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Abstract

Mucosal surfaces serve as the primary portal of entry for pathogens like SARS-CoV-2
coronavirus or HIV in the human body. Mucosal vaccination may be critical to
successfully induce long-lasting systemic and local immune responses to confer
sterilizing immunity. However, antigen formulations and delivery methods must be
properly selected since they are decisive for the quality and the magnitude of the
elicited immune responses in mucosa. We addressed the importance of the particulate
form of the antigen for mucosal vaccination by comparing VLP- or protein-based

vaccines in a mouse model.

Based on a mucosal prime-boost immunization protocol combining (i) HIV-
pseudotyped recombinant VLPs (HIV-VLPs) and (ii) plasmid DNA encoding HIV- VLPs
(pVLPs), we demonstrated that combination of intranasal primes and intravaginal
boosts is optimal to elicit both humoral and cellular memory responses in mucosa.
Interestingly, our results show that in contrast to proteins, particulate antigens induce
high-quality humoral responses characterized by a high breadth, long-term neutralizing
activity and cross-clade reactivity, accompanying with high T follicular helper cell (Trn)

response.

These results demonstrate the potential of a VLP-based vaccine to efficiently generate
HIV-specific long-lasting immunity and point out the specific role of particulate form of

the antigen to drive high-quality mucosal immune responses.



Introduction

Over 35 years have passed since the discovery of human immunodeficiency virus-1
(HIV-1)'. Despite significant advancements in prevention and anti-retroviral therapies,
the development of an effective and safe vaccine remains a crucial medical priority for
successfully managing the pandemic. While the RV144 trial in Thailand demonstrated
limited efficacy?, a vaccine candidate with proven success has yet to be established.
Recent findings indicate that the ALVAC/gp120 regimen, despite previous evidence of
immunogenicity, did not effectively prevent HIV infection in South Africans®.
Consequently, major efforts should be made to improve HIV antigens and identifying

delivery platforms that can optimally elicit an immune response.

Nanoparticles 45, virosomes® and virus-like particles®’° (VLPs) appear to be relevant
as they are capable of conformationally displaying antigens on their surfaces, thereby
mimicking the native structure of HIV-1 Env. Particularly, VLPs, which are virus-derived
structures made up of one or more different molecules with the ability to self-assemble,
mimick the form and size of actual virus particles. Beyond their application as vaccines
against the authentic virus (e.g., HIV-derived VLPs), VLPs also serve as versatile
platforms for displaying vaccine antigens (e.g., HIV-pseudotyped VLPs). Thus,
enveloped VLPs are highly attractive vaccine candidates due to their accurate mimicry
of wild-type viral particles”#'° and their ability to display HIV-1 functional spikes that
contribute to induce neutralizing antibodies. In addition to being good stimulators of
innate and acquired immune responses, VLPs are also ideal mucosal vaccines

candidates due to the particulate nature and size that promote their uptake in mucosa.

Mucosal surfaces provide a remarkably effective barrier against pathogens. Therefore,
enhancing mucosal immunity through vaccines to fortify this initial line of defense holds

potential for combating HIV-1. In fact, the preponderance of new HIV infections occur



through the genital and rectal mucosa'’. Blocking the virus at the portal of entry for
infection is currently regarded as the most effective approach with a reduced risk of
HIV acquisition. Mucosa-associated lymphoid tissue (MALT) exhibits distinctive
characteristics including secretory IgA antibodies (SIgA) which play a crucial role as
an initial line of defense'?'3. The protective role of mucosal antibodies has been
highlighted in highly exposed persistently seronegative individuals in which HIV-
specific SIgA level in vaginal secretions was correlated with the HIV resistance'-"8.
Induction of local HIV-specific immune responses, including SIgA but also CD8+ and
CD4+ T cells seems to be crucial for effective control of natural HIV infection and
shaping the course of the disease'”-'8. Nonetheless, developing effective vaccines to

prevent HIV transmission through mucosal routes presents a substantial challenge.

Both delivery routes and antigen formulations must be properly selected to induce local
immunity. Various routes of immunizations have been considered, but targeting
mucosa that is concerned by HIV transmission, i.e. vaginal®'®20 or rectal?' mucosa, is
preferred. Alternatively, targeting more easily accessible routes, like intranasal
administration, could be more suitable for the general public and has the potential to
trigger specific immunity at the cervico-vaginal mucosa??-2%. Importantly, it has been
shown that immunizing nonhuman primates through a combination of intranasal and
intramuscular administration routes resulted in complete protection against repeated

SHIV vaginal challenges, in contrast to intramuscular vaccination®.

In this context, we have developed a vaccine platform based on VLPs derived from
murine leukemia virus (MLV). These VLPs consist of Moloney MLV-Gag capsid
proteins that self-assemble into pseudo-particles within host cells through a process of
budding at the plasma membrane. The insertion of target antigens onto these particles

can be achieved either by fusing them with Gag proteins or by utilizing membrane



anchors such as the transmembrane domain (TM) of the vesicular stomatitis virus
glycoprotein (VSV-G) or the glycosylphosphatidylinositol (GPI)-binding sequence™®.
We previously demonstrated that expression of antigens in/onto VLPs improves
significantly their immunogenicity, favouring the generation of both B- and T-cell

mediated immune responses, particularly in the context of DNA vaccination?6-28,

Here, we designed HIV-pseudotyped VLP-based vaccines and we established a
specific mucosal immunization protocol that combines DNA and VLP in prime-boost
strategy to induce both systemic and mucosal-specific immunity in mice. Notably, we
point out here the role of particulate antigens in establishing “high-quality” systemic
and mucosal immunity. Within this manuscript, VLPs and pVLPs refer to Virus-Like
Particles and DNA plasmids encoding Virus-Like Particles respectively. To elaborate
further, HIV-VLPs and HIV-pVLPs specifically indicate VLPs or pVLPs pseudotyped
with HIV envelope. This envelope can consist of either the wild-type gp160 or the
gp1407tm variant, which has been modified to include (i) a mutated furin cleavage site
(SEKS) to enhance its stability and (ii) a transmembrane (TM) domain from VSV-G to

augment its expression onto the pseudotyped VLPs.

Results
HIV-pseudotyped recombinant VLPs and comparison of routes of administration

We designed a gp140tm chimeric form of HIV-1 envelope glycoproteins to increase the
antigen expression onto VLPs. The gp140tvm sequence derives from the full-length
gp160 from the JRFL strain (clade B) in which the transmembrane and cytoplasmic
(TM, CT) domain sequences have been replaced by those of the VSV-G (Figure 1A).

We showed that the gp140tm chimeric protein is well expressed onto VLPs since



gp120- and gp41-specific antibodies detect the protein showed by Western-Blot.
Furthermore, we can infer the presence of functionally folded HIV glycoproteins, given
that gp140ru-pseudotyped VLPs exhibited binding to human CD4+ T-cells while not
binding to CD8+ T-cells (Figure S1). More importantly, we detected an increased
expression of gp120 onto gp140tu-VLPs compared to gp160-VLPs associated with an
improvement of their immunogenicity as shown by the higher level of antibody
responses induced after subcutaneous vaccination compared to the native gp160-

pseudotyped VLPs (Figure S1).

Using this gp140tm recombinant immunogen, we sought to determine the efficacy of
mucosal vaccination in prime-boost strategies combining VLPs and plasmid DNA
encoding VLPs (pVLPs; for priming). Mice were primed twice with HIV-pVLPs and
boosted twice with HIV-VLPs. We compared both mucosal and parenteral
immunization regimens, using a combination of (i) intranasal (IN) or intradermal +
electroporation (ID+EP) injections for pVLPs and (ii) intravaginal (IVag) or
subcutaneous (SC) injections for VLPs (Figure 1B). As expected, we observed that
parenteral route induced higher systemic T-cell immune responses than mucosal
route, as evidenced by TNF-a secreting cells within the CD4+ T-cell population and
the IFN-y secreting cells with the CD8+ cells (Figure S2). Additionally, a greater degree
of T-cell polyfunctionality was noted in CD4+ cells compared to the mucosal route, as
illustrated in the spleen (Figure 1C, D). In contrast, mucosal administrations of vaccines
induced significantly higher T-cell responses in both vaginal mucosa and draining
lymph nodes (paLN), while parenteral vaccination induced a weak and not significant
response in the mucosa (Figure 1C). These results confirm the importance to deliver

antigen by mucosal route to induce efficient vaginal HIV-specific T-cell responses.



Likewise, higher systemic |gG antibody responses were observed after parenteral
immunizations, but mucosal vaccinations induced significantly higher IgA responses in
both systemic and mucosal compartments as shown in serum and vaginal washes
respectively (Figure 1E). The similar profiles of IgG responses observed in vagina may
be explained by the passive IgG transudation from serum. More importantly, we
showed that both parenteral and mucosal immunizations induced systemic neutralizing
antibody responses, but only mucosal immunizations could induce vaginal antibodies

with neutralizing activity (Figure 1F).

Impact of mucosal priming

We deciphered the role of each route of immunization in prime- (Figure S3) and
heterologous prime-boost (Figure 2) strategies to induce mucosal immune responses,
by comparing IN and ID+EP immunizations. To note, DNA expression is 2000-fold
higher after ID than IN route, based on bioluminescence analysis subsequent to the
administration of 10 pg of a plasmid encoding Luciferase (Figure S3). Mice were
primed twice with pVLPs and HIV-specific immune responses were analysed two
weeks after the last injection. We showed that ID vaccination induced efficient systemic
immunity but low distant mucosal responses, highlighting the boost requirement to
improve immunity. When the groups were boosted with HIV-VLPs by IVag route
(Figure 2A), we observed high frequencies of activated T cells in spleen, paLN and in
the vaginal mucosa, with no significant differences of TNF-a (Figure 2B) or IFN-y
secretion (Figure S2) between the two groups. However, significant higher IgA
responses in vaginal washes and serum as well as trend higher numbers of 1gG-
secreting B cells in paLN and IgA-secreting B cells in genital tract were detected in
mucosal-primed (IN) mice compared to parenteral (ID) mice (Figure 2C, D). Altogether,

these results highlighted the importance of IN primes to initiate the mucosal immunity



in genital tract, especially the establishment of memory B cells in vagina that could be

boosted for IgA production after local antigen administration.

Impact of mucosal boosting

We next evaluated the impact of the mucosal boosts assessing the systemic and local
antibody responses induced after VLP administration by IVag or intrarectal (IR) routes
(Figure 3A). We observed that mucosal administration of VLPs amplified largely the
level of HIV-specific IgG in sera, feces and vaginal washes in comparison with non-
boosted mice (Figure 3B-D). In contrast, only local boosts elicited mucosal immune
responses in the targeted tissue, as shown by high IgA-levels and -antibody secreting
cells (ASC) in vagina after intravaginal boosts (Figure 3D-E) and high IgA ASC in
colonic mucosa after intrarectal boosts (Figure 3E). In addition to enhancing the
antibody response, we were also able to observe an augmentation of the antigen-
specific T cell response in systemic compartments through the mucosal administration
of VLPs (not shown). These data illustrate the interest to administrate locally the
antigen to institute local HIV-specific immunity but also amplify the systemic immune

responses.

Impact of the particulate form of the antigen

We next aimed to evaluate the impact of the particulate form of the antigen in our
vaccine strategy to induce mucosal immunity. Thus, we compared in an IN/IVag prime-
boost regimen (i) plasmid DNA encoding gp140 protein (HIV-DNA) primes/trimeric
gp140 protein boosts with (ii) HIV-pVLP primes/HIV-VLP boosts, called “non-
particulate” (protein-based) and “particulate” (VLP-based) vaccines, respectively
(Figure 4A). Our results showed that both groups induced comparable T-cell

responses in spleen and paLN, but the particulate vaccines elicited higher local T-cell



responses in the vaginal mucosa (Figure 4B). We also observed similar responses of
IFN-y secretion both in CD4+ and CD8+ memory T-cells (Figure S2). The quality of the
induced immune responses was assessed. We noted that particulate vaccines
improved the quality of T-cell immune responses since the VLP-based prime-boost
strategy elicited a significant higher proportion of HIV-specific polyfunctional T cells in

the vaginal mucosa, including the 3-cytokines secreting T-cells (Figure 4D).

The analysis of the humoral immune responses revealed that particulate antigens
induced elevated IgG responses in sera, as well as higher IgA in vaginal washes, as
compared to non-particulate antigens (Figure 4C). Moreover, the particulate vaccines
elicited a more robust neutralizing response, as evidenced by the presence of
neutralizing antibodies in the sera and vaginal washes of all vaccinated mice, and at
higher levels compared to the non-particulate vaccines (Figure 4E). Both groups
generated antibodies with cross-clade reactivity, although the levels were higher in
mice immunized with particulate vaccines (Figure 4F), particularly against the C/B’
clade CN54. Furthermore, the avidity index of humoral immune responses induced by
particulate vaccines was significantly greater than that of non-particulate vaccines
(Figure 4G) and the specificity of antibodies was different as shown by the high

reactivity against the V3 loop region (Figure 4H).

Altogether, our findings emphasize the essential role of particulate antigens in
triggering a “high-magnitude” of T- and B-cell responses in mucosal compartments and

fostering “high-quality” immunity.

Particulate antigens enhance germinal center reaction

We next sought to investigate the mechanism by which particulate vaccines improve

antibody responses following mucosal administration. A key step in development of



potent antibodies is the affinity maturation that occurs during the germinal center
reaction. Thus, we aimed to examine the initial T follicular helper (Tfh) response
triggered by the VLP vaccines after mucosal administration. We compared the
germinal center reaction induced in mice that were immunized via IVag delivery of HIV-
1 non-particulate antigens (gp140 proteins) or particulate antigens (HIV-VLPs) (Figure
5A). Firstly, we observed that VLPs were more immunogenic as the absolute numbers
of paLN lymphocytes were significantly higher compared to protein group (Figure 5B).
We next analysed primary follicular helper T-cell (Tr1) and germinal center B-cells
(GCB) by flow cytometry at day 10. We observed that particulate antigens induced
significantly more Try compared to non-particulate ones (Figure 5C,D). Interestingly,
the Trn induced after VLP immunizations were more activated than those induced by
free proteins, as shown by higher level of ICOS expression (Figure 5D). These results
reveal the unique property of VLPs to stimulate and activate Trn cells after IVag
administration. Similar conclusions were drawn when GCB were analysed (Figure 5E).
Indeed, VLPs elicited significantly more GCB than gp140 trimers (Figure 5F). To note,
the increase of GCB observed in the dLN of mice immunized with VLPs was perfectly
correlated with the number of Try (Figure 5G) and the large size of germinal centers
observed by microscopy (Figure 5H). Interestingly, upon comparing pVLPs and DNA
vaccines for IN priming, we substantiated that particulate antigens triggered vigorous
germinal center reactions in dLN. These reactions were characterized by higher
frequencies of Trn and GCB when contrasted with the response induced by plasmid
DNA (Figure S4) and can be linked to increased IgG responses in both sera and BALs

(Figure S4).

Particulate form of antigens for IVag boosting
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The impact of particulate form of the antigen was also addressed in our mucosal prime-
boost strategy by comparing the immune responses induced by particulate or non-
particulate formulations upon boosting. Consequently, pVLP-primed mice were
boosted with particulate (VLPs) or non-particulate (gp140 trimeric proteins) vaccines
by IVag route (Figure 6A). While systemic T- and B-cell immune responses were
equivalent in the two groups (Figure 6B, E), we observed significant higher IgA
production and IgA-secreting B cells in genital tract (Figure 6B, C) as well as increased
T-cell responses in vaginal mucosa of mice boosted with VLPs compared to proteins
(Figure 6B-E). Likewise, we confirmed the importance of the particulate form of the

antigen during the boost to induce both mucosal T- and B-cell responses.

Immune efficacy of the mucosal administration of particulate antigens

We assessed the quality and the effectiveness of the induced immune response
through the utilization of this optimal vaccination regimen involving VLP-based
particulate antigens. Thus, mice were primed twice by IN route using HIV-pVLPs and
boosted twice by IVag route using HIV-VLPs (Figure 7A). An additional late IVag boost
was also done at week 60 for the long-term kinetic (Figure 7A) or at week 20 (Figure

7H).

The follow-up of the antibody responses reveals that our protocol induced long-lasting
memory responses. Indeed, IgG levels remained stable over a period of 3 months after
vaccination and minimal decrease was observed after one year. Moreover, the
antibody response can be amplified to the initial level after a delayed booster (Figure
7B). Notably, we observed that the avidity index of induced antibodies progressively
increased during the prime-boost procedure, reaching 70% at W59 and then remained
consistently above the 50% threshold (Figure 7C). Moreover, the late vaginal boost

induced a rapid rebound of vaginal IgG and IgA, revealing the presence of long-term
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specific memory B-cell and/or HIV-specific long-lived plasma cells in the mucosa
(Figure S5). We also investigated the breadth of the antibody response. The epitope
mapping revealed that antibodies recognizing multiple sites of HIV envelope including
the V1V2 loop, CD4bs, MPER, V3 loop as well as the a4p37 region were induced
(Figure 7D, S5). Moreover, we showed that the long-lasting IgG responses were cross-
reacting against three different clades: clade A UG37, clade C/B’ CN54 and clade D
UG21 (Figure 7E). This vaccine protocol was also capable of eliciting long-term
antibody activities since we detected significant neutralizing activity (Figure 7F) as well
as HIV-specific ADCC (Figure 7G) at W61, which constitute a key point in HIV-vaccine
development?®. Finally, we evaluated the capacity of the vaccinated mice to inhibit in
vivo the HIV transcytosis after mucosal viral challenge. Homologous HIV-pseudotyped
recombinant lentivectors were administered vaginally and the viral spread was
evaluated 48h later by RT-gPCR in draining lymph nodes (Figure 7H). Very
interestingly, 66% of naive mice showed viral dissemination in the dLN whereas only
one mouse was positive in the vaccinated group (Figure 71). Moreover, the absence of
viral genetic material in ndLN (Figure 71) validates our study model of HIV mucosal
spreading in mice. Altogether, these results highlight the quality of the immune
responses induced by our VLP-based vaccine regimen, especially in mucosa. To note,
induced immunity is not mouse strain dependent, since both systemic and mucosal
immune responses were observed in C57BL/6 and BALB/c mice (Figure S6).
Nevertheless, some differences were noted such as the cytokine secretion patterns
exhibited by memory T cells. We also observed elevated IgA levels in BALB/c mice,
which may be associated with higher counts of ICOS* Trw and GCB cells in

comparaison to C57BL/6 (Figure S7).
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Discussion

Here we confirmed the significant role of administering vaccine antigens at mucosal
sites to induce mucosal T- and B-cell based immunity. We showed that targeting
different mucosal sites in prime-boost strategy (IN/IVag, IN/IR) represents an
interesting approach to induce both HIV-specific systemic and mucosal immune
responses. The crucial importance of maintaining a balance between mucosal and
systemic immunity as well as the need of humoral and cellular responses was perfectly
highlighted by Khanna et al*®. Their study revealed that exclusively inducing strict
mucosal or systemic immunity is likely to be inadequate for achieving vaccine
protection. They emphasized the requirement to focus on mucosal tissues capable of
eliciting both systemic and local immunity?>30-32, We confirmed that intranasal
immunization is appropriate to induce T- and B-cell specific immune responses in both
systemic and mucosal compartments, including distant mucosal sites (i.e. vagina) that
have been previously reported by others®2225:33.34 Notably, we demonstrated that
there is a real interest in combining IN primes and IVag boosts since IN immunization
initiates immune responses in vaginal site that can be amplified after local boost. Based
on this IN/IVag immunization regimen, efficient mucosal immunity especially HIV-
specific IgA-antibodies was induced in contrast to the ID/IVag vaccinal scheme.
However, IN/IVag strategy was described by others as inefficient to enhance specific
mucosal antibody immunity3®. The main discrepancy with our study could be the
difference of antigen formulation since we used VLPs instead of proteins. Indeed, when
we compared (i) pVLP with DNA and (ii) VLP with protein, we established the critical
role of the particulate nature of the antigen to induce and boost mucosal immunity. To
note, immunizations were performed in absence of any adjuvants, which could

potentially explain the low responses observed with the soluble proteins. More
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importantly, we showed that VLPs (produced after pVLP priming or administrated as
boosts) increased significantly the magnitude and the quality of T-cell responses and
the level of HIV-specific antibodies in local mucosa (Figures 4, 6 and supplemental
figure 4). The VLP formulation seems to be particularly appropriate for mucosal
immunity induction, even in the absence of any adjuvant. The use of VLPs as potential
HIV-specific vaccine candidates offers numerous advantages over traditional
strategies. VLPs have the unique ability to present viral Env spikes in their natural
conformation and, therefore, the potential to trigger neutralizing antibody responses

against HIV®.

Likewise, we showed that the higher HIV-specific mucosal immunity, including
neutralizing and IgA antibodies, was induced after mucosal administration of VLP-
based vaccines. This unique immune property of the VLPs may be also explained by
an efficient germinal center response induction, as shown by high ICOS* Trn and GC
B cell generation and activation. Interestingly, the role of ICOS* Ty for antibody
response induction has been recently demonstrated in a study comparing three
different priming vectors (plasmid DNA, recombinant MVA, and recombinant VSV) for
HIV vaccination®. It was shown that the different vector-based vaccines are associated
with differential development of germinal center reactivity and generation of
neutralizing antibody responses but the influence of the nature of the antigens and

especially its particulate form was not investigated.

Deciphering the mechanisms of VLP action on germinal center responses is still to be
addressed but requires additional analysis. More generally, VLPs are described as
highly immunogenic, which can be explained by their highly repetitive structure that
facilitates B-cell activation due to the cross-link to the BCRs®’. In the context of mucosal

vaccination, the particulate structure of VLPs may also facilitate their passage through
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the mucosal barrier and their uptake by the mucosal resident immune cells®.
Additionally, we previously demonstrated that our VLPs activate antigen-presenting
cells, thereby validating their inherent immunostimulatory properties and highlighting
their potential to be used as antigenic platform'3°. Altogether, VLPs are promising
vaccine candidates, including for mucosal vaccination. While VLP immunogenicity
following mucosal vaccination has been reported before*%4', it has been less frequently
explored in the context of HIV mucosal vaccination*?=44. Our findings presented here
establish that HIV-recombinant VLPs are suitable immunogens for boosting mucosal
immunity and inducing efficiently specific IgA-secreting B cells in the mucosa.
Interestingly, our results showed that both IVag and IR routes of immunization could
be used to boost systemic and local immunity. Nevertheless, it's now important to test
the protective efficacy of the IN/IVag and the IN/IR prime-boost strategies combining
HIV-pVLPs and VLPs to propose an unrestricted gender vaccine. Combinations of both
IR and IVag boosts will be also assessed even if altered immune responses have been

reported when different immunization routes have been associated*.

The quality and the functionality of induced antibodies (e.g. transcytosis inhibition,
avidity, neutralization or ADCC activity) are currently considered as critical parameters
to analyse in vaccine development, since they have been correlated to HIV protection
in the RV144 clinical trial'#2946-49_|nterestingly, the different parameters that have
been correlated with protection were here collected in our study. First, we showed high
Env-specific IgG and low IgA levels in sera of immunized mice, which have been
associated with lower rate of infection?®4. Furthermore, we induced long-term
systemic immunity illustrated by the stable high-avidity IgG titers over time, associated
with neutralizing and ADCC activity, which are both mainly correlated with HIV

protection?®474850 A" wide breadth humoral response was also observed with
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antibodies targeting V1V2, V3 or the MPER region of the gp120; all of these regions
especially known to be targeted by bNAbs in long-term no progressor individuals
(LTNP) that control viral dissemination®'. Additionally, our vaccine regimen induces
HIV-specific polyfunctional CD4+ T-cell responses, which are also associated with

protection?9-30.50,

Altogether, our results highlight the quality of the immune responses induced by our
VLP-based vaccine regimen, especially in mucosa. In addition to eliciting robust
systemic immune responses, we observed significant mucosal T and B cell immune
responses. Notably, we detected elevated levels of vaginal SIgA antibodies, which play
a crucial role in preventing HIV entry in the genital mucosa. Through an in vivo
transcytosis inhibition assay, we substantiated the protective potential of our vaccine

strategy, as evidenced by the lack of viral spread in mice upon subsequent challenges.

In conclusion, our study showcases the capacity of these HIV-recombinant VLP-based
vaccines to effectively elicit HIV-specific, high-quality, and long-lasting immunity in both
systemic and mucosal compartments following mucosal immunizations. Future studies
will further evaluate this vaccination regimen using optimized antigens instead of HIV-
1 native-like Env antigens and the protective efficacy in nonhuman primates after

multiple intravaginal or intrarectal challenges.

Material and Methods
Cell lines

HEK293T cells (CRL-1573; ATCC) were grown in Dulbecco’s modified Eagle medium

(DMEM) supplemented with 2 mM L-Glutamine, 100 U/mL penicillin, 100 pg/mL
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streptomycin (all from Life Technologies, Cergy Pontoise, France) and 10% heat-

inactivated fetal calf serum.
Mice

6-8 weeks old female BALB/cj and C57bBL/6j mice were purchased from Janvier Labs
(Le Genest-Saint-Isle, France). All the mice used for this project were female since we
used intravaginal route of administration. Mice were maintained under specific
pathogen-free conditions, manipulations were performed according to the EU Directive

2010/63/EU for animal experiments and approved by the local ethics committee.
Plasmids

The MLV-GagPol encoding plasmid used for VLP production and pVLP vaccination
was previously described?’. pBL211, a plasmid encoding the Gag-GFP fusion gene
under the control of the human CMV promoter, was obtained from the EPX145-68
plasmid®? by insertion of a PCR fragment with an MIul restriction site between the Nrul
and Nhel sites. A PCR-synthesized DNA fragment encoding green fluorescent protein
(GFP) with an Mlul site introduced at the 5’ end was then inserted at the Mlul site to
produce the CMV-Gag-GFP plasmid. pBL116 is a codon-optimized construct encoding
the chimeric gp140tm envelope glycoprotein derived from HIV-1 Clade B JRFL strain.
Signal peptide of the Low-Affinity Nerve Growth Factor Receptor (LNGFR) was used.
The Furin site (SEKS) of gp120 was mutated to prevent its cleavage from gp41 and
the TM/CT domain of gp41 was replaced by those of VSV-G. Similarly, pBL188

encodes the gp160wr glycoprotein in which TM/CT of gp120 is the wild-type domain.
Production of HIV-VLPs

HEK-293T were transfected using a calcium phosphate transfection protocol with MLV-

Gag and HIV-gp140tm encoding plasmids in a 2:1 ratio and 50 pg of total DNA per 175
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cm? flask. After 48h, supernatants were collected, filtered through 0.45um pore-sized
membranes and concentrated with Centricon (Millipore, Molsheim, France). Then,
supernatants were layered on top of a sucrose step gradient (2.5 mL, 35%; 2.5 mL,
50%) and centrifuged at 100,000 g for 2h at 4°C. Interface was collected and washed
with PBS in an identical step of centrifugation to eliminate remaining sucrose. VLPs
were quantified by BCA (Thermo Fisher Scientific, USA) and validated by western-blot
using anti-gp120, anti-gp41 (2G12 and 2F5 from Polymun Scientific GmbH, Austria)
and anti-MLV-Gag antibodies (produced from hybridoma supernatants, ATCC CRL-
1912 clone R187). Quantification of gp140 onto VLPs was performed by gp120-
specific ELISA using the D7324 antibody from BH-10 strain (Aalto Bioreagents, Dublin,
Ireland) as coating antibody and the 2G12 antibody for revelation. Gp140 quantities
was determined using a standard curve with either free gp160 or gp140tm proteins.
The pseudotyped VLPs underwent lysis using Triton 0.1% prior to conducting the
ELISA. Utilizing the measurements of total protein content and that of gp120, the

percentage of gp120 present on HIV-VLPs was calculated.
Immunizations

Mice previously anesthetized with a cocktail of Xylazine (10 mg/kg; Rompun 2%, Bayer
Pharma, France) and Ketamine (150 mg/kg; Imalgéne 1000, Merial, France) by intra-
peritoneal injection were then immunized at 2 or 3 week-intervals by intranasal,
intravaginal, intrarectal or intradermic routes. Intranasal injections were performed with
50 L of plasmid DNA formulated with PEI as previously described®3. This formulation
comprised 10 pg of plasmid DNA encoding the gp140rm glycoprotein, in presence or
not of an additional 20 pg of plasmid DNA encoding the MLV-gag core of the VLPs.
Injections were performed drop by drop in one nostril. For intravaginal and intrarectal

immunizations, female mice were pre-treated with 5% citric acid wad for two hours and
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then injected using the MicroSprayer® Aerosolizer (PennCentury, USA) with 50 pL of
1 pg of gp140tm antigens (clade B, JRFL) delivered as VLPs or as soluble protein
trimers (kindly provided by Dr. Richard Wyatt, USA%). Three days before each |Vag or
IR immunization, mice were synchronized with 2 mg of medroxyprogesterone (Depo-
Provera, Pfizer, USA) by subcutaneous injection at the base of the tail. Intradermal
immunizations were performed on shaved skin on the upper back by two injections of
25 pL each, containing equivalent quantities of plasmid DNA as the intranasal
immunization. Both injection sites were then placed between two electrodes for
electroporation. The skin was immediately electroporated with tweezer type electrodes
(CUY650 P3 electrodes; Sonidel Limited, Dublin, Ireland) using a BTX ECM830
generator (Harvard Apparatus, Les Ulis, France). Eight pulses of 60 V were given for
20ms duration with a 200ms interval. Subcutaneous injections of VLPs were performed
either with 50 ug of total VLPs or an equivalent amount of VLPs corresponding to 1 ug

of gp140tm. VLPs were diluted in 100 pL of PBS were injected at the base of the tail.
Samples collection

Sera or vaginal washes were collected before immunization or at regular intervals after
the last injection. Sera were heat-inactivated at 56°C for 30 minutes. Bronchoalveolar
lavages (BALs) were collected through the trachea by two series of injection-aspiration
with 1 mL of PBS + 1X protease inhibitor (Protease inhibitor cocktail set |, 100X,
Calbiochem, USA). Vaginal washes were collected by three repeated flushes using 40
uL of PBS and 1X protease inhibitor. After centrifugation, samples were immediately
frozen at -20°C. 50-100mg of feces were crushed and homogenized in 1X protease
inhibitor buffer at 100mg/ml for 1h at room temperature, before filtration and storage at
-20°C. Lymph nodes were collected, and cells were prepared by digestion with

Liberase TM (0.3 WU/mL; Roche Diagnostics, Meylan, France) and DNAse | (200
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pug/mL; Roche Diagnostics, Meylan, France) in RPMI medium. Vaginal and rectal
mucosa were removed, washed, and cut into small pieces for digestion with a cocktail
of Liberase DL (0.3 WU/mL; Roche Diagnostics, Meylan, France) and DNAse | (200
pMg/mL; Roche Diagnostics, Meylan, France). A 40%-80% Percoll gradient was used to
isolate mucosal lymphoid cells. 50-100mg of feces were crushed and homogenized in
1X protease inhibitor buffer at 100mg/ml for 1h at room temperature, before filtration

and conservation at -20°C.
Flow cytometry and antibodies

For IntraCellular Cytokine Staining (ICCS), 2 x 108 cells were placed on 96-well plates
and restimulated or not with 50 ng/well of gp140-pseudotyped HIV-1 lentiviral vector
for 16-18h at 37°C in 5% of COz2. The last 4h, protein transport was blocked using BD
Golgiplug™ (BD Biosciences, USA). Cells were then stained using protocol determined
by the BD Cytofix-Cytoperm™ (BD Biosciences, USA) protocol. For immunostaining,
following antibodies were used at optimal concentration: CD3-PE-CF594, CD4-V500,
CD4-BV510, CD8-AF700, CD19-PE-CF594, CD44-biot, CD45-PE-CF594, CD138-PE,
B220-FITC, CXCR5-biot, IL-2-FITC from BD Biosciences (USA); CD3-e450, CD95-
APC, PD1-PE, IgD-PC7, GL7-e450, TNFa-PE, IFNy-e450, ICOS-APC, Perforin—APC,
Streptavidin-e780 from eBiosciences (USA). Flow cytometry was performed on the
LSRII using the BD DIVA software (BD Biosciences, USA) and analyzed with Flowjo

Software (Flowjo LLC, USA).
Immunofluorescent microscopy

Lymph nodes were mounted in OCT embedded compound and frozen at -80°C. 6 ym
cryostat sections were performed, then fixed in 4% formaldehyde solution for 10min.

After several washes, sections were permeabilized in 0.3% Triton, then blocked in BSA
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1% before labelled using CD3-PE and IgD-APC (eBiosciences, USA). Acquisition were
performed on inversed confocal microscope (SP2 AOBS AOTF, Leica) and analysed

on ImageJ software.
ELISA

96-well microtiter plates (Nunc Life Technologies, Rochester, NY) were coated with 1
pug/mL of HIV-gp140 protein (clade B, JRFL; clade A, UG37; clade C/B’, CN54 and
clade D, UG21; Polymun Scientific GmbH, Austria) or pool of overlapping HIV-gp160
peptides (HIV-1 Censensus B Env peptides, Cat No. 9480, Lot No. 8 098265, NIH
AIDS reagents Program, NIH, USA) at 4°C overnight. Wells were blocked with 100 pL
of Superblock Blocking Buffer (Thermo Fisher Scientific, Brebiéres, France) for 1 h at
room temperature (RT). Serial dilutions of sera, BAL, vaginal washes or feces in PBS
2% (w/v) BSA (Sigma-Aldrich) 0.1% Tween-20 (Bio-Rad Laboratories, Marnes-la-
Coquette, France) were added and incubated for 2h at RT. Biotin-labeled goat anti-
mouse IgG or IgA antibodies (both from CliniSciences, Montrouge, France) were
added for 30 min at RT, followed by 1 hour at RT with an ultrasensitive streptavidin-
peroxidase polymer (Sigma-Aldrich, USA). Plates were thoroughly washed between
each step by multiple washes with PBS 0.1% Tween-20. Peroxidase activity was
measured using TMB substrate (eBiosciences, USA) and optical densities were read
at 450 nm (ODass0) after blocking the reaction by adding HCI 1N. Avidity index was
evaluated using the same ELISA protocol where an additional step using sodium

thiocyanate at 1.5M for 15min were performed to unbound low avidity antibodies.
Neutralization and ADCC

Neutralization assays were performed as previously described%%%¢ using a standard

reference strain (Clade B; SF162.LS, tier-1) to infect TZM-bl cells. Serial 3-fold dilutions

21


http://sf162.ls/

were performed starting 1/20. The 50% inhibitory dose was defined as the sample

concentration that caused a 50% reduction in relative luminescence units (RLU).

ADCC was evaluated by an HIV-infected cell elimination flow-cytometry-based assay
adapted from our previous protocol®’. Briefly, CEM cells were infected using a standard
reference strain of HIV-1 (Clade B; SF162.LS, tier-1: high sensitive neutralization
phenotype) and infected cells were detected as p24+ cells by flow cytometry. Mouse
PBMCs were used as effector cells. The effectors and target CEM cells were incubated

at a 5:1 effector/target ratio in the presence or not of sera diluted at 1/20 or 1/250.
ELISPOT

Spleens, draining lymph nodes or genital mucosa cells were collected and specific IFN-
y production by T cells was determined in a standard mouse ELISPOT assay
(Mabtech, Sweden). Briefly, 5 x 10° cells were restimulated for 48h at 37°C in 5% CO>
with 10 pyg/mL of gp140-TM peptide or 10 ng/well of gp140tm lentiviral particles.
Medium alone and concanavalin A (ConA; Sigma-Aldrich, USA) at 3 pg/mL were used
as negative and positive controls, respectively. Spots were counted with an AID
ELISPOT reader (ELRO3; AID, Germany). For B-cell ELISPOT, draining lymph nodes,
genital or rectal mucosa were collected and total as well as gp140-specific IgG or IgA
secreting B-cells were counted. Briefly, 2x10° cells were restimulated for 48h at 37°C
in 5% CO2 with IL-2 and R848 as recommended by the manufacturer (Mabtech,
Sweden). Spots were counted with an AID ELISPOT reader (ELRO3; AID, Germany).

Results were expressed as spot-forming units (SFU) per 108 cells.
In vivo HIV-transcytosis inhibition assay

Immunized mice were boosted at week 20 with HIV-VLPs, 2 weeks prior a vaginal

challenge with 5 x 108 HIV-gp140+m pseudotyped lentiviral vector bearing the luciferase
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reporter gene. 48 hours post-infection, para-aortic (draining, dLN) and brachial (non-
draining, ndLN) lymph nodes were collected and prepared to extract whole RNA.
Custom TagMan® Gene Expression assays (Applied Biosystems, ThermoFisher) for
Luc2 were designed using Primer Express® software (Applied Biosystems) ; Forward
primer Luc2 : 5CCACGCTGGGCTACTTGATC3, Reverse Primer Luc2

5TCCTCCTCGAAGCGGTACATS and probe Luc2 : CGGCTTTCGGGTCGT3'. To
validate primers and probe, a ten-fold dilution series of the pGL4.10 plasmid (Promega)
were used. Quantitative PCR was performed using the 7500 Fast Real-Time PCR
System (Applied Biosystems, ThermoFisher) with Fast Master Mix (Applied
Biosystems, ThermoFisher). The housekeeping gene used is GAPDH. The probe IDs
GAPDH is Mm99999915 g1 (Applied Biosystems, ThermoFisher). gPCR was
performed in triplicate and the mRNA levels were normalized with GAPDH mRNA

measurements.

In vivo imaging

Anesthetized mice were IN or ID injected with 10 pg of a plasmid (pLuc) encoding the
luciferase reporter enzyme either PEI-formulated or electropored, respectively. Three
days later, luciferase activity was measured by i.p. administration of D-luciferin (150
mg/kg; Promega, Charbonniéres-les-Bains, France) and bioluminescence images
were acquired for 300 seconds maximum with the IVIS Spectrum imaging system
(Caliper Life Sciences, Tremblay, France). Luciferase expression was analyzed with
the Living Image 3.2 software (Caliper Life Sciences) and shown average radiance
(p/slcm?/sr). Two different PEI (InVivo JetPEl, Polyplus Transfection, France and
Polyethylenimine “Max” Mw40,000, Polysciences Europe GmbH, Germany) were used

and we show no difference of DNA expression between both (Figure S8).

Statistical analysis
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Data are expressed as the mean + SEM or mean + SD when appropriate. Continuous

variables were compared using the t test or Mann—Whitney U test when appropriate.

All

tests were two-tailed at a significance level of 0.05. Graphing and statistical

analyses were performed using Prism software (GraphPad Software, USA).
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Figure 4
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Figure 5
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Figure 7
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Figure Legends

Figure 1: Influence of the immunization routes on systemic and mucosal immune
responses in pVLP/VLP prime-boost strategy. (A) Schematic representation of HIV-
pVLP (left) and HIV-VLP (right) vaccines. (B) Immunization protocol. BALB/c mice (n=6
per group) were immunized twice at two-week interval with HIV-pVLPs (30 pg of total
DNA per mouse) by ID+EP or IN route of immunizations, then boosted twice with HIV-
VLPs (1 ug of gp140tm per mouse) by SC or IVag routes respectively. HIV-specific T-
and B-cell immune responses were analysed two weeks after the last immunization.
(C) HIV-specific T-cell immune responses. TNFa-secreting T cells were monitored by
intracellular cytokine staining (ICCS) after specific restimulation of cells from spleen,
para-aortic lymph nodes (paLN) and vaginal mucosa. The percentage of polyfunctional
T cells was determined based on the IFN-y, TNF-a and IL-2 secretions. (D)
Polyfunctionality indexes were measured among cytokine-secreting T-cells (C) and
reveal the proportion of 1-, 2- and 3-cytokines secreting T-cells among total secreting
cells. (E) Concentrations of IgG and IgA antibodies were measured in serum and
vaginal washes by gp120-specific ELISA. (F) Neutralizing antibodies. IC50 neutralizing
activity were measured in serum and vaginal washes of immunized and control mice.
Numbers indicate the proportion of responding animals with a neutralization activity
higher than 1/20 (positivity threshold). Data represent two independent experiments. *,
p<0.05; **, p<0.01; ***, p<0.001; Mann-Whitney, compared to controls or between the

two indicated groups (n= 5 to 6).

Figure 2: Importance of intranasal priming to induce mucosal IgA responses in

pVLP/VLP prime-boost strategy.
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(A) Immunization protocol. BALB/c mice (n=6 per group) were immunized twice at two-
week interval with HIV-pVLPs (30 ug of total DNA per mouse) by ID+EP or IN route of
immunization, then boosted twice with HIV-VLPs (1 pg of gp140tm per mouse) by IVag
route. (B) HIV-specific memory T cell immune responses. TNFa-secreting T cells were
determined by ICCS after specific restimulation in spleen, paLN and vaginal mucosa.
The percentage of polyfunctional T cells was determined based on the IFN-y, TNFa
and IL-2 secretions. (C) HIV-specific IgG-secreting B-cells and IgA-specific secreting
B-cells were evaluated by B-cell ELISPOT in paLN and vaginal mucosa, respectively.
(D) Concentrations of IgG- and IgA- antibodies were measured in serum and vaginal
washes by ELISA. Data represent pooled results of two different experiments (n=12).
*, p<0.05; **, p<0.01; ***, p<0.001, Mann-Whitney, compared to controls or between

the two indicated groups.

Figure 3: Influence of intrarectal or intravaginal delivery of VLP boost in prime-
boost strategy. (A) Immunization protocol. BALB/c mice (n=8 per group) were
immunized at three-week intervals by two primes with HIV-pVLPs (30 pg of total DNA
per mouse) injected intranasally and two boosts with HIV-VLPs (1 ug of gp140twm per
mouse), injected either by intravaginal or intrarectal route. HIV-specific T- and B-cell
immune responses were analysed three weeks after the last immunization. Anti-gp140
specific IgG and IgA concentrations were evaluated by ELISA in sera (B), feces (C)
and vaginal washes (D). (E) Specific IgA-secreting B cells were quantified by B-cell
ELISPOT in colonic and vaginal mucosa (2 pools of 4 mice per group). *, p<0.05; **,
p<0.01; ***, p<0.001; Mann-Whitney, compared to controls or between the two

indicated groups.

Figure 4: Influence of the particulate form of the antigen on systemic and

mucosal immunity in prime-boost strategy. (A) Immunization protocol. BALB/c mice
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(n=6 per group) were immunized twice at two-week interval by intranasal injection (IN)
either with gp140-DNA or HIV-pVLPs (10 ug or 30 pg respectively of total DNA per
mouse) and then boosted twice by intravaginal immunizations with gp140 recombinant
proteins or HIV-VLPs respectively (1 ug of gp140tm per mouse). (B) HIV-specific
systemic and mucosal memory T-cell immune responses. TNFa-secreting T cells were
monitored by ICCS after specific antigen restimulation of cells from spleen, paLN and
vaginal mucosa. The percentage of polyfunctional T cells was determined based on
the IFN-y, TNFa and IL-2 secretions and polyfunctionality indexes (D) were measured
among cytokine-secreting T-cells revealing the proportion of 1-, 2- and 3-cytokines
secreting T-cells among total secreting cells. (C) Concentrations of IgG and IgA
antibodies were measured in serum and vaginal washes by ELISA. (E) Neutralizing
antibodies. IC50 neutralizing activity were measured in serum and vaginal washes of
immunized and control mice. Numbers indicate the proportion of responding animals
with a neutralization activity higher than 1/20 (positivity threshold). (F) Cross-clade
reactivities of elicited antibodies were evaluated against three different viral strain:
UG37 (clade A), CN54 (clade C/B’) and UG21 (clade D). (G) Avidity index was
evaluated at the end of the protocol using ELISA with sodium thiocyanate. (H) Breadth
of the antibody response was evaluated by an epitope mapping assay using HIV-gp140
specific linear overlapping peptides. Specific responses against V3 loop and MPER
region were represented. As controls, MPER-specific mAb (2F5) were used. Data
represent two independent experiments. *, p<0.05; **, p<0.01; ***, p<0.001; Mann-

Whitney, compared to controls or between the two indicated groups (n= 5 to 6).

Figure 5: Influence of the particulate form of the antigen on Trh and germinal
center responses after IVag delivery. (A) Immunization protocol. BALB/c mice (n=5

per group) were immunized twice at days 0 and 7 by IVag route with gp140

39



recombinant protein or HIV-VLPs (1 pg of gp140tm per mouse). Germinal center
reactions were analyzed at day 10 in paLN. (B) Absolute cell numbers of paLN in
immunized and control mice. (C-D) Trn immune response. (C) Dot plots representing
CXCR5+PD1+ follicular T cells among CD4+ T cells. (D) % of Trn cells characterized
as CD4+CXCR5+PD1+FoxP3-Bclo+ among CD4+ T cells and activation state
illustrated by ICOS MFI in TrH. (E) Dot plots representing CD95+GL7+ GCB among
CD19+IgD- B cells. (F) % of GCB characterized as CD19+IA/E+IgD-CD95+GL7+
among CD19+ B cells. (G) Linear correlation between Ty and GCB absolute numbers
in immunized and control mice. (H) Immunofluorescence microscopy. paLN sections
of immunized and control mice were stained with anti-CD3-FITC and anti-lgD-APC to
detect T cell zones (green) and B cell zones (red), respectively. Germinal center (GC)
were characterized as areas with a loss of the IgD staining in the B cell zone. (B-D)
Data represent pooled results of two independent experiments. *, p<0.05; **, p<0.01;
***  p<0.001, Mann-Whitney, compared to controls or between the two indicated

groups (n=10).

Figure 6: Influence of the particulate form of the antigen for intravaginal boosting
in prime-boost strategy. (A) Immunization protocol. BALB/c mice (n=6 per group)
were primed twice at two-week intervals with HIV-pVLPs (30 ug of total DNA per
mouse) by intranasal route and then boosted twice at two-week intervals either with
gp140 proteins or HIV-VLPs (1 pg of gp140tm per mouse) by IVag route of
immunization. (B) HIV-specific systemic and mucosal B cell immune responses.
Concentrations of HIV-specific IgG and IgA antibodies were measured by gp140-
specific ELISA in serum and vaginal washes. (C) Total and HIV-specific IgA-secreting
B cells were detected by B cell ELISPOT in the vaginal mucosa. (D-E) HIV-specific T-

cell memory immune responses. TNFa- secreting T cells were determined by ICCS
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after antigen restimulation in spleen, paLN and vaginal mucosa. The percentage of
polyfunctional T cells was determined based on the IFN-y, TNFa and IL-2 secretions
(bottom panels). (*, p<0.05; **, p<0.01; ***, p<0.001; Mann-Whitney, compared to
controls or between the two indicated groups (n= 5 to 6); Data represent two

independent experiments)

Figure 7: Mucosal prime-boost using particulate forms of the antigen induced
long-lasting and high quality antibody immune responses. (A) Immunization
protocol. BALB/c mice (n=5 per group) were primed two times at two-week intervals
with HIV-pVLPs (30 ug of total DNA per mouse) by intranasal route and then boosted
twice at two-week intervals with HIV-VLPs (1 pg of gp140tm per mouse) by intravaginal
route. At W60, mice were additionally boosted with HIV-VLPs (1 ug of gp140tm per
mouse) by intravaginal route. (B) HIV-specific IgG antibody response in serum was
determined by ELISA over a period of 72 weeks. (C) Avidity index was evaluated over
the same period of time. (D) Breadth of the antibody response was evaluated by an
epitope mapping assay using HIV-gp140 specific linear overlapping peptides. Specific
responses against V1V2 loop, CD4bs, MPER region, V3 loop and a4f7bs were
represented at week 61. As controls, MPER-specific mAb (2F5) were used. (E) Cross-
clade reactivities of elicited antibodies were evaluated against three different viral
strain: UG37 (clade A), CN54 (clade C/B’) and UG21 (clade D). Cross-clade response
were represented at week 61. (F) Neutralizing antibodies. IC50 neutralizing activity
were measured against SF162 Tier-1 HIV strain (G) ADCC activity. HIV-specific lysis
of infected CEMRS target cells was measured after incubation with serum (diluted 1:20)
of immunized or naive mice in presence of mouse effector splenocytes. (*, p<0.05; **,
p<0.01; ***, p<0.001; Mann-Whitney, compared to naives). (H) in vivo HIV transcytosis

inhibition. 5.108 lentiviral particles were administered by intravaginal inoculation 48h
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after a late VLP boost at week 20. (1) Viral infection score in dLN and ndLN of naives
or vaccinated mice. The score illustrated an inverse correlation with the HIV

transcytosis inhibition.

Supplemental figures legends and figures

Figure S1: Validation of HIV-VLPs. (A) Western-blot analysis of gp160- and gp1401wv-
pseudotyped VLPs revealed with anti-gp120, anti-gp41 (left panel) and anti-MLV-Gag
specific antibodies (right panel). (B) Quantification of envelope glycoproteins onto
VLPs. Envelope glycoprotein concentrations were measured in gp160- and gp140tm-
pseudotyped VLPs with gp120-specific ELISA using a standard curve with either free
gp160 or gp140tm proteins (left panel; n=3; ***, p<0.001, Unpaired t-test) Pseudotyped
VLPs were lysed using Triton 0,1% before ELISA. Based on the total protein quantities
and those of gp120, % of gp120 onto HIV-VLPs were determined. (C) Validation of
natural conformation of the chimeric HIV-gp140tm by VLP binding assay. gp160- and
gp140tm-pseudotyped fluorescent GFP-VLPs were mixed with human PBMC for 1h at
4°C after pre-incubation or not with 2G12 neutralizing antibody during 1h at RT. PBMC
were then stained with human CD4 and CDS8 antibodies, and VLPs binding was
evaluated by flow cytometry as GFP+ cells. Dot plots illustrate GFP fluorescence in
CD4+ and CD8+ T cells in presence or not of 2G12 neutralizing antibody to block VLP
binding. (D) Comparative immunogenicity of gp160- and gp140rm-pseudotyped VLPs.
BALB/c mice (n=10 per group) were immunized twice at two-week interval by
subcutaneous route with gp160- or gp140tm-VLPs mixed with alum. Two weeks after
the last injection, HIV-specific T cell responses were measured in spleen by TNFa

ICCS (up panel) and HIV-specific IgG antibodies were quantified in serum by gp140-
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specific ELISA. ***; p<0.001; Mann-Whitney, compared to controls or between the two

indicated groups.

Figure S2: IFNy responses of memory CD4+ and CD8+ T-cell following
vaccination. (A-C) Influence of the immunization routes on systemic and mucosal
immune responses in pVLP/VLP prime-boost strategy. (A) Immunization protocol.
BALB/c mice (n=6 per group) were immunized twice at two-week interval with HIV-
pVLPs by ID+EP or IN route of immunizations, then boosted twice with HIV-VLPs by
SC or IVag routes respectively. IFNy-secreting T cells were monitored by intracellular
cytokine staining (ICCS) after specific restimulation of cells from spleen, para-aortic
lymph nodes (paLN) and vaginal mucosa in memory CD4+ (B) and CD8+ T-cells (C).
(D-F) Influence of the administration route for pVLP immunization. (D) Immunization
protocol. BALB/c mice (n=6 per group) were immunized twice at two-week interval with
HIV-pVLPs by ID+EP or IN route of immunization, then boosted twice with HIV-VLPs
by IVag route. IFNy-secreting T cells were monitored by intracellular cytokine staining
(ICCS) after specific restimulation of cells from spleen, para-aortic lymph nodes (paLN)
and vaginal mucosa in memory CD4+ (E) and CD8+ T-cells (F). (G-1) Influence of the
particulate form of the antigen on systemic and mucosal immunity in prime-boost
strategy. (G) Immunization protocol. BALB/c mice (n=6 per group) were immunized
twice at two-week interval by intranasal injection (IN) either with gp140-DNA or HIV-
pVLPs and then boosted twice by intravaginal immunizations with gp140 recombinant
proteins or HIV-VLPs respectively. IFNy-secreting T cells were monitored by
intracellular cytokine staining (ICCS) after specific restimulation of cells from spleen,
para-aortic lymph nodes (paLN) and vaginal mucosa in memory CD4+ (H) and CD8+
T-cells (I). Data represent two independent experiments (A and G) or pooled data of

two independent experiments (D). *, p<0.05; **, p<0.01; ***, p<0.001; Mann-Whitney,
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compared to controls or between the two indicated groups. For the analysis of CD8+
memory T-cells, we are able to analyse secretion in spleen and paLN but not in vaginal

mucosa due to too low CD8+ cells in the mucosa.

Figure S3: Influence of the administration route for pVLP immunization. (A)
Immunization protocol. BALB/c mice (n=8 per group) were immunized twice at two
weeks interval with HIV-pVLPs either by IN or ID+EP route of immunization. HIV-T and
B specific immune responses were analyzed two weeks after the last immunization.
(B) Specific T-cell responses were evaluated by IFNy ELISPOT in spleen, para-aortic
lymph nodes (paLN) and vaginal mucosa. (C) Specific IgG and IgA antibody responses
were assessed by ELISA in serum. (D) Specific IgG- and IgA-secreting B-cells were
monitored by B-cell ELISPOT in vaginal mucosa (3 pools of 2 mice per group). (E)
Comparative in vivo DNA expression after IN and ID+EP administration. Luciferase-
encoding DNA expression was evaluated 3 days after IN or ID+EP delivery using in

vivo imaging system (IVIS) (n=4 per group).

Figure S4: Influence of the particulate form of antigen for intranasal priming. (A)
Immunization protocol. BALB/c mice (n=10 per group) immunized twice at days 0 and
7 by IN route with HIV-DNA or HIV-pVLPs. Germinal center reactions were analyzed
at day 10 in paLN. (B) Absolute cell numbers of paLN in immunized and control mice.
(C-D) Trn immune response. (C) Dot plots representing CXCR5+PD1+ follicular T cells
among CD4+ T cells. (D) % of Trn cells characterized as CD4+CXCR5+PD1+FoxP3-
Bcl6+ among CD4+ T cells and activation state illustrated by ICOS MFI in Trn. (E) Dot
plots representing CD95+GL7+ GCB among CD19+IgD- B cells. (F) % of GCB
characterized as CD19+IA/E+IgD-CD95+GL7+ among CD19+ B cells. (G) Linear
correlation between Tey and GCB absolute numbers in immunized and control mice.

(H) Immunization protocol. BALB/c mice (n=6 per group) were immunized twice at two-
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week interval with HIV-pVLPs or DNA by IN route of immunization and HIV-specific
immune responses were analyzed two weeks after the last immunization. (I,J) GP140-
specific IgG and IgA antibody productions were evaluated by ELISA in sera (I) and
BAL (J). (¥, p<0.05; **, p<0.01; ***, p<0.001, Mann-Whitney, compared to controls or
between the two indicated groups; Data represent pooled results of two different

experiments.)

Figure S5: Long-term immune responses in mice vaccinated with IN pVLP/IVag
VLP prime-boost strategy. (A) Immunization protocol. BALB/c mice (n=5 per group)
were primed two times at two-week intervals with HIV-pVLPs by intranasal route and
then boosted twice at two-week intervals with HIV-VLPs by intravaginal route. At W60,
mice were additionally boosted with HIV-VLPs by intravaginal route. (B)
Concentrations of IgG and IgA antibodies were measured in serum and vaginal washes
by ELISA at week 59 and week 61 to determine the impact of the late boost on the
humoral immune response. (C) Breadth of the antibody response was evaluated by an
epitope mapping assay using HIV-gp140 specific linear overlapping peptides. Specific
responses against V1V2 loop, CD4bs, MPER region, V3 loop and a4f7bs were
represented at week 8. As controls, MPER-specific mAb (2F5) and sera from influenza-
immunized mice (F1, F2) were used. (*, p<0.05; **, p<0.01; ***, p<0.001, Mann-

Whitney, compared to controls or between the two indicated groups)

Figure S6: Systemic and mucosal immunity induced in C57BL/6 or BALB/c mice
after pVLP/VLP prime-boost strategy. (A) Immunization protocol. BALB/c mice or
C57BL/6 mice (n=6 per group) were immunized at two-week intervals by two primes
with HIV-pVLPs injected intranasally and two boosts with HIV-VLPs, injected by
intravaginal route. HIV-specific T- and B-cell immune responses were analyzed two

weeks after the last immunization. (B) Concentrations of IgG and IgA antibodies were
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measured in serum and vaginal washes by ELISA. (C) HIV-specific systemic and
mucosal memory T-cell immune responses. IFNy- and TNFa-secreting T cells were
monitored by ICCS after specific antigen restimulation of cells from spleen, para-aortic
lymph nodes (paLN) and vaginal mucosa. (D) Humoral 1IgG1/IgG2 ratio in serum was
evaluated after ELISA. 1gG2a antibodies were revealed for BALB/c mice and 1gG2b
antibodies were revealed for C57BL/6 mice, in order to determine the Th2/Th1 balance
of the humoral response. (*, p<0.05; **, p<0.01; ***, p<0.001; Mann-Whitney,

compared to controls or between the two indicated groups)

Figure S7: Germinal center response in C57BL/6 or BALB/c mice after
intravaginal delivery of HIV-VLP. (A) Immunization protocol. BALB/c mice or
C57BL/6 mice (n=5 per group) were immunized twice at day 0 and day7 by IVag route
with HIV-VLPs. Germinal center reactions were analyzed at day 10 in paLN. (B)
Absolute cell numbers of paLN in immunized and control mice. (C-D) Trn immune
response. (C) % of GCB characterized as CD19+IA/E+IgD-CD95+GL7+ among
CD19+ B cells. (D) % of Trn cells characterized as CD4+CXCR5+PD1+FoxP3-Bcl6+
among CD4+ T cells and activation state illustrated by ICOS MFI in Ten. (E) TIH/TFR
ratio using absolute number of each cell type were evaluated. (F) Linear correlation
between Try and GCB absolute numbers in immunized and control mice. (*, p<0.05;
** p<0.01; ***, p<0.001, Mann-Whitney, compared to controls or between the two

indicated groups)

Figure S8: Influence of the PEl-formulation on DNA expression after intranasal
delivery. (A) Immunization protocol. BALB/c mice (n=2) were injected once intranasaly
with Luciferase encoding plasmid DNA formulated either with Jet- or Poly-PEIl. DNA
expression was analyzed over 2 weeks using the In Vivo Imaging System (IVIS

spectrum). (B,C) Kinetics of bioluminescence. The average radiance of luminescence
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was measured at days 3, 5, 7 and 14. Data represent the kinetic of DNA expression
(mean £SD) and corresponding images observed using IVIS at different time points

are shown in C.
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Figure S1
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Figure S2
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Figure S3
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Figure S4
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Figure S5
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Figure S6
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Figure S7
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Figure S8
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