DC is important for cross-presenta-
tion of capsid determinants to CD8* T cells, since as opposed to
CD80— CDl1lc+ DC, this population has the intrinsic ability to
cross-present antigens."’

Conversely, both DC and macrophages were capable of pre-
senting transgene determinants onto MHC II molecules, sug-
gesting that they were efficiently transduced by the vector in vivo.
Given the potent response against immunogenic transgene-
encoded products, rAAV1 could be used as a direct source of

Table 4 Diverse populations of antigen-presenting cells differentially interact with rAAV1 and differentially present transgene and capsid to

induce T-cell responses

Nanoparticulate structure

Sialic acid involvement contribution Capsid Transgene
Antigenic T-cell Antigenic T-cell
Binding of  Antigenic presentation response presentation response

Linkage rAAV1 presentation Activation Recruitment of, to, of, to,
Dendritic cells; 02.3and  Yes, mainly Yes Yes No Yes Yes Yes Yes
CDl1lc+ 2.6 on CD8ao+
Monocytes/ 02.3 Yes, mainly Yes Yes Yes No Yes Yes Yes
macrophages; CD11b+ on F4/80+
B lymphocytes; 02.6 No No Not tested Not tested No Not tested No Not tested
CDI19+
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DNA vaccine, or to transfer antigens to DC ex vivo for vaccina-
tion as it has been reported in cancer trials.’ Interestingly, rAAV5
which shares with rAAV1 a receptor for a:2-3, but not for 02-6
N-linkages, has been described as the most potent serotype to
transduce murine as well as human DC and induce maturation.”
Because transgene products can be presented by macrophages
following rAAV1 gene transfer suggests that sufficient amounts
of encoded transgene product is generated in these cells in spite
of the excessive degradation of endogenously produced proteins
described in these cells,”” and/or that other pathways favoring
endogenous antigen presentation such as autophagy, were stimu-
lated following rAAV1 transduction. The respective contribution
of those pathways would be important to evaluate with specific
rAAV serotypes since they depend upon the nature of the patho-
gen/stimuli involved. Our data support at least the first hypoth-
esis since removal of sialic acids on CD11b+ cells by decreasing
the entry of the particles dramatically reduced the immune
response to the transgene upon adoptive transfer of rAAV1-
loaded CD11b+. Sialic acids on DC were also essential to deliver
sufficient amount of antigen to trigger potent anti-transgene and
anti-capsid immune responses. However, the anti-capsid immune
response seemed to be less dependent upon sialic acids than the
anti-transgene immune response indicating a possible contribu-
tion of structural stimulating signals in the response of these cells.
The partial depletion of DC reduced more significantly the anti-
transgene than the anti-capsid immune response, highlighting the
importance of this population of APCs in response to gene deliv-
ery by rAAV1.

Many viruses attach to cells via sialylated glycans and inter-
actions with linked carbohydrates typically define the specific-
ity, tropism, and affinity of viruses as shown in particular with
Influenza.”” Here, we focused on 02-3 and 02-6-linked sialic
acids since they are receptors for AAV1 and found different con-
tributions on murine DC and macrophages which may impact
immune responses against the capsid or transgene. Sialic acids can
be differentially expressed in mice and human, and even human
and closest evolutionary relatives display differences in the sialic
acids biology.*® Therefore, differences may exist between murine
and human APCs in their interactions with rAAV1 and subse-
quent immune responses. It is known that the surface sialylation
of DC is modulated according the cell differentiation and matura-
tion.? In steady state, the pattern appears to be similar in mice and
humans since in both species immature DC are highly sialylated
and express 012-3- and 02-6-linked sialic acids. An accurate com-
parison of the sialic acid content and distribution on the same
cells in mice and human is not available to our knowledge.

Thus, immunogenicity of rAAV is complex. In the context
of gene therapy, preventing a direct access of the vector to APC
would be recommended to limit the immunogenicity to the dif-
ferent components provided or encoded by the vector. Therefore,
criteria for the seletion of rAAV for gene transfer should consider
the interaction between rAAV and APC particularly selecting new
variants based on their tropism.

MATERIALS AND METHODS
Animals. Mice were housed and bred in our accredited facility (French
national agreement number C91.228.101). All animal experiments were

Molecular Therapy vol. 23 no. 6 jun. 2015

Structural and Cell-targeting Properties Both Determine rAAV1 Immunogenicity

performed according to the institutional and international guidelines for
animal care and use. Experimental procedures were performed in accor-
dance with French and European directives, approved by the local ethical
committee (C2EA-64) and Ministry of Research for gene-modified organ-
ism studies (agreement 5244-CAI). Six- to 8-week-old CD45.2+ C57BL/6
and congenic CD45.1+ C57BL/6 female mice were purchased from Charles
River (Labresle, France and Calco Como, Italia respectively). Marilyn
(CD45.1 Rag2-/-) mice whose CD4* T cells are specific for Dby/I-Ab were
kindly provided by O. Lantz and bred in our animal facility. Hemizygous
CD11¢-DTR mice were purchased from Jackson Laboratory (Bar-harbor,
ME) and intercrossed to obtain homozygous CD11c-DTR which were
then bred in our animal facility and used in the experiments. To obtain
CD11c-DTR expression on hematopoietic cells only, chimeric CD11c-
DTR female mice were created by transferring 5x 10° bone marrow cells
harvested after flushing cells from tibia and femur of CD11c-DTR female
mice into lethally irradiated (9,5 gray) congenic CD45.1+ C57BL/6 female
mice. The reconstitution was attested by measuring blood cell counts using
the MS9 counter (Melet Schloesing Laboratories, Osny, France) and the
percentage of chimerism was evaluated by the CD45.1/CD45.2 ratio in the
live cell gate using flow cytometry.

Peptides, rAAV vectors, and nanospheres. The Dby peptide was syn-
thesized by Genepep (Montpellier, France). All rAAV used in the study
were nonreplicative adenovirus-free viral preparations prepared by tran-
sient tri-transfection of HEK293T cells using endotoxin-free plasmids
(Macherey-Nagel, Hoerdt, France). All vectors were purified by centrifu-
gation over a CsCl gradient and titered in viral genome (vg) by real-time
PCR. Vector final suspensions were tested for endotoxin level and found
to be < 10 EU/ml. The rAAV1-DBY vector was described previously.*
Various serotypes of rAAV (rAAV1, rAAV2, rAAV5, and rAAV8) were
produced as described®” using various transgene constructs described
elsewhere**: pGG1l SGCA_HY for rAAV1; pGG2-CMV-muSEAP for
rAAV2 and rAAV5; pU7_DTex23 for rAAVS. For fluorescent labeling of
rAAV1, covalent staining with Alexa-fluor 488 or Alexa-fluor 633 was per-
formed using a labeling kit according to the manufacturer’s instructions
(Invitrogen, Carlsdad, CA). The concentration of rAAV1 particles (pp/ml)
was evaluated by ELISA (Progen, Heidelberg, Germany).

Nanospheres consisted of yellow-green 20 nm carboxylate-modified
ultraclean polystyrene fluospheres and the stock particle concentration
was indicated by the manufacturer (Invitrogen).

Lectins, neuraminidase, and diphteria toxin. WGA, SNA, and MAA
(Biovalley SA, Marne La Vallée, France) bind to sialic acid recognizing
either all linkages (WGA), Neu5Ac02-6Gal(NAc)-R (SNA) or Neu5Ac/
Gc02,3GalB1,4GlecNAC/Gle (MAA) motifs. The lectins were conjugated to
fluorescein isothiocyanate by the manufacturer and the stock solution (5mg/
ml) was reconstituted according to the instructions and stored at —20 °C.

Neuraminidase (NA) from Vibrio cholerae (Sigma-Aldrich, St. Louis,
MO) was used to hydrolyze Neu5A 02,3, 02,6, and 0.2,8 linkages. For the
treatment, CD11c+, CD11b+, and CD19+ cells were incubated 2 hours at
37 °C with 50 mU/mg of NA in PBS 1x, Ca?*, Mg*'.

Corynebacterium diphtheriae diphtheria toxin unnicked (DT)
(Calbiochem-Millipore, Billerica, MA) was used to deplete CD11c+ cells
in chimeric CD11¢c-DTR mice. Mice were injected intraperitoneally (IP)
three times every 2 days with 1 ug/ml of DT diluted in PBS.

Purification of APC by magnetic cell sorting. Spleens were harvested from
naive mice for in vitro experiments or from IV-injected mice for ex vivo
experiments. CD11c+, CD11b+, and CD19+ cells were obtained as previ-
ously described.” CD11c+ cells were collected from these spleen digested
first with collagenase IV (Invitrogen), DNAse I (Roche Diagnostics,
Meylan, France), incubated with anti-CD11c-magnetic beads (Miltenyi
Biotec, Paris, France) and purified by automatic magnetic cell sorting
(AutoMACS, Miltenyi Biotec). Cell purity ranged from 93 to 97%. The
residual unselected cells were labeled with anti-CD11b-magnetic beads
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(Miltenyi Biotec) to purify CD11b+ cells reaching a purity ranging from 85
to 90%. B lymphocytes were obtained from residual unselected cells from
these two prior processes (i.e., CD11c- CD11b- cells) using anti-CD19-
magnetic beads positive selection. The purity was 98%. AutoMACS pro-
grams POSSELD(S) or POSSELD were used for CD11c+ cells positive
selection, POSSELD for CD11b+ cells positive selection, and POSSEL
for CD19+ cells positive selection. For ex vivo cell binding experiments,
preparations of CD45" cells were obtained from liver following digestion of
the organ with collagenase IV (Invitrogen), DNAse I (Roche Diagnostics).
Cells were obtained by positive selection using anti-CD45-magnetic beads
(Miltenyi Biotec) and automatic magnetic cell sorting (POSSEL program,
AutoMACS, Miltenyi Biotec). The purity was 97%.

Competition assays with rAAV serotypes and lectins. To performed com-
petitions assays, 10° CD11c+, CD11b+, and CD19+ cells were incubated at
4 °C with fluorescein isothiocyanate-conjugated lectins (1, 3, 5, 7 pg/ml)
or with rAAV with capsid serotypes 1, 2, 5, and 8. Batches of vector used
for the study had the following titers: rAAV5 CMV-mseap: 7.7 x 10" vg/
ml; rAAV1 SGCA-HY: 6x 10" vg/ml; rAAV2 CMV mseap: 5.3 x 10" vg/
ml; rAAV8 pU7_DTex23: 2.3 x 10" vg/ml. After 10 minutes, 10° vg/cells of
Alexa fluor-stained rAAV1, corresponding to the EC50 dose, were added.
One hour later, cells were extensively washed, resuspended in PBS, and
stained. The competition assay was assessed by FACS by estimating the
percentage of Alexa-fluor stained cells. And the percentage of competition
was calculated as follows ((positive cells w/o competitor — positive cells
w/o competitor)/positive cells w/o competitor). Analyses were performed
on a LSRIT using Diva software (BD-Biosciences, Le Pont de Claix, France).

Ex vivo antigenic presentation to specific CD4* T cells. For ex vivo anti-
genic presentation, at least three mice per group were injected IV with
the different rAAV1 vectors tested or with PBS as control and after 3-5
days (to examine capsid or transgene presentation, respectively), spleen
cells were collected and CD11c+, CD11b+, and CD19+ cells were puri-
fied by automatic magnetic cell sorting (AutoMACS, Miltenyi Biotec).
To analyze the antigenic presentation of Dby-specific CD4" T cells were
purified from Marilyn mice with anti-CD90.2-magnetic beads (Miltenyi
Biotec) and then stained with carboxyfluorescein succinimidyl ester
(CFSE) (Molecular Probes, Cambridge, UK) (2 pmol/l) in RPMI-1640
(Life Technologies, Carlsbad, CA) (10 cells/ml) at RT for 8 and 2 minutes
at 37 °C. The reaction was stopped by adding an equal volume of RPMI
1640 10% fetal calf serum (FCS) followed by 5 minutes incubation at 4 °C.
Cells were extensively washed, resuspended in PBS, and put together
with the CD11c+, CD11b+, and CD19+ cells at different APC:T cell ratio
(1:25,000; 1:50,000; 1:75,000; 1:100,000) in a 96-well flat-bottom plate-
Nunc (Dutcher, Brumath, France). Three days later, the CD4* T-cell pro-
liferation was assessed by FACS by estimating the CFSE dilution in CD4*
stained cells, and we calculated the % of dividing cells as follows: ((number
of total cells - number of nondividing cells) x 100)/number of total cells).
Analyses were performed on LSRII using Diva software (BD-Biosciences).
Negative (CD11c+ + PBS) and positive (CD11c+ + Dby) controls were
always included to assess the proliferation level.

Immunostaining and flow cytometry. All reagents used for flow cytometry
were purchased from BD-Biosciences (Le Pont de Claix, France) and from
e-biosciences (San Diego, CA) unless otherwise indicated. Cell suspensions
were first incubated with anti-FcaRIII/II (2.4G2) monoclonal antibodies
(mADb) for 15 minutes at 4°C and then stained for 30 minutes at 4°C in
PBS with 0.1% bovine serum albumin (BSA) using saturating amounts of
the following mAbs: pacific blue-conjugated anti-CD4; biotinylated-anti-
CDllc, anti-CD11b, anti-F4/80 and PE-Cy7-conjugated streptavidin;
PE-conjugated anti-pDca, anti-CD8a, anti-CD11b; V450-conjugated
anti-CD86; Alexa 647-conjugated anti-CD301; alexa 700-conjugated
anti-MHCII; APC-conjugated anti-CD80; biotinylated-anti-CD206
(Abd Serotec, Kidlington, UK); and APC-Cy7-conjugated streptavidin.
Dead cells were excluded using 7-amino-actinomycine D (0.3 mg/ml)
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(Sigma-Aldrich) staining. Acquisitions were performed on a LSRII using
Diva software (BD Biosciences) and analyses were carried out with Kaluza
software (Beckman-Coulter, Villepinte, France).

Adoptive transfer. For adoptive transfer experiments, C57BL/6 mice were
injected with 10° CD11c+ or CD11b+ cells digested or not with NA and
pulsed in vitro with 5.10° vg/cell of rAAV1 vectors or PBS as control. Each
mouse was injected I'V in retro-orbital sinus with 100 pl of cells preparation.

Vector intramuscular injections. For IM injection of vector, animals were
anesthetized by intraperitoneal injection of xylazine (10 mg/kg) and ket-
amine (100 mg/kg) and 25 ul of the viral preparation adjusted at the speci-
fied concentration was injected in the left tibialis anterior (TA). Mice were
sacrificed at day 8 for the anti-capsid immune responses and at day 14 for
the anti-transgene immune responses.

Determination of the immune response by enzyme-linked immunospot
assays. IFN-y enzyme-linked immunospot assays were performed as pre-
viously described,® by culturing 10° spleen cells per well with or without
1 umol/l of Dby peptide. As a positive control, cells were stimulated with
Concanavalin A (Sigma-Aldrich) (5ug/ml). After 24 hours, spots were
revealed and counted using an AID reader (Cepheid Benelux, Louven,
Belgium). Spot forming units (SFU) per million cells are represented after
subtraction of background values obtained with nonpulsed splenocytes.

PCA and hierarchical clustering. Cell surface expression of CD86, CD80,
MHCII, CD301, and CD206 was measured by FACS on different popula-
tions of APC that were extracted from the spleen following administration
of rAAV1, nanosphere, CpGA (ODN 2336, TLR-4 ligand), CpGB (ODN
10103, TLR-9 ligand) (Cayla Invivogen, Toulouse, France), or lipopolysac-
charide (LPS) (Invitrogen). Marking was described by the percentage of
positive cells, by the median and geometric mean of fluorescence in the
positive cell population. Multiparametric database included the treatment
condition, the replicate, and variables measured for each marker of inter-
est. PCA was performed using the free R software (Vers.2.15.2)* and the
FactoMineR package (Vers.1.26)” to visualize patterns in the data. The
method consists in a dimension reduction that produces new uncorre-
lated variables from the linear association of original ones. First and sec-
ond new computed dimensions catch most of the inertia contained in the
data and are used in each PCA plot. Ellipses in PCA plots show the 95%
confidence interval of the center of gravity of each treatment obtained in
three independent experiments. Hierarchical clustering was performed on
the principle components using the default parameters of the R package
FactoMineR. The distances are computed using an Euclidean metrics and
the tree aggregated using a complete linkage method. CD11c+ cells and
CD11b+ cell subsets were analyzed as two separated data sets. For each
set of data, a plot representing each individual and the associated variables
plot are shown.

Statistical analysis. For PCA analysis, comparisons between two experi-
mental groups were performed using unpaired two-tailed Student’s test
analysis. Apart from PCA studies, data were formatted with GraphPad
Prism software (GraphPad, La Jolla, CA). Comparisons between two
experimental groups were performed using a Mann and Whitney two-
tailed analysis. P value under 0.05 was considered statistically significant.
In the graphs, *P value inferior to 0.05, **inferior to 0.01, and ***inferior
to 0.001.

SUPPLEMENTARY MATERIAL

Figure $1. Antigenic presentation and T cell activation controls.
Figure $2. Gating strategies and control of acid sialic removal on
CD11c+CD80o+ and CD11b+F4/80+.

Figure $3. Activation of APCs by rAAV1 and nanospheres.

Figure $4. Clustering representation of PCA.

Figure $5. Confocal microscopy analysis showing the presence of
rAAV1 in macrophages.
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