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Contribution to the Field Statement

Mucosal immune responses are essential to protect against pathogens entering through
mucosal surfaces. However, the development of mucosal immunity remains difficult to
stimulate and requires effective mucosal adjuvants.

We have previously evidenced a new function for IL-7. Overexpressed in the intestines of
acutely SIV-infected macaques, IL-7 stimulates the recruitment of immune cells into
infected tissues, contributing to the development of the immune responses, suggesting its
possible use as a mucosal adjuvant.

We have showed here that non-traumatic vaginal administration of recombinant
glycosylated simian IL-7 to macaques prior to antigen administration, allows the
development of a strong mucosal immune response, through the local recruitment of
immune cells induced by local expression of chemokine, the activation of mDCs and the
formation of tertiary lymphoid structures in the vaginal mucosa. The mucosal localization of
antigen-specific IgA plasma cells argues for their contribution to the high levels of specific
IgAs evidenced in vaginal secretions.

We thus conclude that IL-7, already used in clinics without major adverse effects, can serve
as an adjuvant to stimulate the mucosal immune system of the female genital tract and
induce vaginal antibody responses following local immunization, most likely the best way to
protect against sexually transmitted diseases.
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ABSTRACT

Mucosal immune responses are crucial in protecting against pathogens entering through
mucosal surfaces. However, due to difficulties in disrupting the tolerogenic environment
associated with mucosa, mucosal immunity remains difficult to stimulate through vaccines
and requires appropriate adjuvants. We previously demonstrated that either administered
systemically to healthy macaques or locally expressed in the intestinal mucosa of acutely
SIV-infected macaques, interleukin-7 (IL-7) triggers chemokine expression and immune cell
homing into mucosae, suggesting its important role in the development of mucosal immune
responses.

We therefore examined whether local delivery of recombinant glycosylated simian IL-7 (rs-
IL-7gly) to the vaginal mucosa of rhesus macaques could prepare the lower female genital
tract (FGT) for subsequent immunization and act as an efficient mucosal adjuvant.

First, we showed that local administration of rs-IL-7gly triggers vaginal overexpression of
chemokines and infiltration of mDCs, macrophages, NKs, B- and T-cells in the chorion
while MamuLa-DR" APCs accumulated in the epithelium. Subsequent mucosal anti-DT
immunization in macaques resulted in a faster, stronger, and more persistent mucosal
antibody response compared to DT-immunization alone. Indeed, we detected robust
productions of DT-specific IgAs and IgGs in their vaginal secretions and identified cells
secreting DT-specific IgAs in their vaginal mucosa and IgGs in draining lymph nodes.

Finally, the expression of chemokines involved in the organization of tertiary lymphoid
structures (TLS) was only increased in the vaginal mucosa of IL-7-adjuvanted immunized
macaques. Interestingly, TLSs developed around PNAd" high endothelial venules in their
lower FGT sampled 2 weeks after the last immunization.

Non-traumatic vaginal administration of rs-IL-7gly prepares the mucosa to respond to
subsequent local immunization and allows the development of a strong mucosal immune
response in macaques, through the chemokine-dependent recruitment of immune cells, the
activation of mDCs and the formation of TLSs. The localization of DT-specific IgA plasma
cells in the mucosa argues for their contribution to the production of specific
immunoglobulins in the vaginal secretions. Our results highlight the potential of IL-7 as a
potent mucosal adjuvant to stimulate the FGT immune system and elicit vaginal antibody
responses to local immunization, which is the most promising way to confer protection
against many sexually transmitted diseases.
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INTRODUCTION

Mucosae form a physical barrier that limits the invasion of pathogens in the host but also
ensures important physiological functions that require a certain degree of porosity. Because
of their locations and these two antagonistic characteristics, mucosae are equipped with a
peculiar immune system that constitutes a first line of defense for the organism. IgAs have a
compartmentalized distribution and repertoire that are believed to contribute to the
protection of mucosal surfaces. Strengthening mucosal immunity should be effective in
increasing protection against invasive pathogens, but it is difficult to achieve through
systemic vaccination.

The administration of a vaccine on mucosal surfaces is a promising way of inducing such
immunity, however, it is a method that necessitates adequate adjuvants and is less often
explored. The development of such an adjuvant requires understanding the specific
mechanisms involved in establishing protective mucosal immunity and adapting the
adjuvants to each specific mucosa. Indeed, contrarily to a generally accepted idea, the
mucosal immune system certainly does not use common mechanisms to develop immune
responses at all sites. Indeed, distinct vaccination routes, oral, nasal, sublingual, rectal or
vaginal, stimulate mucosal immunity in different locations (1, 2). Furthermore, vaginal
immunization leads to more robust vaginal IgG and IgA antigen-specific antibody responses
than parenteral immunization or immunization at other mucosal sites (3, 4).

In the presence of antigens on the mucosal surface, the induction of mucosal immune
responses occurs in organized mucosal lymphoid tissues and in draining lymph nodes (LNs).
In the mucosa, epithelial cells serve as sensors that detect microbial components through
pattern-recognition receptors and transfer signals to underlying mucosal cells to trigger
innate, non-specific defenses and promote adaptive immune responses. The signals involved
in the differentiation and tissue homing of antigen-specific lymphocytes in the different
mucosae remain to be fully defined but, as a whole, this mechanism leads to the preferential
development of immune responses at the site where the antigen or the pathogen was initially
encountered.

It is known that the tissue-specific expression of chemokines, integrins and homing
receptors are involved in immune cells homing to the FGT, however, there is less research
conducted on the mechanisms involved in cells homing to the FGT than in the gut or the
lungs. Various chemokines were identified to induce cell homing into the vaginal mucosa
(CCL2 (MCP-1), CCLS5 (RANTES), CCL7 (MCP-3), CCL20 (MIP-3a), CXCLS8 (IL-8),
CXCL9 (Mig), CXCL10 (IP-10) CXCL12 (SDF-1), CCL28 (MEC)...) (5-12). In addition,
a4B7 and 041 integrins have been described as participating in the development of vaginal
immunity in mice (13, 14). Besides, the expression of the vascular cell adhesion molecule-1
(VCAM-1), which binds to these integrins, has been detected in the human vagina (15) and
is overexpressed during inflammatory processes in mice, which suggests a role in cell
recruitment into the genital mucosa (16, 17).

Considering the still incompletely described chemokine/integrin network in the genital
mucosa, the identification of a strategy to stimulate the physiological expression of this
complex network triggered by antigenic stimulation could help the development of an
effective mucosal adjuvant. Various cytokines such as GM-CSF, IL-2, IL-12, IL-15 and IL-
18 and chemokines such as CXCLS, CCL5, CCL3 (MIP-1a), CCL4 (MIP-1B), CCL19
(MIP-3B), CCL20, CCL21 (6Ckine), CCL25 (TECK), CCL27 (CTACK) or CCL28 have
been tested, mainly in mice, as potential adjuvants for the development of mucosal
immunity (12, 18-21). So far, these studies have remained largely disappointing. In contrast,
thymic stromal lymphopoietin (TSLP) administered nasally together with antigens as well as
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CXCL9 and CXCL10 intravaginal administration after s.c. immunization acted as a potent
mucosal adjuvant in mice (22, 23). Finally, lymphotactin (XCL1) and defensins exerted
weak adjuvant activity for mucosal immunity when administered nasally with antigens (24).

Recently we and others have evidenced an overexpression of interleukin-7 (IL-7), a cytokine
constitutively expressed by mucosal epithelial cells, in tissues following viral and bacterial
infections (25-27). During the acute phase of these infections, this cytokine triggers the
mucosal expression of various chemokines, favors integrin and chemokine receptor
expression by T-cells and leads to immune cell homing into various mucosal tissues of both
humans and rhesus macaques (25, 28, 29). In addition, IL-7 has been shown to play an
important role in the formation of tertiary lymphoid organs (30-33). Moreover, IL-7 also
contributes to lymphangiogenesis (34). Increased levels of IL-7 observed in infected tissues
could thus participate in the induction of antigen-specific immune responses in infected
mucosae.

Considering that IL-7, either systemically administered or locally expressed in acutely
infected tissues, triggers both the expression of chemokines in tissues and the homing of
immune cells into lymphoid and non-lymphoid organs (25, 28, 29), we investigated whether
local administration of low doses of IL-7 directly at the surface of the vaginal mucosa could
prepare it for subsequent immunization. We evidenced that non-traumatic topical
administration of IL-7 triggers major physiological modifications of the vaginal mucosa,
characterized by local production of a specific panel of chemokines and infiltration of
various immune cells into the chorion. Moreover, we have demonstrated an efficient local
immune response in the IL-7-treated vaginal mucosa following local immunization against
diphtheria toxoid (DT) used as a model immunogen. Our results emphasize the potential of
IL-7, already used in clinics without major adverse effects (35), as a potent mucosal
adjuvant to stimulate the FGT mucosal immune system.

MATERIALS AND METHODS
Animals, drug administration and tissue collection

The healthy Chinese female rhesus macaques (Macaca mulatta) included in this study were
housed, cared for, and handled in BSL2 NHP facilities of the Institut Pasteur (Paris, France;
accreditation no. A 78-100-3) and IDMIT (“Infectious Disease Models and Innovative
Therapies” at the CEA “Commissariat a ’Energie Atomique,” Fontenay-aux-Roses, France;
accreditation no. C 92-032-02). Approval number 2010-0008 for the use of monkeys in this
protocol was obtained from the ethics committee of Paris 1. All animal handling was carried
out under ketamine anesthesia, in accordance with European regulations. The animals were
seronegative for SIV ., simian T-cell leukemia virus type 1, simian retrovirus type 1 (type
D retrovirus), and herpes virus B.

Recombinant glycosylated simian IL-7 (rs-IL-7gly) was obtained from Cytheris SA (now
Revimmune Inc., France) and administered either through intra-mucosal injection at several
sites of the vaginal walls (4 injections per macaque), together with black Indian ink (1 to 10
ng/injection site, in 20uL of 1/24 Indian ink, in calcium free Dulbecco’s phosphate buffered
saline (PBS), n=8 macaques) or by vaginal spray using the APTAR bidose spray device (1
to 15ug in 200uL of PBS per spray, n=17 macaques). Control animals were untreated or
injected with Indian ink alone (n=8 macaques), or sprayed with PBS (n=3 macaques).

Immunization against diphtheria toxoid (DT) was performed through non-traumatic
administration of DT (Biological Laboratories, Courtaboeuf, France; 7ug per animal, in
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200uL of PBS) into the vaginal lumen, using the APTAR bidose spray device.
Immunizations were repeated with an identical protocol at week 16 (boost 1) and week 31
(boost 2) after prime immunization, and all the macaques were euthanized 2 weeks after a
third boost immunization performed at week 55 after prime immunization.

Cervico-vaginal lavages (CVL) and blood samples were taken from each animal at baseline
and every week throughout the protocol. Each CVL sample was collected using a sterile
pipette by inserting in the vaginal cavity 2 mL of sterile PBS which was re-aspirated with
the same pipette (12 to 20x), and then added in a sterile 15 mL tube containing antibiotics
(200 U/mL penicillin and 200 pg/mL streptomycin, final concentrations) and protease
inhibitors used according to the manufacturer’s recommendations (1X of cOmplete ™,
EDTA-free Protease Inhibitor Cocktail, Roche Applied Science, Meylan, France). CVLs
were centrifuged at 1,800rcf for 1 hour at 4°C then cleared using Spin-X" Tubes centrifuged
at 16,000rcf for 30min at 4°C (Sigma-Aldrich, Lyon, France), aliquoted, and stored at -80°C

until use.

Vaginal biopsies were taken using biopsy forceps from non-injected healthy animals and at
the sites of Indian ink injections (administered alone or together with rs-IL-7gly), 24 or 48
hours after injection, from non-sprayed healthy animals and 48 hours after the
administration of rs-IL-7gly by vaginal spray using the APTAR bidose device, as well as 4
weeks before primary anti-DT immunization and 4 weeks after each anti-DT immunization
(post-prime and post-boosts n°1 and n°2).

Immediately after sampling, the biopsies were either placed in 600 pL of RLT buffer from
the RNeasy kit (Qiagen, Courtaboeuf, France) or snap-frozen in an Optimal Cutting
Temperature compound (Tissue-Tek” O.C.T.™ Compound, Labonord, Templemars,
France) in isopropanol cooled with liquid nitrogen and stored at -80°C until use.

At necropsy, both the entire vagina and iliac lymph nodes (LNs) were collected and
immediately treated for future analyses. Pieces of vaginal tissue (4mm?), sampled from the
lower and upper parts of the vaginal mucosa or from the vaginal fornix, were either frozen at
-80°C in RLT buffer (Qiagen) for future RNA extraction or snap frozen using O.C.T.™ and
preserved at -80°C. Pieces of iliac LNs were similarly processed for further analysis.
Peripheral blood mononuclear cells (PBMCs) were purified by Ficoll density gradient
centrifugation and conserved in liquid nitrogen in fetal calf serum 10%DMSO until use.

Laser capture microdissection of vaginal mucosal tissue

Twelve-pm thick cryosections of vaginal tissues were collected on a polyethylene foil slide
(SL Microtest GmbH, Jena, Germany) and stored at -80°C until use. The cryosections were
then air dried for 5 minutes, counterstained with hematoxylin for 30 seconds, air dried, and
microdissected as previously described (36). Epithelial tissue and chorion were individually
sampled from 3 to 5 consecutive sections and each microdissected tissue was immediately
placed in 80uL of ice-chilled RLT buffer (Qiagen) and stored at -20°C until RNA
extraction. For each microdissected sample, RNAs were extracted from >2mm’ of
epithelium and >5mm? of chorion.

Real-time PCR quantifications

mRNAs were extracted from mucosal biopsies, as previously described (25), or from
microdissected samples using the RNeasy tissue kit (Qiagen). Briefly, for microdissected
samples, 300 to 400uL of tissue-containing RLT buffer (Qiagen) were extensively vortexed
for 3 minutes then centrifuged for 3 minutes (16,000rcft). Residual DNA was removed from
the cleared lysate using DNase digestion on columns (Qiagen). mRNAs were eluted in 40uL.

p- 6
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of RNase-Free water. mRNAs recovered from microdissected samples or vaginal biopsies
(about 1 mm’®) were reverse-transcribed with the QuantiTect Rev Transcription Kit
(Qiagen), used according to the manufacturer’s recommendations, and cDNAs were stored
at -20°C until use.

The cDNAs were PCR amplified in a final volume of 50puL. PCR amplification consisted of
an initial denaturation of 15 minutes at 95°C, followed by 22 (biopsy samples) or 28
(microdissected samples) cycles consisting of 30 seconds at 95°C, 30 seconds at 60°C, and 3
minutes at 72°C using outer 3°/5’ primer pairs.

Multiplex PCR amplifications were optimized to allow simultaneous amplification of (i)
CCL3, CCL11, CCL25 and CXCLS, (i1) CCLS5, CCL20, CCL28 and CXCL10, (iii) CCL19
and CCL21, (iv) CCL2 and CX;CL1, (v) CCLA4, (vi) CCL7, (vii) CCLS, (viii) CCL17, (ix)
CCL22, (x) CXCL12, (xi) CXCL13, (xi1) CD132 and CD127, (xiii) IL-17A and IL-21, (xiv)
TSLP, (xv) LTa, and (xvi) LTf, together with the hypoxanthine phosphoribosyl transferase
(HPRT) gene, used as a housekeeping gene. These PCR products were diluted 1/100 in
water and used to individually quantify each of the chemokines, CD132, CD127, TSLP, IL-
17A, IL-21, LTa, LT, or HPRT amplicons, in LightCycler® experiments using inner 3°/5’
primer pairs, as previously described (25). The results were expressed as absolute numbers
of target mRNA copies per HPRT mRNA copy. All the primers used in this study are
described in Supplementary Table 1.

Immunohistofluorescent staining

Four-um thick tissue sections fixed with formaldehyde and embedded in paraffin (FFPE)
and eight-um thick cryosections collected on glass slides (SuperFrost® Plus, Menzel-Gléser,
Illkirch, France) were immunostained as described in the supplementary material. The
antibodies used for immunohistofluorescence labeling are listed in Supplementary Table 2.

Reverse immunohistofluorescent staining

Reverse immunohistofluorescent staining was used to detect cells producing DT-specific
antibodies. Ten-um thick cryosections were fixed for 20 minutes at 4°C in 2% PFA and
rinsed with PBS, permeabilized with 0.2% triton for 8 minutes, rinsed with PBS, blocked
with 5% BSA for 30 minutes in PBS, then a Streptavidin/Biotin Kit was used according to
the manufacturer’s recommendations (Vector Laboratories).

Tissue sections were incubated with rabbit anti-IgA or anti-IgG antibodies (DAKO) for 2
hours at RT, rinsed in PBS/0.5%Tween20, then incubated overnight at 4°C with DT Ag
(15pug/mL). Sections were rinsed in PBS/0.5%Tween20, incubated with goat anti-DT-FITC
antibodies (Abcam) overnight at 4°C, then rinsed in PBS/0.5%Tween20, incubated with
donkey anti-goat Biotin (Abcam) secondary antibodies, rinsed in PBS/0.5%Tween20,
incubated with streptavidin-Alexa Fluor® 488 (Molecular Probes) in the dark for 15 minutes
at RT, rinsed in PBS/0.5%Tween20, then blocked 30 minutes in 10% normal goat serum
and 5% BSA in PBS. IgA or IgG staining were revealed with goat or donkey anti-rabbit-
Alexa Fluor” 546 secondary antibodies (Molecular Probes) in the dark for 30 minutes at RT.

The tissue sections were rinsed in PBS/0.5%Tween20, then in PBS alone, counterstained
with DAPI (Molecular Probes) and mounted in Fluoromount-G (Southern Biotechnology).
The antibodies used for reverse immunohistofluorescence labeling are listed in
Supplementary Table 2.

As controls for specificity, the anti-DT-FITC antibodies in combination with the Biotin-
labeled anti-goat antibodies plus the streptavidin-Alexa-Fluor® 488 did not stain either DT-
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coated vaginal mucosae or LNs from unimmunized animals, nor uncoated tissues of
immunized macaques.

Image capture and analysis

The immunostained sections were examined under an inverted epifluorescence Leica
microscope (DMI6000, Leica Microsystems Gmbh, Wetzlar, Germany), equipped with an
ORCA-Flash4.0 LT camera (Hamamatsu Photonics) and coupled with video imaging using
the MetaMorph 7.8.8.0 software (Molecular Devices, Sunnyvale, CA, USA). Images were
acquired digitally with a 10x or a 20x objective (Leica), then we used both Photoshop (CS5
version, Adobe Systems Incorporated), and ImageJ (1.52p version) software to analyze the
stainings. For color images, brightness and contrast were adjusted on each entire digitally
acquired image, with the same levels for each labeling set, using the Brightness/Contrast
command in Photoshop software.

Quantifications of cells and chemokines in tissue were performed on image reconstructions
of the entire sections of the different vaginal biopsies. Sections were digitally acquired at the
best focus with a 20x oil objective (Leica using the Yokogawa CSU X1 Spinning Disk
(Yokogawa, Tokyo, Japan) coupled with a DMI6000B Leica microscope with MetaMorph
7.7.5 software, using Scan-Slide option (10% overlap). Analyses were performed using an
ImageJ routine provided by T. Guilbert (Institut Cochin, Paris, France).

Labeling of immune cells and chemokines was quantified in manually defined zones of
chorion or epithelium. After a denoising process, manual threshold was applied on CD3",
CD4', CD8", CD20", CD11c¢", DC-SIGN", PM-2K", MamuLa-DR", CD83" stainings to
identify immune cell surfaces, and on CCL2", CCL5", CCL7", CCL19", CXCL12", and
CXCL13" stainings to define chemokine expression surfaces. CD3'CD4", CD3'CDS8" and
CDI11c¢'CD83" double positive cells, as well as CD3", CD3'CD8", CD20", CD11c¢’, CDI1¢
DC-SIGN" and PM-2K" single positive cells were automatically counted in the chorion
areas, while CD20"MamuLa-DR" single positive cells were automatically counted in both
the chorion and the epithelium zones. Results were expressed as the number of cells per
mm’ of chorion or epithelium.

Chemokine” surfaces were automatically quantified in the manually defined zones of
chorion and epithelium. Results were expressed as the sum of simply stained surfaces/total
surface analyzed. For each staining, at least 1.2 mm? of chorion and 0.9 mm? of epithelium
surfaces were analyzed per macaque. Quantifications were performed on 5 to 8§ macaques, 2
to 3 biopsies per macaque amongst 4 biopsies sampled both at D-30 and 48 hours post-rs-
IL-7gly, and 3-4 or 2-3 independent zones of chorion or epithelium were defined,
respectively (except for CD11¢'CD83" cells quantification: 4 macaques). Image analysis
quantification was performed independently by at least two people.

Lymphoid follicles were enumerated in high-powered entire reconstitutions of vaginal
sections acquired with the Lamina™ Multilabel Slide Scanner (PerkinElmer, Courtaboeuf,
France), manually counting 8 to 14 sections per macaque. The chorion surfaces were
manually outlined, and lymphoid follicles were highlighted manually and then automatically
quantified with CaseViewer software (3DHISTECH, Budapest, Hungary). The results were
expressed as the number of follicles per 50 mm® of chorion. Two people performed image
analysis quantifications independently.

The proportions of T- and B-cells in lymphoid follicles were assessed on vaginal mucosa at
necropsy, using Imagel (1.52p version) on sections acquired with a 20x objective.
Lymphoid follicles were manually defined on the DAPI channel, manual thresholds were
applied on CD3" and CD20" stains to automatically measure CD3" and CD20" stained
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surfaces. Nuclei (DAPI) were also quantified in the follicles. Results were expressed as the
number of B-cells over total cell numbers in each follicle. The quantifications were
performed on 7 to 21 follicles per macaque. Two people performed image analysis
quantifications independently.

Quantification of total and DT-specific IgGs and IgAs by enzyme-linked
immunosorbent assay

Total and DT-specific immunoglobulin (IgGs and IgAs) were quantified in CVLs using in-
house ELISA, as described in the supplementary material. Total IgA or IgG concentrations
were determined by interpolation, using the calibration line of IgA or IgG standards,
respectively. For the quantification of specific Igs, samples with a signal at least twice above
the background were considered positive. The results were expressed as OD (in IgA or IgG
anti-DT ELISA) over the concentration of IgAs or IgGs in a given sample.

Preparation of cells for ELISPOT assay

The lower FGT and the iliac LN cells were isolated as described in the supplementary
material. Cell number and viability were determined by trypan blue exclusion.

Quantification of antibody-secreting cells by B-cells ELISPOT

Antibody secreting cells (ASCs) were assayed in Multiscreen HA plates (Merck Milipore,
Molsheim, France) coated with DT (10pg/mL), as described in the supplementary material.
The spot numbers were reported as DT-specific ASCs per million PBMCs. In the wells used
as specific controls, the ELISPOT Reader detected 0 to 2 spots for the anti-IgAs, and 1 to 4
spots for the anti-IgGs, in DT-coated wells with cells from non-immunized animals,
uncoated wells with cells from immunized animals or wells incubated without cells.

Statistical analysis

Non-parametric Mann-Whitney U tests, Wilcoxon Signed-Rank Tests and multivariate
analysis of variance (MANOVA) with the post hoc analyses, and Fisher least significant
difference (LSD) tests were performed using StatView (5.0 version, Abacus software). A p
value <0.05 is considered as significant.

RESULTS
Local administration of rs-IL-7gly elicits chemokine expressions by the vaginal mucosa

In a first series of experiments, recombinant glycosylated simian IL-7 (rs-IL-7gly) was
injected into the vaginal mucosa of 8 healthy rhesus macaques (1 to 10 ng/injection site, 4
injections per animal, together with Indian ink in order to locate the injection sites). Twenty-
four and forty-eight hours after inoculation, IL-7-injected and control zones were biopsied
and mRNAs coding for 12 chemokines were quantified by qRT-PCR. Six chemokines
(CCL5, CCL19, CCL28, CXCL8, CXCL10 and CXCL12) demonstrated a significantly
higher transcription level in the IL-7-treated zones sampled 48 hours after inoculation,
compared to control biopsies (n=3 and n=9 macaques, respectively; Figure 1A). In contrast,
these overexpressions were neither observed in biopsies sampled 24 hours after rs-IL-7gly
injection (n=5 macaques) nor in biopsies injected with Indian ink alone (n=8 macaques),
with the exception of CXCL10 (Figure 1A), suggesting a consequence of the needle prick
itself. By analyzing the expression of chemokines in microdissected epithelium and chorion,
we then demonstrated that IL-7 driven chemokine transcription was located in the chorion
(CCL19 and CXCL12) or in the epithelium (CCL28) or in both (CCL5, CXCL8 and
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CXCL10; Figure 1B). These data demonstrate that a few nanograms of rs-IL-7gly, directly
injected into the vaginal mucosa, are sufficient to trigger a significant enhancement of local
chemokine expressions, which can be measured 48 hours after administration.

We then investigated the effect of the non-traumatic administration of rs-IL-7gly directly
sprayed onto the vaginal mucosal surface of healthy rhesus macaques. Nine healthy
macaques were administered with 1pg (n=2), Spg (n=2), 10pg (n=3) or 15ug (n=2) of rs-IL-
7gly. The expression of 19 chemokines and 5 cytokines was measured by qRT-PCR in
vaginal biopsies sampled 48 hours after IL-7 administration. Interestingly, while the
administration of 1 and 5Sug did not impact the mucosal expression of chemokines, animals
treated with either 10pg or 15pug of rs-IL-7gly demonstrated a significantly enhanced
mRNA level for 11 chemokines (Figure 1C and Supplementary Figure 1) compared to the
baseline. Among these, CCL5, CCL17 (TARC), CCL19, CXCL10 and CXCLI12 were
constitutively expressed at the baseline (Figure 1C, left panel), while CCL7, CCL20,
CCL22 (MDC), CCL28, CXCL13 (BCA-1), CX;CL1 (Fractalkine) were scarcely
transcribed before IL-7 treatment (Figure 1C, central panel). Finally, the vaginal expression
of CCL3, CCL4, CCL8 (MCP-2), CCL11 (Eotaxin), CCL21 and CCL25 was not
significantly modified upon stimulation with IL-7 (Figure 1C, right panel). Among the
cytokines tested, only IL-17A and TSLP demonstrated enhanced expression in IL-7-treated
vaginal mucosa (mean IL-17A expression: 0.04 and 0.32 copies/HPRT copy in baseline and
D2 samples, respectively; p<0.01; mean TSLP expression: 1.01 and 4.61 copies/HPRT copy
in baseline and D2 samples, respectively; p<0.01; n=5 monkeys; Supplementary Figure 2).

We then analyzed the expression of chemokines, at the protein level, in IL-7-treated vaginal
tissue samples taken 30 days before and 48 hours after the administration of rs-IL-7gly
(10ng by spray). Increased amounts of these chemokines were observed by
immunochemistry in either the epithelium or the chorion in samples gathered 48 hours after
rs-IL-7gly administration (Figure 2A), confirming mRNA quantifications. Quantification of
labeled surfaces using Imagel software (see Methods) demonstrated that CCL7, CCL2,
CXCL13 and CCL5 expressions were increased in the chorion (1.5-, 1.9-, 2- and 3.4-fold,
respectively; p<0.02; Figure 2B) while only CCL7, CCL2 and CCL5 were overexpressed in
the epithelium (1.7-, 1.8- and 1.9-fold, respectively; p<0.05; Figure 2C).

These different chemokines are often described as produced either by myeloid cells or by
resident mucosal cells, suggesting that these cells could sense IL-7 through expression of the
IL-7 receptor. Accordingly, we investigated the expression of CD127 (the alpha chain of the
IL-7 receptor) by various types of cells composing the vaginal mucosa. In addition to CD3"
T-cells, many different CD3"MamuLa-DR" cells effectively expressed CD127 (Figure 2D
and Supplementary Figure 3). These cells were mostly CD11c¢" dendritic cells (Figure 2D,
panel D2; yellow arrows). Likewise, some CD11¢'CD68" or CD11¢'CD163" cells, likely
representing mucosal pro-inflammatory “M1” macrophages or cells with a mixed “M1/M2”
phenotype, also expressed CD127 (Figure 2D, panels D3 and D4; yellow arrows). Finally, a
few CD11c"MamuLa-DR™ cells, presumably NK-cells, also expressed CD127 (Figure 2D,
panel D2; red arrows).

Furthermore, CD127 was expressed by CD31" endothelial cells but not by surrounding
aSMA" (alpha-smooth muscle actin) cells (Figure 2D, panels D5 and D6; white
arrowheads). In contrast, some isolated aSMA" cells expressed CD127. Finally, epithelial
cells also presented CD127 staining (Figure 2D, panels D1, D2 and D6 and Supplementary
Figure 3, panels B, C, D), with a more distinct expression by basal epithelial cells.
Interestingly, we also evidenced both CD127 and CD132 transcription in epithelial cells
isolated from the vaginal mucosa of healthy macaques, confirming the expression of the
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entire IL-7 receptor (Supplementary Figure 4). Nonetheless, the expression of CD127 by
epithelial cells remained significantly lower than on T-cells isolated from blood or
secondary lymphoid organs (SLO) (7.8-fold and 4.2-fold in blood and SLO T-cells,
respectively; p<0.05; Supplementary Figure 4).

Therefore, many cell types that compose the vaginal mucosa express the IL-7 receptor and
may contribute to the chemokine production observed in IL-7-treated vaginal mucosa.

Altogether, these results demonstrate that the non-traumatic administration of rs-IL-7gly at
the surface of the vaginal mucosa stimulates the local expression of a set of chemokines
which may trigger immune cell migrations to the IL-7-treated mucosa.

Vaginal administration of IL-7 triggers the recruitment of immune cells into the vaginal
chorion

We further evaluated the consequences of IL-7 mucosal treatment on the distribution of
immune cells within the vaginal mucosa by performing immunohistofluorescent staining on
both biopsies 2 days after administration of rs-IL-7gly by spray (10ug/animal, n=8
macaques) and control biopsies. A significant increase in cell density, evidenced by nuclei
counts per unit of tissue surface, characterized the mucosa treated with IL-7 (1994£168 and
35184326 cells per mm® of chorion in control and IL-7-treated samples, respectively;
p=0038; data not shown). CD4" and CD8" T-cells, NK cells, B-cells, myeloid DCs (mDCs),
macrophages, and MamuLa-DR" APCs were further quantified in the chorion on whole
tissue sections using ImageJ software (Figure 3A). These quantifications confirmed that
local rs-IL-7gly administration triggers massive infiltration of all the immune cell subsets
we searched for in the vaginal mucosa (5.4-, 5.7-, 3.4- and 3.5-fold increase over baseline
values for CD4" T-cells, CD8" T-cells, B-cells and NK cells, respectively; p<0.01, <0.01,
<0.05 and <0.01; Figure 3B). Similarly, APC numbers (DR'CD20" cells) were also
massively increased in the vaginal chorion following local administration of rs-IL-7gly (2.9-
fold increase; p<0.05). Among these, we identified CD11¢” mDC, DC-SIGN" macrophages
and PM-2K" tissue macrophages (4.7-, 3.1- and 1.6-fold increase; p<0.01, p<0.05 and
p=0.076, respectively; Figure 3C). We noted that most of the PM-2K" tissue macrophages
also expressed DC-SIGN in the vaginal mucosa (data not shown). Moreover, after the
administration of rs-IL-7gly, CD11¢'DC-SIGN" mDCs concentrated underneath the
epithelium (Figure 3A) and expressed CD83 (21.4-fold increase after rs-IL-7gly treatment;
p=0.021; Figures 3D-E). Furthermore, following administration of rs-IL-7gly by spray, a
significant increase in the numbers of APCs expressing MamuLa-DR was observed in the
vaginal epithelium (39+5 and 70+8 cells/mm” in control and IL-7-treated macaques,
respectively, p=0.013; Figures 3G-H).

These data demonstrate that, in the vaginal mucosa, the chemokine expressions induced by
IL-7 treatment trigger the migration of APCs, B-cells, T-cells and NK cells into the chorion,
and lead to the activation of mDCs, a prerequisite to the development of immune responses
to local antigenic stimulation. Besides, the large numbers of MamuLa-DR" APCs localized
in the epithelium after rs-IL-7gly administration could certainly help subsequently
administered immunogens penetrate the mucosa.

IL-7-adjuvanted vaginal vaccine stimulates strong mucosal antibody responses

We then tested the capacity of IL-7 to serve as an adjuvant in a mucosal immunization
protocol against a model antigen. Six female rhesus macaques were immunized against
diphtheria toxoid (DT) through local administration of the antigen (7pg of DT in 200uL of
PBS) sprayed directly into the vaginal lumen. Two days prior to the immunization, these
animals had been treated by local administration of rs-IL-7gly (group IL-7+DT; n=3; 10ug)
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or PBS (group PBS+DT; n=3), by the same route. Anti-DT antibodies were quantified in
mucosal secretions sampled over a 15-week period by cervico-vaginal lavages (Figures 4A-
B). Interestingly, DT-specific IgGs were detected in the vaginal secretions of all IL-7-treated
DT-immunized animals by week 2 or 3 (W2/3). These antibodies remained at a higher
concentration for the subsequent 15 weeks, compared to animals receiving DT without
pretreatment with IL-7 (Figure 4A; p<0.001). Indeed, among the control animals, one never
developed any detectable DT-specific IgG response and the others showed a weak and
sporadic response by W4. Similarly, DT-specific IgA responses appeared earlier and were
stronger in the IL-7-treated DT-immunized animals as compared to the low and sporadic
IgA response being detectable by W4/5 in 2 of the animals immunized without IL-7
treatment (Figure 4B; p=0.029).

Boost immunizations were performed 16 and 31 weeks after prime immunization, using the
same protocol. In all three IL-7-treated DT-immunized macaques, a rebound in both IgG
and IgA vaginal DT-specific responses was observed, despite the fact that IgG response did
not reach the levels observed early after prime immunization (Figures 4C-D). In contrast,
no significant increase of the vaginal antibody responses (IgG or IgA) was observed in the
animals immunized without IL-7 pretreatment. In these animals, sporadic DT-specific IgGs
and IgAs were detected, their concentrations remaining lower than those in IL-7-treated
animals (Figures 4C-D; p<0.001 and p=0.003, respectively, for both boosts).

Immunoglobulins in vaginal secretions can be either produced by resident antibody-
secreting cells (ASCs) in the mucosa or excreted by transudation of serum antibodies. We
thus looked for DT-specific ASCs in the vaginal mucosa and draining LNs sampled from
animals sacrificed 2 weeks after a third boost immunization performed 24 weeks after the
second boost.

In both PBS- and IL-7-treated DT-immunized macaques, DT-specific IgA" plasma cells
outnumbered DT-specific IgG" plasma cells. However, a higher density of DT-specific IgA”
plasma cells characterized both the vaginal walls and the fornix (i.e. the glandular-rich
mucosal region around the uterine cervix) of the IL-7-treated DT-immunized macaques
(Figure 5A). Similarly, we evidenced a higher density of anti-DT ASC in the iliac LNs of
animals treated with IL-7. However, in LNs, IgG" plasma cells predominate among the anti-
DT ASCs (Figure 5B).

These data were confirmed by the quantification of IgA" anti-DT ASCs by ELISPOT
performed on purified immune cells either from the vaginal mucosa (Figure 5C) or the iliac
LNs of macaques from each group (IgG ASC: 81, 148 and 85 spots/10°cells and 17, 43 and
22 spots/10° in macaques from the IL-7+DT and the PBS+DT groups, respectively; p<0.05.
IgA" DT-specific ASCs: 55, 56 and 8 spots/10° cells as compared to 10, 12 and 3 spots/10°
cells in macaques from the IL-7+DT and the PBS+DT groups, respectively; Figure SD).

1IL-7-adjuvanted vaginal vaccine allows stronger systemic immune responses

Having demonstrated the adjuvant potential of rs-IL-7gly through its capacity to improve
mucosal DT-specific antibody responses, we further analyzed B-cell responses in both
secondary lymphoid organs and blood.

The frequency of DT-specific ASCs of IgG and IgA isotypes was determined in blood
samples collected at different time points after prime immunization and following the
different boosts.

Two weeks after primary immunization, higher frequencies of DT-specific IgG" ASCs were
observed in macaques immunized by local administration of IL-7+DT compared to those
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receiving DT immunization alone (W2: 193, 82 and 73 DT-specific IgG"™ ASC/10° PBMCs
in the IL-7-treated macaques compared to 2 and 64 in the control macaques) (Figure 6A).
At later time points, these frequencies remained higher in IL-7-treated macaques (55, 41 and
130 DT-specific IgG"~ ASC/10° PBMCs at W3 and 54, 29 and 89 at W5 in the 3 IL-7-treated
macaques as compared to 11, 31, 13 and 7, 27, 39 in control animals; Figure 6A). The
frequency of DT-specific IgG" ASCs increased after boost immunizations in both groups of
macaques; the rebound of the immune response being higher following the second boost in
IL-7-treated macaques. Unlike IgG" ASCs, circulating DT-specific IgA"™ ASCs remained
low throughout the immunization protocol, their frequencies being slightly higher in IL-7-
treated DT-immunized macaques (Figure 6B).

Altogether, these data demonstrate that rs-IL-7gly acts as a mucosal vaccine adjuvant. Its
administration at the mucosal surface prior to immunization, accelerates, enhances and
stabilizes the mucosal antigen-specific antibody responses triggered by local antigenic
stimulation.

IL-7-adjuvanted mucosal immunization induces ectopic lymphoid follicles in vaginal
mucosa

To further explore the mechanisms involved in the induction of mucosal immunity in the
vaginal mucosa of macaques treated with IL-7, we quantified the expression of chemokines
involved in the development of tertiary lymphoid structures (TLS) in vaginal biopsies
sampled at necropsy. The amount of mRNA encoding CCL19, CCL21, CXCL12, and
CXCL13 (chemokines known to trigger lymphocytes trafficking and aggregation in tissues)
was increased in vaginal tissues collected from IL-7-adjuvanted immunized macaques (6.1-,
4.9-, 25.8- and 54.2-fold over pre-immunization values for CCL19, CCL21, CXCLI12 and
CXCL13, respectively; p<0.05 as compared to control animals; Figure 7A). Similar data
were obtained in biopsies sampled 4 weeks after each rs-IL-7gly administration during the
immunization protocol (data not shown).

The vaginal tissues taken at necropsy were analyzed by immunohistochemistry. In both
groups of macaques, we demonstrated the presence of organized lymphoid follicles,
composed of B- and T-cells located close to CD31" endothelial cells (Figures 7B-C).
However, in IL-7-treated DT-immunized macaques, these structures were both more
numerous (1142, 23+4, 1642 follicles/50mm” of tissue in IL-7-treated macaques and 8+2,
8+1, 61 follicles/50mm?” of tissue in control macaques; p<0.05; Figure 7D) and enriched in
B lymphocytes (27+£2%, 22+3%, 25+4% of B-cells in follicles of the IL-7-treated macaques
and 20+5%, 11+4%, 16+£3% of B-cells in follicles of the control macaques; p<0.05; Figure
7E), suggesting that their generation/maintenance was dependent on IL-7 stimulation.

In these follicles, PNAd" (peripheral node addressin) high endothelial venule cells (Figures
7F-G, top panels) and GL-7" T-cells were also in greater numbers (Figures 7F-G, middle
panels). Interestingly, GL7" B-cells were almost absent from the B cell zones, indicating
follicles without organized germinal centers. However, while the vast majority of cycling
(Ki-67") cells were T-cells in macaques immunized with DT alone, both T- and B-cells were
similarly cycling in the follicles of IL-7-treated DT-immunized macaques, suggesting
ongoing local B-cell responses (Figures 7F-G, bottom panels, and Supplementary Figure
5, arrows indicate Ki-67" B-cells).

Therefore, the pronounced increase in CCL19, CCL21, CXCL12 and CXCL13, together
with the clustering of B- and T-cells in close proximity to endothelial cells expressing PNAd
in the vaginal mucosa, indicates that pretreatment with rs-IL-7gly induces the formation of
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ectopic tertiary lymphoid follicles, which probably participate in the development of a
stronger mucosal IgA immune response to DT.

DISCUSSION

Similarly to what was observed in macaques subjected to systemic treatment with IL-7 (28),
we demonstrated that local administration of rs-IL-7gly, either injected into or spayed onto
the vaginal mucosa leads to local expression of a large array of chemokines within 48 hours
following treatment. However, depending on the tissue responding to IL-7 (i.e. skin,
intestine, lungs, vagina), the panel of overexpressed chemokines was different. In the IL-7-
treated vaginal mucosa, 12 chemokines among 19 tested demonstrated increased expression
either at the mRNA or at the protein levels, or both (Figures 1 and 2). Interestingly, the
administered dose that was sufficient to drive chemokine expression in the vaginal mucosa
was in the range of local IL-7 concentration observed in the ileum of acutely SIV-infected
rhesus macaques (25) and after systemic injection of radiolabeled IL-7 to macaques
(Cytheris S.A., now Revimmune Inc., personal communication).

Some of these chemokines (i.e. CCL2, CCL5, CCL17, CCL20, CXCL10 and CXCL12) are
constitutively produced by cells of the FGT and participate in baseline immune cell turnover
in the vaginal mucosa (5-8, 10). In contrast, local stimulation by CpG ODN or a-GalCer
stimulates CCL2, CCL7, CCL19, CCL20, CCL22, CXCL8, CXCL10 or CX3CL1
overexpression in various mucosal models of inflammation, leading to the homing of
immune cells into the mucosa (8, 37-39). Additionally, CCL28, which is expressed by
diverse mucosal epithelia and selectively attracts IgA" ASCs, is also driving the homing of
antigen-specific cells into the vaginal mucosa (12).

However, one cannot exclude that some of these overexpressions of chemokine could also
be indirectly stimulated by cytokines whose expression is triggered by IL-7 stimulation in
the vaginal mucosa. Indeed, we evidenced an increased TSLP mRNA expression in vaginal
biopsies collected after vaginal administration of 10 and 15pg of rs-IL-7gly (Figure S2), this
cytokine being reported to stimulate CCL17 and CCL22 expression by CD11¢" mDCs (40).

Considering the wide range of chemokines that were overexpressed in the vaginal tissue,
one can expect the migration of many immune cell types into this mucosa following IL-7
stimulation. Indeed, CD4" and CD8" T-cells, B-cells, NK-cells as well as CD11¢" mDCs
and macrophages were clearly attracted to the vaginal chorion by day 2 following IL-7
administration. Interestingly, while lymphocytes were situated in the entire depth of the
mucosa, most of the APCs, and in particular CD11¢ DC-SIGN" cells, were recruited just
underneath the epithelium (Figure 3A). This particular localization could be attributed to
CCL2-dependent recruitment as this chemokine is expressed by squamous vaginal epithelial
cells and more specifically at the basolateral surface of primary endocervical epithelial cells
(41) and, following stimulation with IL-7, was almost exclusively detected in the vaginal
epithelium (Figure 2). Similarly, CCL7 and CCL5, which mostly recruit CCR2" and CCRS"
cells, are also overexpressed in the vaginal epithelial layers of the FGT upon IL-7
stimulation (Figure 2), and may contribute to the peculiar localization of APCs in the IL-7-
treated vaginal mucosa (Figure 3) (9).

In contrast, IL-7 dependent enhancement of CCL19, CXCL12 and CXCL13 was mainly
observed in the vaginal chorion (Figure 2), suggesting their role in the recruitment of cells
implicated in the adaptive immune response. Indeed, these chemokines allow the
recruitment of CCR7", CXCR4" and CXCRS5" cells, including naive B-cells and both CD4"
and CD8" resting T-cells, which constitute the lymphoid infiltrate that characterized the IL-
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7-treated mucosa and TLS that we observed in the IL-7-treated immunized macaques
(Figure 7).

To respond to IL-7, mucosal cells should express the specific receptor for this cytokine, a
heterodimer protein composed of the IL-7Ra-chain (CD127) and the yc-chain (CD132). In
addition to resting T-cells, various non-lymphoid cell types also express the IL-7 receptor
(IL-7R). Indeed, in agreement with the literature that describes CD127 expression on
epithelial and endothelial cells of diverse origins (34, 42-45), we identified, in the vaginal
mucosa, CD127 expression on CD31" endothelial cells (Figure 2) and, at a lower level,
epithelial cells (Figure 2D, panels D1, D2 and D6 and Figure S3B-D). Interestingly, these
cells produce significant levels of CCL2 and CXCLS8 following in vitro IL-7 stimulation
(46). Similarly, and in contrast with the classically observed down-regulation in T-cells, in
vitro IL-7 stimulation was able to stimulate the up-regulation of CD127, by human aortic
endothelial cells at the mRNA level (47). In this experimental model, IL-7 stimulation
triggered the expression of CCL2 and cell adhesion molecules (ICAM-1 and VCAM-1) both
at the mRNA level and at the protein level. In addition, an overexpression of CD132, the IL-
7R beta chain, was also documented for endothelial cells of both blood and lymphatic
vessels (48).

Finally, we demonstrated that both CD68" pro-inflammatory “M1” macrophages and
CD11¢'CD163" cells in the vaginal mucosa express CD127. The latter subset probably
belongs to macrophages with a mixed “M1/M2” phenotype (Figure S3). As in humans,
CD11¢'CD11b"CD14" FGT DCs lack CD163 expression (49) while CDI1c CD14°'CD163"
FGT APCs expressing lower level of CDl1c were classified as macrophages (50). In
addition, in rhesus macaques, both CD68" and CD163" macrophages were identified in
tissues from the FGT (39). Moreover, CD127 expression was previously reported for mouse
intestinal macrophages (26), human CD68" synovial macrophages (44) or human CD68"
and CD163" macrophages in cardiac ventricular tissues sampled from patients with
myocarditis (51), as well as in vitro monocyte-derived human macrophages (52). Similarly,
vaginal CD11c¢" dendritic cells also express CD127 (Figure S3), suggesting that they can
participate in the mucosal response to IL-7 stimulation. In fact, IL-7 responsiveness of
human monocytes, mDC and pDC was previously demonstrated by their capacity to produce
CCL17, CCL22 and TSLP upon in vitro IL-7 stimulation (53-55). It is thus possible that
DCs and macrophages, initially attracted in the mucosa, participate in the chemokine
expression we observed in the IL-7 stimulated vagina and contribute to the immune cell
homing into the vagina, in a positive feedback loop.

We then took advantage of the increased numbers of immune cells in the IL-7-treated
vaginal mucosae to stimulate an antigen-specific immune response in this mucosa and
clearly demonstrated the efficacy of rs-IL-7gly as an adjuvant to help the development of
anti-DT mucosal antibody responses. In the animals vaccinated after local rs-IL-7gly
stimulation, anti-DT mucosal antibody responses were indeed earlier, stronger and more
persistent than in macaques immunized through administration of DT alone (Figure 4).
More importantly, this mucosal immune response was largely composed of locally produced
IgAs, as shown by the almost exclusive presence of DT-specific IgA plasma cells in the
upper vagina and fornix of IL-7-treated DT-immunized macaques (Figure 5) and the lack of
systemic IgA response in these macaques (Figures 5 and 6). In contrast, rs-IL-7gly
stimulation prior to vaginal immunization allowed for the development of a systemic IgG
response characterized by the presence of DT-specific IgG antibody secreting cells in the
iliac LNs sampled at necropsy and in blood by the second week following primary
immunization (Figures 5 and 6). However, DT-specific IgG ASCs were also detected in the
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iliac LNs of DT-alone immunized macaques, at least 2 weeks after the fourth immunization
(i.e. at necropsy).

Interestingly, enhanced mucosal cellular immunity was demonstrated after topical
administration of a modified IL-7 (IL-7 fused to the immunoglobulin Fc fragment - IL7-Fc)
in systemically immunized mice (56). Surprisingly, in this study, native IL-7 was inefficient
to trigger immune cell homing to the vagina. However, in the Choi et al. study, the
administered IL-7 was non-glycosylated and administered by simply being deposited on the
vaginal mucosa. It is possible that the velocity given by spray administration in our
experiments allowed a better penetration of the cytokine across the mucus and the epithelial
barrier in the IL-7-treated macaques, leading to improved efficacy. Moreover, we performed
cervico-vaginal lavages before each spray, which could be important in reducing the amount
of mucus at the epithelial surface and could also allow the cytokine to penetrate more easily
into the mucosa.

Beside their classical homing function, chemokines such as CCL19, CCL21, CXCL12 and
CXCL13 are also implicated, together with cytokines such as IL-17A (enhanced in IL-7-
treated vaginal mucosa sampled 2 days following the administration of rs-IL-7gly, Figure S2)
in the organization of TLS and germinal center formation (57, 58). At day 2 following rs-IL-
7gly administration, most of the infiltrating immune cells were scattered in the chorion but
lymphoid aggregates composed of T-cells, B-cells and APCs could also be observed in the
vaginal mucosa (Figure 3A, bottom panels). However, at this time point, these aggregates,
which did not contain clearly defined T- and B-cell zones, cannot be considered as
organized lymphoid structures. In contrast, we observed such structures in the mucosa of IL-
7-treated monkeys sampled at necropsy and were much less present in control macaques
(Figure 7D). In both the upper part of the vaginal walls and the vaginal fornix, lymphoid
follicles organized in distinct T-cell and B-cell areas containing proliferating cells were
often surrounding CD31" endothelial cells expressing PNAd, a marker that characterizes
high endothelial venules, the portal of entry for T- and B-cells into TLS (Figure 7, (59)).
However, at this step, we did not detect clear GL7" B-cells in these structures while T-cells
express this marker and proliferate, suggesting antigen-induced local activation.

Altogether, these data support the hypothesis that mucosal administration of rs-IL-7gly
induces massive CXCRS5" cell recruitment at HEVs where PNAd and CXCL13 are
expressed and initiates TLS neogenesis within vaginal tissue. High levels of IgAs in the
vaginal secretions are produced by mucosally localized plasma cells as evidenced by reverse
immunohistofluorescent staining. In the vagina of IL-7-treated macaques the mucosal
overexpression of CXCL12 probably plays a role in the infiltration of DT-specific plasma
cells (60, 61).

In this study, we showed that, in non-human primates, rs-IL-7gly sprayed in the vaginal
lumen penetrates the mucosa and stimulates CD127" intra-mucosal cells to produce a large
array of chemokines that mobilize the mucosal immune system. IL-7 induced chemokine
expression in the vaginal tissue triggers the recruitment of various immune cells, and the
activation of mDCs, allowing for the generation of TLS underneath the vaginal epithelium
and the development of a strong mucosal immune response following subsequent topical
administration of antigen. These data suggest that non-traumatic administration of IL-7
could be used as a mucosal adjuvant to elicit vaginal antibody response and provide a very
promising strategy to provide protection against sexually transmitted infections.
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FIGURE LEGENDS

Figure 1. Topical administration of rs-IL-7gly induces local chemokine transcription in
the vaginal mucosa

(A) mRNAs coding for CCL5, CCL19, CCL28, CXCLS8, CXCL10 and CXCL12 were
quantified in vaginal biopsies (2-4 biopsies per macaque) sampled 24 hours or 48 hours after
rs-IL-7gly-injection (IL-7 24h, dark gray bars, n=5 macaques; IL-7 48h, black bars, n=3
macaques), 24 and 48 hours after injection with Indian ink alone (Ink, light gray bars, n=8
macaques) and from non-injected healthy rhesus macaques (ni, white bars, n=9). Data were
normalized to HPRT mRNAs simultaneously quantified together with the chemokines
(Chemokine mRNA copies/HPRT mRNA copy). Bars and error bars represent means and
SEM, respectively. ##: p<0.01, #: 0.01<p<0.05 (one-tailed Mann-Whitney U test). (B)
mRNAs coding for CCL5, CCL19, CCL28, CXCL8, CXCLI0 and CXCLI12 were
quantified in pluristratified epithelium (EP) or chorion (CH) microdissected from vaginal
biopsies sampled 48 hours after rs-IL-7gly administration (n=3 macaques). Each symbol
represents one macaque (6-9 microdissected zones per macaque), and horizontal black bars
represent means. #: p<0.05 (Mann-Whitney U test). (C) mRNAs coding for 19 chemokines
were quantified in vaginal biopsies (4 biopsies per macaque) sampled from macaques one
month before (PRE, n=5) and 48" after the administration of 10ug (n=3) or 15pug (n=2) of
rs-IL-7gly (POST), by vaginal spray. Data were normalized to HPRT mRNAs
simultaneously quantified together with the chemokines (Chemokine mRNA copies/HPRT
mRNA copy). Each point represents the mean value obtained for the 5 macaques at each
time point. *: p<0.05 (Wilcoxon Signed-Rank Test).

Figure 2. Topical administration of rs-IL-7gly increases local chemokine expression in
the vaginal mucosa

(A) Sections of vaginal mucosa biopsies sampled 30 days before (Ctrl), or 2 days after (IL-7
48") the administration of 10ug of rs-IL-7gly by vaginal spray were immunostained with
anti-CCL5 or -CCL19 (red) antibodies, in combination with anti-CXCL12 or -CCL7 (green)
antibodies, and anti-CCL2 or -CXCL13 (green) antibodies. Nuclei were stained with DAPI
(blue). EP: Pluristratified Epithelium. (B, C) The expression of CCL2, CCL5, CCL7,
CCL19, CXCL12 and CXCL13 was quantified by image analysis of
immunohistofluorescent staining. Data are expressed as percentages of total chorion (B) or
the epithelium (C) surface labeled by the different antibodies. Each bar represents the mean
+ SEM of quantifications performed on 5-8 macaques (2-3 biopsies per animal) sampled 30
days before (Ctrl, white bars) and 48 hours after (IL-7 48", black bars) the administration of
10ug of rs-IL-7gly. Statistical significance of the differences between IL-7 treated and
control animals are shown at the top of the figure (Mann-Whitney U test). (D) Sections of
vaginal mucosa were labeled with anti-CD127 and combinations of anti-CD3, anti-
MamuLa-DR, anti-CD11c, anti-CD163, anti-CD68, anti-CD31 and anti-aSMA antibodies.
Nuclei were stained with DAPI (grey). Green arrowheads identify CD127 CD3 MamuLa-
DR cells; Red arrows identify CDI127"CD11c MamuLa-DR’ cells; Yellow arrows identify:
CD127°CDI11c"MamuLa-DR" (D2), CDI127°CD11c¢"CD163" (D3), or
CDI127°CD11c"CD68" (D4) triple positive cells; White arrowheads identify CD127 CD31"
endothelial cells. EP: Pluristratified Epithelium; Ch: Chorion; DR: MHC-II MamuLa-DR.

Figure 3. Topical administration of rs-IL-7gly induces the recruitment of immune cells
into the vaginal chorion
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(A) Sections of vaginal mucosa biopsies sampled 30 days before (Ctrl), or 48 hours after
(IL-7 48™) the administration of 10ug of rs-IL-7gly by vaginal spray were labeled with anti-
CD3, -CDl11c, -PM-2K and -CD20 antibodies, in combination with anti-CD4, -CD8, -DC-
SIGN, -CD20 or -MHC-II MamuLa-DR antibodies. Nuclei were stained with DAPI (blue).
(B, C) Cell infiltration was quantified by image analysis of immunohistofluorescent staining
and expressed as numbers of cells per mm” of chorion. Each bar represents the mean + SEM
of quantifications performed on 5-8 macaques (2-3 biopsies per animal) sampled 30 days
before (Ctrl, white bars) and 48 hours after (IL-7 48", black bars) the administration of 10ug
of rs-IL-7gly. (D) Sections of vaginal mucosa biopsies sampled 30 days before (Ctrl), or 48
hours after (IL-7) the administration of 10ug of rs-IL-7gly by vaginal spray were labeled
with anti-CD11c (green) and anti-CD83 (red) antibodies. Nuclei were stained with DAPI
(blue). Arrows identify CD11¢"'CD83" mature myeloid dendritic cells. CD11¢"'CD83" cells
were quantified by image analysis of immunohistofluorescent staining on vaginal mucosa
biopsies sampled from macaques (n=4) 30 days before (Ctrl, white bars) and 48 hours after
(IL-7 48", black bars) the administration of 10pg of rs-IL-7gly and expressed as number of
double positive cells per mm? of chorion + SEM (E) and as the frequency of CD83" cells in
CD11c" cells (F). (G) Sections of vaginal mucosa biopsies sampled 30 days before (Ctrl), or
48 hours after (IL-7) the administration of 10ug of rs-IL-7gly by vaginal spray were
immunostained with anti-MamulLa-DR antibodies (green). Nuclei were stained with DAPI
(blue). (H) MamuLa-DR" cells were quantified by image analysis of
immunohistofluorescent staining on vaginal mucosa biopsies sampled from macaques (n=7)
30 days before (Ctrl, white bars) and 48 hours after (IL-7 48", black bars) the administration
of 10pug of rs-IL-7gly. **: p<0.01, *: 0.01<p<0.05 (Mann-Whitney U test). EP:
Pluristratified Epithelium; DR: MHC-1I MamuLa-DR.

Figure 4. Topical administration of DT leads to a stronger mucosal immune response
after local administration of rs-1L-7gly.

Specific anti-DT IgGs (A, C) and IgAs (B, D), were quantified by ELISA in vaginal
secretions of 6 rhesus macaques that received vaginal administration of either 10pug of rs-1L-
7gly (black bars; n=3) or PBS (white bars, n=3), followed, at day 2 (D2), by local
administration of Diphtheria Toxoid (DT). Two boosts were performed at 16 and 31 weeks
following prime immunization, using the same protocol. All administrations were performed
by vaginal spray. Specific anti-DT antibody responses are expressed as optical density over
IgG or IgA concentration in each CVL sample. Bars and error bars represent means and
SEM at any time-point for the 3 animals from each group. Samples containing blood
contaminations due to menstruations were excluded. Statistical differences between IL-7-
treated and untreated monkeys are shown (MANOVA Test). D0: Administration of rs-IL-
7gly or PBS; D2: Administration of DT; W: Week post-DT administration.

Figure 5. Preferential localization of DT specific IgAs plasma cells in the vaginal
mucosa following rs-1L-7gly-adjuvanted mucosal immunization.

Sections of vaginal mucosa (A), or iliac lymph nodes (B), sampled at necropsy (i.e. 2 weeks
after the fourth mucosal immunization) from PBS+DT (top panels) and IL-7+DT (bottom
panels) -immunized macaques, were incubated with DT and immunostained with anti-DT
antibodies (green) and either anti-IgA or anti-IgG (red) antibodies to reveal IgA and IgG
anti-DT plasma cells, respectively. Nuclei were stained with DAPI (blue). Representative
examples of the upper part of the vagina (A, left panels) and vaginal fornix (A, right panels)
or of the draining lymph nodes (B) are shown. DT-specific plasma cells are yellow (A, B)
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and arrows indicate DT-specific IgA plasma cells in vaginal mucosa (A). EP: Pluristratified
Epithelium; Ch: Chorion. (C, D) IgG- and IgA-producing DT-specific plasma cells (ASC)
were quantified by B-cell ELISPOT on isolated cells from the vaginal chorion of macaques
immunized with PBS+DT (White bars, n=1) or IL-7+DT (Black bars, n=1), sampled at
necropsy (C), and on isolated cells from iliac lymph nodes from macaques immunized with
PBS+DT (White bars, n=3) or IL-7+DT (Black bars, n=3), sampled at necropsy (D). Results
are expressed as IgG or IgA anti-DT-specific plasma cells per 10° cells. Bars and error bars
represent means and SEM, respectively (two independent experiments performed in
duplicate; *: p<0.05 (Mann-Whitney U test)). LN: Lymph nodes; ASC: antibody secreting
cells.

Figure 6. Increased numbers of circulating DT-specific IgG antibody-secreting cells
after rs-1L-7gly-adjuvanted vaginal immunization.

DT-specific ASC of IgG (A) and IgA (B) isotypes were quantified by B-cell ELISPOT on
peripheral blood mononuclear cells (PBMCs) from PBS+DT (White bars, n=3) and IL-
7+DT (Black bars, n=3) immunized macaques sampled after prime immunization (plain
bars) or after boost #1 (dotted bars) or boost #2 (hatched bars). Results are expressed as the
number of IgG or IgA anti-DT-specific cells per 10° PBMC. Bars and error bars represent
means and SEM obtained in two independent experiments performed in duplicate. Statistical

differences between IL-7-treated and PBS-treated immunized monkeys are shown
(MANOVA Test). ND: Not determined.

Figure 7. Induction of ectopic lymphoid follicles in the vaginal mucosa of IL-7-treated
macaques

(A) mRNAs coding for CCL19, CCL21, CXCL12 and CXCL13 were quantified in vaginal
biopsies (n=3-4 per macaque) sampled at baseline and at necropsy from IL-7+DT (black
bars, n=3) and PBS+DT (white bars, n=3) immunized macaques. Data are presented
normalized to HPRT mRNAs simultaneously quantified together with the chemokines
(chemokine mRNA copies/HPRT mRNA copy). Bar and error bars represent the fold
increase over baseline values and SD. Statistical differences between IL-7-treated and PBS-
treated monkeys are shown (Mann-Whitney U test). (B, C) Sections of vaginal walls (left
panels) and vaginal fornix (right panels) sampled at necropsy from PBS+DT (B) and IL-
7+DT (C) immunized macaques were labeled with anti-CD3 (red), anti-CD20 (cyan) and
anti-CD31 (yellow) antibodies. Nuclei were stained with DAPI (blue). EP: Pluristratified
Epithelium; Ch: Chorion. (D, E) Sections (n=8 to 14 sections per macaque) of vaginal
mucosa gathered from the PBS+DT (white boxes; Mac#1, #2 and #3) and the IL-7+DT
(black boxes; Mac#4, #5 and #6) immunized macaques at necropsy were immunostained
with anti-CD3 and anti-CD20 antibodies. The number of lymphoid follicles (D) and the
percentage of B-cells in each follicle (n=7 to 21 follicles analyzed per macaque) (E) are
presented as box-plots. Statistical differences between the 2 groups of macaques are shown
(Mann-Whitney U test). (F, G) Sections of vaginal walls (left panels) and vaginal fornix
(right panels) gathered from PBS+DT (F) and IL-7+DT (G) immunized macaques sampled
at necropsy were labeled with anti-CD3 (red) and anti-CD20 (cyan) antibodies in
combination with anti-PNAd (top panels), anti-GL-7 (middle panels) or anti-Ki-67 (bottom
panels) (yellow) antibodies. Nuclei were stained with DAPI (blue). Arrows identify Ki-67-
expressing B-cells.
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