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ABSTRACT We have previously reported that the CBD1 peptide (SLEQIWNNMTWMQW
DK), corresponding to the consensus caveolin-1 binding domain in human immunodefi-
ciency virus type 1 (HIV-1) envelope glycoprotein gp41, elicits peptide-specific antibod-
ies. Here, we have investigated the cellular immune response and the protective efficacy
against a simian/human immunodeficiency virus (SHIV,4,p5) challenge. In addition to the
CBD1 peptide, peptides overlapping the caveolin-binding-motif (CBM) (5, WNNMTWMQ
W3, or ool WNNMTW,,g) were fused to a Gag-p24 T helper epitope for vaccination. All
immunized cynomolgus macaques responded to a cocktail peptide immunization by in-
ducing specific T cells and the production of high-titer CBD1/CBM peptide-specific anti-
bodies. Six months after the fourth vaccine boost, six control and five vaccinated ani-
mals were challenged weekly by repeated exposure to SHIV,,p; Via the mucosal rectal
route. All control animals were infected after 1 to 3 challenges with SHIV, while among
the five vaccinated monkeys, three became infected after a delay compared to control;
one was infected after the eighth viral challenge, and one remained uninfected even af-
ter the ninth SHIV challenge. Immunized animals maintained a CD4 T cell count, and
their central memory CD4 T cells were less depleted than in the control group. Further-
more, SHIV challenge stimulates antigen-specific memory T cell response in vaccinated
macaques. Our results indicate that peptides derived from the CBM region can be im-
munogenic and provide protection against SHIV infection in cynomolgus monkeys.

IMPORTANCE In HIV-1-producing cells, gp41 exists in a complexed form with caveolin-1,
an interaction most probably mediated by the caveolin-1 binding motif. This se-
quence is highly conserved in every single HIV-1 isolate, thus suggesting that there
is constant selective pressure to preserve this sequence for a specific function in the
HIV infectious cycle. Consequently, the CBM sequence may represent the “Achilles’
heel” of HIV-1 in the development of an efficient vaccine. Our results demonstrate
that macaques immunized with the CBM-based peptides displayed a delay in the
onset of viral infection and CD4 depletion, as well as a significant induction of
antigen-specific memory T cell response, which is essential for the control of HIV/SIV
infections. Finally, as HIV-infected individuals lack anti-CBM immune responses, CBM-
based vaccines could have applications as a therapeutic vaccine in AIDS patients.
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he primary acute phase of human immunodeficiency virus (HIV) and simian immu-

nodeficiency virus (SIV) infections is characterized by an early burst of viral repli-
cation, an exponential increase in the viral load (VL), the dissemination and seeding of
the virus in all the peripheral lymphoid organs, a severe depletion of memory CD4+ T
cells, and the induction of the host immune response against the virus (1). The early
induction of an effective immune response against the virus plays a role in determining
the levels of viral load at the end of the primary phase (i.e., the set point) (2, 3) and in
discriminating pathogenic and nonpathogenic models of lentiviral infections in which
the depletion of CD4 T cells is a crucial event (4-6). Furthermore, eliciting memory CD4
T cells is essential in controlling HIV/SIV infections (7-10).

Caveolin-1 is a ubiquitous cholesterol-binding protein that organizes and concen-
trates specific ligands within the caveola membranes (11-13). Thus, caveolin-1, in
association with glycolipid-enriched membrane microdomains, is fundamental in the
lateral organization of the lipid bilayer. Lipid rafts and caveolae have been reported to
play a critical role in HIV entry (14-16). Thus, the HIV-1 transmembrane envelope
glycoprotein gp41 interacts with caveolin-1 and exists as a stable complex in HIV-1-
infected cells (17, 18). The caveolin-1 binding motif (CBM, ¢,s WNNMTWMQW,,) is
localized in the ectodomain sequence of gp41. The three aromatic amino acids that are
always tryptophan in the case of various HIV-1 isolates are essential for binding to
caveolin-1. Furthermore, the CBD1 peptide (5,sSLEQIWNNMTWMQWDK,,;) has the
capacity to bind to the caveolin-1 in solution and to penetrate plasma membranes (17).
Therefore, the CBM motif in gp41 represents an interesting target for HIV vaccine
strategy.

We have previously reported that the CBD1 peptide is immunogenic in rabbits,
mice, and guinea pigs, as illustrated by the production of high-titer specific antibodies
in immunized animals (17-20). On the other hand, the CBD1 peptide is poorly or not
immunogenic in cynomolgus macaques when adjuvants that are acceptable for hu-
mans are used (21). We have also demonstrated that immunization of macaques with
the CBD1 peptide requires a T helper peptide carrier to improve B cell immunogenicity.
Thus, a “promiscuous” T cell epitope from the tetanus toxin (Tetgs,, AQYIKANSKFIGITEL)
(22) was initially used to elicit the production of high-titer peptide-specific antibodies
(21). These colinear T helper and B cell epitopes were synthesized using the dilysine
linker (KK) that is the target sequence of the lysosomal protease cathepsin B, one of the
important proteases for antigen processing in the context of major histocompatibility
complex class Il (MHC-Il) antigen presentation (23). Interestingly, additional carrier
antigens have been described to improve the immunogenicity of CBM peptides in
mice, in particular, the HIV-Gag p24 sequence (Gag, ,ogKRWIILGLNKIVRMY;,) that
contains a human HLA-DR supermotif capable of binding to 13 human HLA-DR alleles
(20, 24). The CBM peptides fused with the Gag peptide were more potent in inducing
antibodies in mice than that fused with the Tet peptide carrier (20). Therefore, the use
of such a peptide carrier could be of interest for vaccine strategies.

Whereas there is also a potential caveolin-1 binding domain in HIV-2 and SIV
transmembrane proteins (19), the CBD2 peptide (SLTPDWNNMTWQEWER) did not bind
to caveolin-1 in solution and did not penetrate into plasma membranes (17). The
possible explanation for this is the difference in the two amino acid residues preceding
the caveolin-binding motif. Thus, the isoleucine®2? that is conserved in HIV-1 is replaced
by either D, E, N, or R amino acids in HIV-2. The Q%2" that is semiconserved in HIV-1 is
replaced by a conserved proline residue in HIV-2 that could induce the formation of a
B-turn and might have a dramatic effect on its function (17). Therefore, it is of
importance to use virus encoding the gp41 of HIV-1 to assess protection in macaque
studies.

The current study aimed at investigating the efficacy of the CBD1-based peptide
vaccine formulation to elicit T cell immune responses in cynomolgus macaques and to
control the replication of a competent simian/human immunodeficiency chimera virus
(SHIV,65p3)- Macaques were vaccinated with the CBD1 peptide associated with Tetgs,
peptide along with CBM-based peptides (555l WNNMTWMQW5;, 625l WNNMTW )
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TABLE 1 Description of the MHC haplotypes (H) in each cynomolgus macaque?

Monkeys ~ Genotype 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
| MHCta | | 16 | | MHC2

30164 Ha/H1 (He HA H4 HA HA HA HA HA H4 HA HA HA H4 H4 H4 H4 H4 H4

H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1

30237 H3/H1 H3 H3 H3 H3 H3 H3 H3 H3 H3 H3 H3 H3 H3 H3 H3 H3 H3 H3
H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1

30317 Halrec H1H3 (He H4 HA H4 HA H4 H4 HA HA HA HA H4 H4 H4 H4 H4 H4

H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H3 H3 H3 H3 H3 H3 H3 H3

30809 H6/H1 [H6 H6 H6 H6 H6 H6 H6 H6 H6 HE H6 H6 H6 H6 HE HE H6 He
H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1

30788 H1/H6 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1
'H6  H6 H6 H6 H6 H6 H6 H6 H6 H6 H6 H6 H6 H6 H6 H6 H6

30991 Ha/H1 H4 HA H4 H4 H4 H4 H4 H4 H4 H4 H4 H4 HA HA H4 H4 HA H4

H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1

30713 H3/H1 H3 H3 H3 H3 H3 H3 H3 H3 H3 H3 H3 H3 H3 H3 H3 H3 H3
H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1

30514  H1/rec H1H3H2 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1 H1
H1 H1 H1 H1 H1 H1 H1 H3 H3 H3 H2 H2 H2 H2 H2 H2 H2 H2

31003 H4/He (H4 H4 H4 H4 H4 HA H4 HA HA H4 HA H4 HA HA H4 HA HA He

'H6 H6 H6 H6 H6 H6 H6 H6 H6 H6 H6 H6 H6 H6 H6 H6 H6 H6

27085R H6/H2 H6 H6 H6 H6 H6 H6 H6 H6 H6 H6 H6 H6 H6 H6 H6 H6 H6 H6
H2 H2 H2 H2 H2 H2 H2 H2 H2 H2 H2 H2 H2 H2 H2 H2 H2 H2

e -
H3 H3 H3 H3

aClass IA, IB, and Il gene clusters were analyzed. The vaccinated group included monkeys 30164, 30237,
30317, 30809, and 30788. The control group included monkeys 30991, 30713, 30514, 31003, 27085R, and
31004.

fused at their NH, terminus with the HIV-Gag p24 human HLA-DR supermotif. Our
results indicate that the CBD1/CBM-based peptide-cocktail vaccine formulation induces
a T cell immune response and provides partial protection against repetitive low doses
of SHIV,,p5 Via the mucosal rectal route in cynomolgus monkeys.

RESULTS

Humoral immune response in CBD1/CBM-vaccinated cynomolgus macaques.
This study included 11 cynomolgus macaques (Macaca fascicularis) with MHC polymor-
phism, as presented in Table 1. In cynomolgus macaques, it has been proposed that H3
and H6 class IB haplotypes are associated with resistance to chimeric SHIVg, ¢p chal-
lenge (25, 26), while H2 and H5 class IB are associated with susceptibility to SHIV
infection (27), or H4 in the context of SIVmac infection (28). In our cohort, only four
animals were heterozygotes for H6, the second alleles being H2 (27085R), H4 (31003),
or H1 (30809 and 30788). Two animals were H3 and had as a second allele H1 (30237
and 30713). These monkeys were distributed in both groups. Thus, six animals were
kept as a control group while five monkeys were included in the immunization group.
In order to trigger the induction of CBM-specific immune responses, we used conserved
CBM sequences with the N-terminal conserved isoleucine residue, 4,,| WNNMTWMQW
631 and ¢,/ WNNMTW,g, fused at their NH, terminus with the HIV-Gag p24 peptide
(Gag, ,0gKRWIILGLNKIVRMYS;,) (9). These peptides were referenced as K27W and K24W,
respectively (Table 2). Immunization of macaques was then carried out using a mix of
CBD1/CBM-based peptides (CBD1, K24W, and K27W) in the presence of two adjuvants,
including the Montanide ISA 51, a mineral-oil-based emulsion (29), and CpG oligode-
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TABLE 2 Amino acid peptide sequences

Peptide Sequence

CBD1 615 SLEQIWNNMTWMQWDK 55
K27W Gag,o5-312-KK-62o WNNMTWMQW3,
K24W Gagsog_3712-KK-62ol WNNMTW,, o
Gadsog 315 108 KRWIILGLNKIVRMY, ,

oxynucleotide, which is critical to enhance the induction of gamma interferon (IFN-v)
from CD4 T cells, compared to immunogens mixed only with Montanide ISA 51 (30).
Five cynomolgus macaques were vaccinated at days 0, 42, 70, and 110, and antibody
production was monitored by measuring specific IgG by enzyme-linked immunosor-
bent assay (ELISA) against the cocktail of peptides as well as against individual peptides
used for the immunization cocktail, including CBD1, K24W, and K27W peptides. We also
assessed antibodies against the HIV-1 Gag,qs_3;> peptide that constituted the NH,
terminal of K24W and K27W peptides.

Figure 1 shows IgG antibody titers against the CBD1/CBM-based peptide cocktail
vaccine formulation used for immunization from day 0 to day 300. Consistent with
previous reports (18, 19, 21), we detected a CBD1/CBM-specific IgG response in
vaccinated cynomolgus macaques (Fig. 1). No significant level of anti-CBD1/CBM
humoral response was generated in the immunized animals until the third immuniza-
tion (Fig. 1). Antibody titers plateaued thereafter; monkeys 30788 and 30809 displayed
lower IgG titers at month 10 than the three other monkeys. Our results also indicated
the presence of specific antibodies against the HIV Gag,.s_5,, peptide. However, the
titers were around 10- to 100-fold less than the cocktail’s titers (Fig. 1). At 2 and 4 weeks
after the fourth dose of vaccine (day 110), we assessed the IgG response against
individual peptides (Table 3). Thus, the titers of K24W- and K27W-specific antibodies
were 3- to 4-fold higher than the CBD1 titer and 10-fold higher than the Gag peptide
used as a carrier. These results demonstrated that the CBD1/CBM-based peptide
cocktail vaccine formulation is immunogenic in cynomolgus monkeys, generating
specific B cells producing CBD1/CBM-specific antibodies.

Cellular immune response in CBD1/CBM-vaccinated cynomolguses. We next
investigated the magnitude of specific T cells in vaccinated monkeys by measuring the
numbers of IFN-vy-, interleukin-2 (IL-2)-, and IL-4-producing cells by enzyme-linked immu-
nosorbent spot assays (ELISpot assays). Peripheral blood mononuclear cells (PBMCs) are
stimulated in vitro with either CBD1, K24W, K27W, or HIV Gag,eg_31, Peptides, the last being
used as a carrier for K24W and K27W peptides. All vaccinated monkeys displayed specific
IL-2- (Fig. 2A) and IFN-y-producing T cells (Fig. 2B), which are characteristics of the T helper

1.0x106y 1.0x1064 1.0x10fy 1.0x105 1.0x106
100000; 100000, 100000 100000; 100000,
CBD1 £ 100004 10000, 10000, 10000; 10000;
L 100§ ofs 1000qw f v 1000§nfv v 1000grd v v 1000gw b v
CBM PO 100 100, 100 100,
> 10 10 10 10 10
1 1 1 1 1
0. T T T 1 0.1% T T T 1 0.1+ T T T 1 0.1+ 014 T T T 1
100 200 300 400 0 100 200 300 400 0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
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Days post-immunization

FIG 1 1gG responses in vaccinated cynomolgus macaques. ELISA was used to quantify specific IgG against the CBD1/CBM-based
peptide-cocktail vaccine formulation. Sera were also tested against the HIV-Gag p24 peptide used as a carrier for CBM peptides. The
titers correspond to the dilution of serum giving an OD value of =0.1. Arrowheads indicate the times of four immunizations at days

0, 42, 70, and 110.
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TABLE 3 IgG titers at weeks 2 and 4 after the last (4th) injection in macaques immunized
with a CBD1/CBM cocktail?

Wk after last e ais

Macaque injection Cocktail CBD1 K27W K24W Gag,os_312
30164 2 128,000 32,000 128,000 128,000 8,000
30164 4 150,000 32,000 128,000 128,000 16,000
30237 2 512,000 128,000 400,000 512,000 16,000
30237 4 512,000 64,000 300,000 512,000 16,000
30317 2 256,000 80,000 128,000 128,000 16,000
30317 4 256,000 64,000 128,000 150,000 32,000
30788 2 1,024,000 64,000 512,000 256,000 32,000
30788 4 1,024,000 64,000 512,000 256,000 40,000
30809 2 512,000 32,000 200,000 300,000 4,000
30809 4 256,000 30,000 128,000 256,000 4,000

aCynomolgus macaques were vaccinated at days 0, 42, 70, and 110. The titers of IgG at 2 and 4 weeks after
the fourth immunization (day 110) were assessed by ELISA against the cocktail peptides used for
immunization, as well as individual peptides. The titers correspond to the dilution of antipeptide antibodies
giving an OD value of =0.1 in ELISA.

1 (Th1) profile. These cells are specific to K24W, K27W, and CBD1 peptides. The dynamics
of specific T cells were quite similar after in vitro stimulation with either the CBD1
peptide (which does not contain the gag sequence) or the K24W and K27W peptides,
but the magnitudes were 2-fold higher in the latter. The dynamics of the immune
response revealed higher levels of specific T cells 1 week after the second boost, which
progressively declined thereafter. The third and fourth boosts did not show higher
numbers of effector T cells and did not reach the values observed after the second
boost. We also detected specific HIV Gag,gg_315 T cells, but the range of producing cells
was lower than that observed with K24W and K27W peptides. Thus, by analyzing the
different time points and the five monkeys, we found that in comparison to HIV
Gag,eg_312 the numbers of IL-2-producing cells after K24W and K27W stimulation are
6.5- and 6.2-fold higher, respectively. These results indicated a common T cell epitope
between CBD1 and K24W/K27W peptides, with the minimal sequence being 4,,IWNN
MTWjg,s. In contrast, we observed few IL-4-producing T cells (Fig. 2C), which concerned
only 3 of the 5 vaccinated animals (30317, 30788, and 30809). These results show that
the CBD1/CBM cocktail formulation is immunogenic in cynomolgus macaques, gener-
ating specific Th1 effector cells. The finding of the minimal T cell epitope sequence,
622l WNNMTW,,g, is of great interest due to its conservation in each of the HIV-1 isolates.

Delay in the peak of viral load in CBD1/CBM-vaccinated cynomolgus macaques.
The efficacy of the CBD1/CBM-based peptide-cocktail vaccine formulation was evalu-
ated by challenging vaccinated animals with SHIV that expresses the HIV-1 envelope
glycoprotein. Six months after the fourth vaccine boost, animals were challenged with
repetitive low doses of SHIV, 4,55 (0.33 50% animal infectious dose [AIDs,]; NIH) via the
mucosal rectal route. All the six animals from the control group were infected after 1
to 3 challenges with SHIV,4,p5. Among the five vaccinated cynomolgus macaques,
three became infected and one was protected until the eighth viral challenge (macaque
30788), one remaining protected even after the ninth challenge (macaque 30237). Thus,
in the vaccinated group, the numbers of effective challenges to infect animals (n = 25)
were higher than in the control group (n = 11). The difference between vaccinated and
control groups was significant (P = 0.039, Fisher's exact test) (Fig. 3A), and the
percentage of uninfected animals was also significant (P = 0.05, as measured by the
Mantel-Cox test) (Fig. 3B). Although the levels of viral load were not different in infected
monkeys from the vaccinated group compared to the control group (Fig. 3C), we
observed a delay in viral load (Fig. 3D). Indeed, in the control group, we detected
SHIV, 45p5 replication in the blood 2 weeks after the first challenge in two monkeys, at
week 3 in three monkeys, and in only one monkey at week 4. In contrast, in the
vaccinated group, only two animals displayed the virus at week 3, and one at week 4
after the first challenge. We arbitrarily considered the peak of viral load to be at week
10 for monkey 30237, which remained uninfected.
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FIG 2 T cell responses in individual vaccinated monkeys. PBMCs were stimulated with CBD1, K24W, K27W, and
HIV-Gag p24 peptides. IL-2 (A), IFN-y (B), and IL-4 (C) ELISpot assays were performed at different time points. Data
are expressed as spot-forming cells (SFC) per million PBMCs minus the background (medium alone), which did not
exceed 80 SFC per million cells. Arrowheads indicate immunizations.
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FIG 3 Protective effect of CBD1/CBM vaccination. Six months after the fourth vaccine boost, animals were
challenged with a repetitive low dose of SHIV, 4,55 (0.33 AID,; NIH) via the mucosal rectal route. (A) Acquisition
rates in both control and CBD1/CBM-vaccinated monkeys. All animals from the control group were infected after
1 to 3 challenges with SHIV,4,.5. The difference between vaccinated and control groups was evaluated using
Fisher's exact test (P = 0.03). (B) Survival curves of CBD1/CBM-vaccinated macaques versus controls. Statistical
significance was evaluated using the Mantel-Cox test (P = 0.05). (C) Plasma viral loads of SHIV,4,p,-infected
monkeys were evaluated by quantitative RT-PCR. (D) Peak viral load in control (closed symbols) and CBD1/CBM-
vaccinated (open symbols) macaques. We arbitrarily considered the peak of viral load for the uninfected monkey
at week 10. Statistical significance was evaluated using the Mann-Whitney test.

Altogether, our results demonstrated that a strategy based on CBD1/CBM-based
peptide formulation is partially protective in controlling SHIV, ¢,p5 infection in a model
of repetitive low-dose challenges.

CD4 depletion is reduced in CBD1/CBM-vaccinated cynomolgus macaques. It is
well known that after infection, early events are predictive of AIDS outcome, particularly
the depletion of memory CD4 T cells (3, 6, 31-33). Monitoring CD4 T cell dynamics may
provide a concomitant readout of protection. In peripheral blood, we observed that in
the control group, 4 animals of 6 displayed lower CD4 T cell counts 2 weeks postchal-
lenge, while only 1 animal in the vaccinated group showed a decrease at the same time
(Fig. 4A). No depletion was observed in the two uninfected monkeys (30237 and 30788).
The magnitude of CD4 T cell loss, at week 2 compared to the baseline, was significantly
higher in the control group than in the vaccinated group (—82 = 58.6 versus 213.6 = 107,
P = 0.05) (Fig. 4B). The peak of CD4 depletion occurs earlier in the control group (week 2.3)
than that observed in the CBD1/CBM-vaccinated group (week 4.6, P = 0.02) (Fig. 4C). This
delay of CD4 T cell depletion is consistent with the delay in the detection of the viral load
observed in vaccinated cynomolgus macaques (Fig. 4D). Because early depletion of mem-
ory CD4 T cells is associated with further disease progression to AIDS (3, 6, 34), we then
analyzed by flow cytometry the central (CD95% CD28%) and effector memory (CD95*
CD287) CD4 T cells. Our results showed that the depletion of memory CD4 T cells at
week 2 postchallenge, particularly of central memory, is higher in the control group
than in the vaccinated group (—43.8 = 32 versus 61.4 = 26 T cells, P = 0.03) (Fig. 4E).

Thus, CBD1/CBM-derived peptide vaccination preserved the pool of memory CD4 T
cells early after SHIV, 4,p5 infection in cynomolgus macaques.

T cell immune response in SHIV,4,p5-challenged cynomolgus monkeys. We
then assessed the specificity and the dynamics of effector T cells by determining the
number of IL-2-, IFN-vy-, and IL-4-producing cells by ELISpot assays in both control and
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FIG 4 CBD1/CBM vaccination prevents memory CD4 T cell depletion. (A) CD4 T cell counts from control and CBD1/CBM-vaccinated
monkeys at different weeks postchallenge. (B) CD4 T cell depletion at week 2 in control (closed circles) and CBD1/CBM-vaccinated (open
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vaccinated groups. PBMCs were stimulated with either K24W, K27W, or CBD1 peptides.
In the control group, the numbers of specific T cells producing either IL-2 or IFN-y were
extremely low (mostly fewer than 20 spots) at different weeks postchallenge (Fig. 5A
and B). In the vaccinated group, the numbers of specific IL-2- and IFN-y-producing cells
detected after in vitro stimulation with either K24W, K27W, or CBD1 peptides were
mostly higher than 80 spots (Fig. 5A and B). Our results demonstrated that the numbers
of IL-2- and IFN-y-producing cells after an SHIV,,p; challenge of the vaccinated
macaques were significantly higher than those detected on the day of the challenge
(Fig. 6A and B). Thus, after CBD1 stimulation, the numbers of IL-2-producing cells were
82 =+ 23 before and 204 * 48 after SHIV,4,p5 challenge (P = 0.04). Similarly, K24W
induced 140 = 22 versus 322 * 52 IL-2-producing cells (P = 0.009), before and after
infection, respectively; and K27W induced 136 = 34 versus 385 = 41 IL-2-producing
cells (P = 0.002). Whereas the immune response was transient in three monkeys,
IL-2-producing T cells persisted in animals that controlled infection (30237 and 30788).
These results highlighted the fact that SHIV, 4,p5 infection amplifies the pool of T cells
specific for K27W, even in SHIV-negative animals. In a similar manner, numbers of
IFN-y-producing cells are higher after infection than those observed before the
SHIV,45p5 challenge (K24W, 134 * 27 versus 232 = 33, P = 0.01; K27W, 151 = 24 versus
329 * 49, P = 0.03). While the two peptides have been coupled with the same carrier
(HIV Gag,eg_315 peptide), the magnitude of immunosorbent spots was higher for K27W
than for the K24W peptide, which contains the whole amino acid sequence of the CBM,
622l WNNMTWMQWG,;,. Because it cannot be excluded that K27W/K24W immune re-
sponses are related to specific T cells directed against the HIV Gag,es_5;, peptide
sequence after SHIV,4,p5 challenge, we assessed the in vitro HIV gag response in the
control and vaccinated groups. The ranges of IL-2- and IFN-y-producing cells after HIV
Gag stimulation were lower than those of either the CBD1, KW24, or KW27 responses
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FIG 5 T cell responses in control and CBD1/CBM-vaccinated monkeys after SHIV challenge. PBMCs from
controls (n = 6) and CBD1/CBM-vaccinated macaques (n = 5) were stimulated with CBD1, K24W, K27W,
and HIV Gag peptides. IL-2 (A) and IFN-y (B) ELISpots were used to quantify specific T cell responses at
different weeks postchallenge. Data are expressed as spot-forming cells (SFC) per million PBMCs minus
the background (medium alone).

(Fig. 5A and B). No IL-4 was detected in either of the two groups (not shown). In
contrast to the increase in antigen-specific memory T cell response after the SHIV,45p5
challenge, there was no apparent increase in the antibody titers against CBD1/CBM-
based peptides (Table 4).

Altogether, these results indicate that SHIV, 4,55 challenge expands immune cells,
which are directed against the CBM sequence.

Furthermore, the range of ELISpot responses also provides the opportunity to
examine the relationships between T cell responses induced by vaccination and the
acquisition of specific T cells after the SHIV,4,p; challenge. Thus, we assessed the SIV
gag response in control and vaccinated groups. It should be noted that no apparent
detectable SIV Gag immune T cell response was found prior to SHIV infection (Fig. 7,
point 0 of the weeks postchallenge). In vaccinated monkeys challenged with SHIV, ¢,p3,
the peak of T cells expressing IL-2 and IFN-vy after SIV Gag stimulation was observed
between weeks 4 and 6 (Fig. 7A and B). Our results indicate that the magnitude of
IL-2-expressing cells at the peak tends to be lower in vaccinated monkeys (135 * 63)
than in the control group (290 = 85), but the difference was not statistically significant
(P = 0.06). Regarding the number of IFN-y-producing cells, four monkeys (27085R,
30154, 30713, and 31003) of six in the control group demonstrated more than 800
specific immunosorbent spots, whereas only one animal (30317) reached this level in
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FIG 6 Individual responses of CBD1/CBM-vaccinated monkeys. Numbers of IL-2 (A) and IFN-y (B) spot-forming cells (SFC) per million
PBMCs from CBD1/CBM-vaccinated monkeys after in vitro K27W or K24W peptide stimulations at different weeks postchallenge. Data
are expressed as spot-forming cells (SFC) per million PBMCs minus the background (medium alone).

the vaccinated group. This animal in the vaccinated group has the highest level of viral
load (1.9 X 10% copies/ml at week 4). Interestingly, the two monkeys (27085R and
30154) that displayed the earliest VL (Fig. 3C) also had the early peak of IFN-vy-
producing cells (week 3) (Fig. 7B). Thus, the range of SIV gag responses could be an
indirect marker of the extent of viral replication (35). On the other hand, both in
vaccinated and nonvaccinated animals, the numbers of IL-4-producing T cells were
extremely low (less than 20 spots in 9 monkeys of the 11) (data not shown).

TABLE 4 IgG titers before and after the SHIV challenge in macaques immunized with a
CBD1/CBM cocktail@

Time (wk) before or lgGtiter
Macaque after challenge Cocktail CBD1 K27W K24W Gag,os_312
30164 -2 32,000 4,000 16,000 16,000 1,000
30164 +3 16,000 4,000 8,000 8,000 1,000
30164 +8 16,000 4,000 8,000 16,000 1,500
30237 -2 64,000 3,000 20,000 32,000 1,000
30237 +3 64,000 3,000 16,000 32,000 1,000
30237 +8 64,000 2,000 16,000 32,000 1,000
30317 -2 16,000 4,000 16,000 16,000 2,000
30317 +3 12,000 4,000 8,000 16,000 2,000
30317 +8 8,000 2,000 8,000 16,000 2,000
30788 -2 32,000 2,000 16,000 8,000 1,500
30788 +3 16,000 2,000 16,000 4,000 1,000
30788 +8 16,000 2,000 16,000 8,000 1,000
30809 -2 16,000 32,000 16,000 6,000 1,500
30809 +3 16,000 30,000 16,000 6,000 2,000
30809 +8 16,000 30,000 8,000 6,000 1,500

aCynomolgus macaques were challenged weekly by repeated exposure to low doses of SHIV. The titers of
19G, 2 weeks before (—2) and after (weeks +3 and +8) SHIV challenges, were assessed by ELISA against the
cocktail peptides used for immunization as well as individual peptides. The titers correspond to the dilution
of antipeptide antibodies giving an OD value of =0.1 in ELISA.
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FIG 7 Magnitude of SIV Gag response in control and CBD1/CBM-vaccinated monkeys after SHIV challenge. PBMCs from
CBD1/CBM-vaccinated macaques (30164, 30237, 30317, 30788, and 30809) and control macaques (27085R, 30154, 30713,
31003, 31004, 30991) were stimulated with SIV Gag antigen, and the numbers of IL-2 (A) and IFN-y (B) ELISpots were
assessed at different weeks postchallenge. Data are shown as spot-forming cells (SFC) per million PBMCs minus the

background (medium alone).

Thus, consistent with the delay in the emergence of viral detection, we found that
the magnitude of SIV Gag immune response is low and delayed in CBD1/CBM-
vaccinated monkeys, compared to the nonvaccinated animals.

DISCUSSION

Here, we demonstrated that the CBD1/CBM-based vaccine cocktail preparation is
immunogenic in cynomolgus macaques, inducing cell-mediated Th1 immunity as well
as a previously shown specific antibody response (19, 20). As a proof of concept, we
demonstrated that such a formulation delays infection by SHIV,4,p5, @ pathogenic
CCR5-tropic virus, and is associated with a lower depletion of memory CD4 T cells than
in nonvaccinated monkeys. The early detection of antigen-specific memory T cell
response in vaccinated macaques following the SHIV challenge is of great interest, since
memory T cells are associated with the control of HIV/SIV infection (7-10, 36). The
finding that the minimal T cell epitope in the CBD1/CBM vaccine formulation is the
sequence 4,/ WNNMTWg,g, which is immunogenic and conserved in the caveolin-1
binding motif of HIV-2/SIV, also supports the observation that the SHIV,,p5 challenge
expands this specific Th1 effector cell.

Accordingly, the potent immunogenicity of CBD1, K24W, and K27W peptides in the
CBD1/CBM vaccine formulation indicates that each peptide is immunogenic. Indeed, T
cells from vaccinated monkeys responded to in vitro stimulation, using either the CBD1
peptide or the K24W and K27W peptides, as demonstrated by the secretion of both IL-2
and IFN-v. In the context of this Gag carrier, the CBD1/CBM vaccine cocktail preparation
also induces specific IgG antibody. We have previously reported that CBD1 peptide is
immunogenic for B cells when fused with the tetanus T helper cell epitope, whereas no
response was observed when coupled to keyhole limpet hemocyanin (KLH) (19, 20).
Thus, the CBM fusion with the HIV Gag sequence can induce both efficient cellular and
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humoral Th1 immunity in cynomolgus macaques and may be an advantage in the
context of human immunization, because it binds 13 human HLA-DR alleles (24).

Our results indicated that the B and T cell immune responses measured in the blood
of immunized macaques are not parallel, since cellular immunity was induced after the
first and second immunizations but declined thereafter while the specific IgG response
increased and persisted at this time. This may be indicative that T cells do not
recirculate in peripheral blood but are probably sequestrated in the lymphoid tissues,
such as peripheral lymph nodes (LNs), the spleen, and even in mucosal tissues.
Recently, there has been much interest in a new T cell subset, namely, T follicular helper
(Tfh) cells, which have strong support for B cell immunity (37-40). Therefore, we cannot
exclude that CBD1/CBM-vaccinated animals develop specific Tfh cells, which may
participate in the production of mucosal antibodies. Indeed, the protection afforded by
the CBD1/CBM-based vaccine cocktail preparation is in the context of repeated rectal
SHIV,45p5 challenges.

Our data also indicated that certain qualitative and quantitative aspects of T cell
responses are associated with a lower risk of infection. Specifically, our results demon-
strated that IFN-y immunosorbent spots against SIV Gag can be a surrogate marker of
protection in infected monkeys. As shown here, monkeys that are infected have higher
numbers of IFN-y-secreting cells than protected monkeys. Therefore, there is an inverse
correlation with the viral infection. The detection of these circulating cells is certainly
indicative of the extent of antigen present in the tissues following SHIV replication.
Furthermore, a persistent IL-2 response against K27W is associated with a protective
benefit against repeated challenges with SHIV, 4,p5. We, as well as others, have previ-
ously demonstrated that loss of memory CD4 T cells during the acute phase is a
predictive marker of further disease progression (3, 6, 31-33). In this context, the rhesus
cytomegalovirus (RhCMV) vector, by establishing memory T cell responses at potential
sites of SIV infection, is protective (41). Therefore, our report provides evidence that a
CBD1/CBM vaccine cocktail preparation, by preserving the pool of memory T cells, can
be associated with attenuated rectal infection. Although we recognize that correlation
does not establish causality, it is possible that the measured cell-mediated immunity is
a surrogate for some other effector functions that mediate protection against the
acquisition of SHIV. Thus, in inducing effector memory T cells, the CBD1/CBM vaccine
cocktail preparation can promote and help CD8 T cells control SHIV infection, and this
merits to be addressed. Furthermore, we recently demonstrated that blocking caspase
activation, which preserved the pool of memory, is associated with the presence of
effector cytotoxic CD4 T cells (42). Therefore, whether a vaccine based on CBD1/CBM
peptides induces effector cytotoxic T cells remains to be assessed. Regarding the B cell
response, our data indicate that titers of specific antibody are not increased after a SHIV
challenge, and the titer of specific IgG was lower in the monkey (30788) that completely
controlled the SHIV infection. Furthermore, CBD1/CBM-vaccinated monkeys did not
display blood-neutralizing antibody responses against SHIV,,p5 (data not shown). In
the context of an RV144 trial, in which the canarypox vector (ALVAC) expressing the
gag/pol/nef, boosted with gp120, had a modest vaccine efficacy (43), there is no link
with neutralizing antibodies. Although blood Ig neutralization seems to not be the
main linked mechanism, we cannot exclude that additional antibody-mediated protec-
tion is involved in the control of the repeated rectal SHIV,¢,p5 challenges, such as
antibody-dependent cellular cytotoxicity (ADCC), or even in inducing defective viruses,
as previously observed using antibodies directed against the CBD1/CBM epitope (18).
Therefore, whether cell- or Ig-mediated immune mechanisms are associated with
protection in CBD1/CBM-vaccinated monkeys remains to be clarified.

The SHIV,4,p5 challenge of CBD1/CBM-vaccinated macaques took place 6 months
after the last immunization. Thus, the rapid generation of antigen (CBD1, K24W, and
K27W)-specific memory T cell response following the SHIV challenge in vaccinated
macaques provides the potentiality of our vaccine strategy, since it reveals that there
is a recall memory T cell response induced by the native CBM epitope of gp41 present
in SHIV, ¢,p3. CBM-based formulations could also provide therapeutic vaccine strategies
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in HIV-infected individuals who lack any natural B and T cell immune responses against
the CBM epitope, 4,5 WNNMTWMQW,;, (18, 19). It was hypothesized that the absence
of anti-CBD1 epitope immune response in HIV-T-infected individuals was due to the
N-linked glycosylation of the asparagine N2> (25). However, the generation of specific
memory T cell immune responses in CBD1/CBM-vaccinated macaques following a SHIV
challenge indicates that such unglycosylated synthetic peptides indeed have the
capacity to generate T cell memory to the CBM peptide moiety in the native gp41.

The progression of SIV-induced AIDS, associated with a low-set-point viral load and
prolonged survival time, varies greatly from one animal to another and can be
influenced by MHC polymorphism (such as Mamu-A*0010, Mamu-A3*1303, and Mamu-
B*08 in Indian rhesus macaques [44, 45]). In cynomolgus macaques, H3 and H6 class IB
haplotypes have been proposed to be associated with resistance to a chimeric SHIVgq ¢
challenge (25, 26), while H2 and H5 class IB are associated with susceptibility to
infection (27). H1 was also previously reported to be enriched in, but not exclusive to,
monkeys that control SIV (46, 47). In the cohort, only four animals were heterozygotes
for H6, the second allele being H2 (27085R), H4 (31003), or H1 (30809 and 30788). Two
animals were H3 and had as a second allele H1 (30237 and 30713). The two animals that
showed strong protection against SHIV infection were 30237 (H3/H1) and 30788
(H1/H6). In the control group, three monkeys, 30713 (H3/H1), 31003 (H4/H6), and
27085R (H6/H2), which share H3 and H6 genotypes, were infected. Although we cannot
exclude an impact of MHC alleles in reducing the viral load, it is noteworthy that,
despite the two monkeys having the same H6 allele in common, only the vaccinated
macaque 30809 was protected, in contrast to the control macaque 31003. Similarly,
despite the same H3 allele in common, only the vaccinated macaque 30237 was
protected, in contrast to the control monkey 30713.

Finally, this study demonstrates that the K27W peptide should be the CBM peptide
choice for future studies. The CBM epitope in gp41 of infectious virus particles remains
consistently conserved in HIV-1-infected individuals. This conserved unique feature of
the CBM epitope, associated with its strong immunogenicity, capable of inducing by
systemic immunization a protection against repeated low-dose rectal SHIV,4,p5 infec-
tions, provides promising perspectives for the use of the K27W peptide as an efficient
epitope vaccine candidate for HIV/AIDS.

MATERIALS AND METHODS

Animals. Eleven adult cynomolgus macaques (female Macaca fascicularis) were imported from
Mauritius and housed in the facilities of the Commissariat a I'Energie Atomique et aux Energies
Alternatives (CEA, Fontenay-aux-Roses, France). Nonhuman primates (NHPs) are used at the CEA in
accordance with French national regulations (CEA Permit Number A 92-032-02). The CEA follows the
standards for human care and use of laboratory of the Office for Laboratory Animal Welfare (OLAW, USA)
under OLAW assurance number A5826-01. The use of NHPs at the CEA is also in accordance with the
recommendation of the newly published European Directives (2010/63, recommendation no. 9). The
number of animals included in the present study represents the minimal number of monkeys used as a
proof of concept regarding the 3R rule. All animals used in this study were tested and selected if negative
for SIV, simian T-lymphotropic virus (STLV), herpes B virus, filovirus, simian retrovirus 1 (SRV-1), SRV-2, and
measles. The animals were sedated with ketamine chlorhydrate (10 to 15 mg/kg of body weight;
Rhone-Mérieux, Lyon, France) before immunization, blood sample collection, and virus injection. The
MHC genotype was determined with 20 microsatellites scattered across the MHC region, as previously
described (28) and summarized in Table 1.

Peptides and immunizations. Peptides were synthesized by NeoMPS (Strasbourg, France). They
included the CBD1 peptide (4;5SLEQIWNNMTWMQWDK,;) (21) and the two overlapping CBM
peptides (5, WNNMTWMQW,;, and ,,IWNNMTW,,,), which were fused at their NH, terminus with
the HIV-Gag p24 human HLA-DR supermotif (,osKRWIILGLNKIVRMY;;,,) using the dilysine linker. The
CBM peptides are referred to as K27W (K-R-W-I-I-L-G-L-N-K-I-V-R-M-Y-K-K-I-W-N-N-M-T-W-M-Q-W)
and K24W (K-R-W-I-I-L-G-L-N-K-1-V-R-M-Y-K-K-I-W-N-N-M-T-W) as previously described (20). Peptides
(CBD1, K24W, and K27W; 150 pg of each peptide per animal) were mixed with 1,800 ul of Montanide
ISA 51 VG (SOP P/2857/GB/02; provided by Seppic S.A., France) and 125 ul of CoG ODN 10103 (stock
solution at 24 mg/ml) as an adjuvant, purchased from Coley Pharmaceutical Group, USA (21). The
final mix (500 wl) was injected subcutaneously at the back. Animals were injected at days 0, 28, 70,
and 110. The SIV gag peptide pool was provided by the AIDS Research and Reference Program/
NIAID, NIH (AIDS/NIH).

SIV infection. SHIV,,,; stock (Harvest 2 lot 4 2.21.07; NIH AIDS Research & Reference Reagent
Program) was titrated by the intrarectal (IR) route in cynomolgus macaques; the IR titer is 20 AID,,/ml.
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Six months after the last vaccination (week 35), animals were challenged with repeated IR low doses (0.33
AID,,). Each animal was challenged until a plasma viral load above or equal to 10* copies/ml was
detected.

Blood samples and flow cytometric analysis. Baseline blood drawings were performed for sera
and peripheral blood mononuclear cell (PBMC) measurements of antibody production by ELISA (20,
21) and T cell responses. T cell subsets were analyzed by flow cytometry using the BD LSRII analyzer.
The following antibodies were used: anti-CD45 PerCP (clone D058-1283; BD Biosciences), anti-CD3
Alexa Fluor 700 (clone SP34-2; BD Biosciences), anti-CD4 phycoerythrin (PE) (clone L200; BD
Biosciences), anti-CD8 V450 (clone RPA-T8; BD Biosciences), anti-CD95 allophycocyanin (APC) (clone
DX2; BD Biosciences), and anti-CD28 PE Texas Red (clone 28.2; eBiosciences). Data were analyzed
using FlowJo software.

ELISA. The immune sera were titrated by ELISA using 96-well plates (MaxiSorp; Dynatech) coated
with either a cocktail of CBD1/CBM peptides (1 pg/ml) used for immunization or HIV-1 Gag,gg_3:>
peptide (at 0.5 wg/ml) in coating buffer (100 mM carbonate/bicarbonate buffer, pH 9.6). Plates were
then washed, first with phosphate-buffered saline (PBS) and then with the saturation buffer (PBS
containing detergent Tween at 0.05%). Sera at 1/1,000 dilution in PBS containing 10% fetal calf
serum (FCS) were then serially diluted in the plates and incubated for 90 min at 37°C. After washing
with PBS-Tween buffer, a sheep anti-human immunoglobulin conjugated with horseradish peroxi-
dase (HRP; AbD Serotec, UK) was added at 1/4,000 dilution (in PBS-FCS) and incubated for 45 min
at 37°C. Indeed, compared to secondary anti-human antibodies, anti-monkey antibodies give higher
background levels. Following incubation and washing, o-phenylenediamine dihydrochloride (OPD)
substrate in phosphate-citrate buffer at pH 5 was added to the wells. Following color development,
the reaction mixture was quantitated at 450 nm as described previously (18, 19). The antibody titers
correspond to the reciprocal dilution of the respective macaque serum giving an optical density (OD)
value equal to 0.1 (measured at 450 nm). Under such experimental conditions, no reactivity was
observed in sera from control macaques or in the vaccinated group before immunization.

ELISpots. Briefly, multiScreen 96-well filtration plates (Millipore, Guyancourt, France) were saturated
with 35% ethanol, washed, and coated by incubation overnight with monoclonal antibody against either
monkey IFN-vy (clone GZ-4; Mabtech, Nacka, Sweden), human IL-2 (U-cytech, Utrecht, Netherlands), or
human IL-4 (Mabtech) at the concentration of 10 wg/ml in PBS (Laboratoires Eurobio, Les Ulis, France) at
4°C. Plates were washed 5 times with PBS and then blocked by incubation for 1 h at 37°C with culture
medium, consisting of RPMI 1640 (Gibco, Paisley, UK) supplemented with 10% heat-inactivated fetal calf
serum (Laboratoires Eurobio). PBMCs were recovered by density gradient centrifugation, and 2 X 10°
cells were added to each well. Peptides were then added in duplicate to a final concentration of 2 ug/ml
of each peptide in the culture medium. Plates were incubated for 18 h at 37°C in an atmosphere
containing 5% CO,. They were then washed 5 times with PBS. Biotinylated anti-IFN-y antibody (clone
7-B6-1; Mabtech), anti-IL-2 antibody (U-cytech), or anti-IL-4 antibody was then added at a concentration
of 1 ug/ml in 0.5% FCS in PBS. The plates were incubated overnight at 4°C or 2 h at 37°C and then
washed 5 times with PBS. Plates were incubated with 0.25 ng/ml alkaline phosphatase-streptavidin
conjugate (Sigma-Aldrich, St-Quentin Fallavier, France) for 1 h at 37°C and then washed 5 times with PBS.
Spots were developed by adding NBT-BCIP (nitroblue tetrazolium-5-bromo-4-chloro-3-indolylphosphate
substrate; Sigma-Aldrich) and counted with an automated ELISpot reader, ELRO4 XL (Autoimmun
Diagnostika GmbH, Strassberg, Germany). The background was calculated as twice the mean number of
IFN-vy spot-forming cells (SFC) per 106 PBMC (IFN-v, IL-2, or IL-4 SFC/million PBMCs) in nonstimulated
samples. Samples yielding more than 50 IFN-v, IL-2, or IL-4 SFC/million PBMCs after removal of the
background were scored as positive.

Viral load. Replication of SHIV162P3 was quantified using quantitative reverse transcription (RT)-PCR
for the measurement of the viral RNA copy numbers, with primer pairs used for gag as previously
described (48). The detection limit of this method is 60 copies/ml, and the quantification limit is 300
copies/ml.

Statistical analysis. Statistics were performed using GraphPad Prism 5 software. Fisher's exact test
and the nonparametric Mann-Whitney test were employed for comparisons, as indicated in the figures.
P values of <0.05 indicate a significant difference. The Mantel-Cox test was used to establish the efficacy
of the vaccine compared with the control group.
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