




weekly by the intrarectal route at a dose of 120 TCID50 of
SIVmac251, shown previously to result in transmission of only a
few virus variants (27). Infected animals were not rechallenged
once viremia was detected, and new challenges with SIVmac251

were terminated when all 11 animals in the control group became
viremic (five exposures). The choice to terminate the challenge
was supported by the notion that further challenges would not
have added significance to vaccine efficacy. We observed no sig-
nificant differences in the time of acquisition of SIVmac251 in the
three groups of animals (Fig. 1B). However, while all control an-
imals became infected (Fig. 1C), three (P148, P250, and M624) of
the 11 macaques immunized with the ALVAC-SIV/gp120 (27.3%)
and one (M927) of the 12 macaques immunized with gp120
(8.3%) remained uninfected (Fig. 1D and 1E). There were no sig-
nificant differences in viral loads between vaccinated animals and
controls; however, the ALVAC-SIV-vaccinated group demon-
strated transiently lower viremia in the acute phase than the con-
trol animals (Fig. 1F). Similarly, we observed no significant differ-
ence in the levels of SIV DNA in the rectum of vaccinated animals
and controls 3 weeks postinfection (Fig. 1G). SIV DNA was unde-
tectable in the rectal mucosa collected at 3 weeks from the last
exposure of uninfected animals P148, P250, M624, and M927
(Fig. 1G). We observed no significant differences in CD4� T-cell
loss between infected vaccinated and control groups (Fig. 1H).
Although the viral SIVmac251 stock at the 120 TCID50 dose used for
challenge was previously shown to transmit few virus variants
(27), to assess the number of viral variants that established sys-
temic infections, we performed single-genome amplification
(SGA) and direct sequencing of the env gene to enumerate the

number of transmitted/founder variants. Unique transmitted lin-
eages were identified by phylogenetic analysis within the context
of the inoculum sequences, as described elsewhere (19). Control
and animals vaccinated with the combination of ALVAC-SIV and
gp120 had a median number of one variant, whereas the animals
immunized with gp120 alone had a median number of three vari-
ants (Fig. 1I to K). The difference in the number of transmitted
variants did not differ significantly among the groups. Since the
number of transmitted variants was greater in the gp120 group
and animals infected after the first or second challenge appeared to
have more transmitted viral variants, we evaluated a potential cor-
relation between the number of transmitted variants and the
number of challenges. We found an inverse correlation between
the number of transmitted variants and the time of acquisition
when we analyzed all the animals in the study (R � 	0.70, P �
0.0001). When this analysis was performed separately among the
two vaccine groups and the controls, the inverse correlation re-
mained significant for both the vaccinated groups (ALVAC-SIV/
gp120, R � 	0.84, P � 0.0025; gp120, R � 	0.65, P � 0.028) but
not the control group (R � 	0.31, P � 0.42).

Vaccine-elicited T-cell responses. The immunogenicities of
the two vaccine regimens were assessed by comparing T cell re-
sponses prechallenge (week 27, 3 weeks after the last immuniza-
tion) to unvaccinated controls (Fig. 2). IFN-�, measured by
ELISpot using PBMCs stimulated with SIV Gag and Env overlap-
ping peptides, demonstrated nonsignificant differences between
control and gp120-immunized macaques (P � 0.071 for each) but
were significantly different for both antigens between ALVAC-
SIV/gp120-immunized animals and control (P � 0.0069 and P �

FIG 2 Vaccine-induced T-cell responses. All the data were obtained from PBMCs harvested at 3 weeks after the last immunization (week 27). All the data from
animals protected from SIVmac251 acquisition are depicted with open symbols. IFN-�-secreting cells measured by ELISpot in response to SIV Env (A) or Gag (B).
Results are shown as the number of spots per 106 cells, and each symbol represents one animal. Lymphoproliferative responses (LPR) measured by thymidine
incorporation to SIV Env (C) or Gag (D). The horizontal bars in the figures represent the average and standard error for the vaccinated and control animals.
Gating strategy for CD4� and CD8� CFSE� memory (CD95�) T cells (E). (F to I) Percentage of CD95� CFSE dim or negative CD8� or CD4� T cells that
proliferate following Env or Gag stimulation.
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0.0001, respectively) (Fig. 2A and B). Macaques immunized with
the ALVAC-SIV/gp120 developed significantly higher IFN-�
ELISpot responses to Gag and Env than macaques immunized
with gp120 protein alone (P � 0.011 and P � 0.016, respectively)
(Fig. 2A and B). Lymphocyte-proliferative responses were mea-
sured by thymidine incorporation (Fig. 2C and D) or CFSE stain-
ing (Fig. 2E to I) following in vitro stimulation with SIV Gag- and
Env-purified proteins. Proliferation measured by thymidine in-
corporation showed a significant increase of stimulation indexes
in ALVAC-SIV/gp120 compared to gp120 or control groups after
Env (P � 0.043 and P � 0.0001) or Gag stimulations (P � 0.035
and P � 0.0009) (Fig. 2C and D). However, when the proliferative
ability of CD4� and CD8� T cells were measured with CFSE on
cryopreserved PBMCs, the differences between the two vaccinated
groups only approached statistical significance (Fig. 2E to I).

Vaccine-elicited B-cell responses. The envelope-specific
B-cell response was measured at week 27, 3 weeks after the last
immunization, by B-cell ELISpot, binding titers in blood, specific
activity in mucosal secretions, avidity of binding antibodies to
gp120, and the ability of antibodies to mediate ADCC. There was
a trend for a higher IgG to SIV gp120 in animals immunized with
ALVAC-SIV/gp120 than in control animals (P � 0.072), and no
significant difference between the gp120-immunized and control
macaques (Fig. 3A). The mean binding antibody titers to the
gp120 envelope protein detected by ELISA in the sera were higher
in the ALVAC-SIV/gp120 than in the gp120 group (P � 0.018, Fig.
3B), but the levels of gp140 IgG-specific activity, measured in rec-
tal secretions, were not significantly different (Fig. 3C). The avid-
ity of antibodies to gp120 did not differ significantly in the two
immunized groups but was high in all the animals that were pro-
tected from infection (depicted as open symbols in Fig. 3D). The
avidity of mucosal IgG was tested by surface plasmon resonance
(44) against gp120 proteins or the V2 peptides, depicted in Fig.
S1A in the supplemental material, and did not differ significantly
in the two vaccinated groups (see Fig. S1A and B). The neutraliz-
ing titers in the M7-Luc assay were significantly higher in the

ALVAC-SIV/gp120 group than in controls and in gp120-vacci-
nated animals (P � 0.0005 and P � 0.0001) (Fig. 3E), whereas the
mean titers of neutralizing antibodies in the TZM-bl cell assay did
not differ between the two immunized groups (Fig. 3F). ADCC
was measured by calculating the maximum granzyme activity,
which was not significantly different in the two vaccinated groups
(Fig. 3G), and ADCC titers, which were higher in the ALVAC-SIV/
gp120 group (P � 0.028, Fig. 3H).

Vaccine-elicited T- and B-cell responses in protection from
SIVmac251 acquisition or plasma virus level. We investigated the
immune responses that contributed to protection, delayed
SIVmac251 acquisition, or decreased plasma virus levels by analyz-
ing the vaccine-induced immune responses at week 27, 3 weeks
after the last immunization and 1 week prior to challenge expo-
sure to SIVmac251. T-cell responses to the Gag and envelope anti-
gens measured by IFN-� ELISpot or proliferation assays did not
correlate with time of acquisition or blood virus levels. Neither did
the number of IgG-producing B cells to envelope measured by
ELISpot nor envelope binding antibodies in blood or mucosal
secretions correlate with SIVmac251 acquisition. The only trend of
note was in the binding antibody titers to gp120, which were ap-
parently inversely correlated with the virus levels at week 3 (R �
	0.65, P � 0.036, not corrected for multiple comparisons). No
correlation was found with prechallenge neutralizing antibody ti-
ters to SIVmac251 in both the M7-luc and the TZM-bl assays or
ADCC, using maximum granzyme levels, ADCC titers, avidity
and time of acquisition, or blood virus levels. However, the anti-
body in the sera of the four immunized, uninfected macaques had
significantly higher antibody avidity to gp120 than those from
macaques that became infected (P � 0.012) (Fig. 4A). The anti-
body avidity to gp120 remained significantly higher over time
(3 and 6 weeks postchallenge) in the uninfected animals (P �
0.0018 and P � 0.0060, respectively) than SIV-infected animals
(Fig. 4B and C). Interestingly, the significant difference in avidity
of antibodies to gp120 among uninfected or infected macaques
was not observed when the sera of these animals were tested

FIG 3 Vaccine-induced B-cell responses. All data presented in the figure were obtained from sera collected at week 27, 3 weeks after the last immunization. In
all the figures, the animals protected from SIV acquisition are depicted with open symbols, and the horizontal bars in the figures represent the average values and
standard errors. (A) Percentages of gp120-specific IgG of the total cell-producing IgG at week 27. (B) Endpoint titers of SIV Env-specific IgG in serum of animals
vaccinated with ALVAC-SIV/gp120, SIV gp120, or controls. (C) Gp140 IgG-specific activity in rectal secretions from vaccinated animals and controls. (D)
Avidity of antibodies to the SIVmac239 Env protein in sera of the animals vaccinated with either ALVAC-SIV/gp120 or SIV gp120 or controls. SIV-specific
neutralization activity measured in animal sera using SIV pseudotyped lentiviruses and either the M7-luc cell line (E) or TZM-bl cells (F) as targets. ADCC
capacity of antibodies in serum of all animals represented as the percent maximum granzyme activity (G) or serum ADCC titer (H).
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against a gp120 deleted in the V1 and V2 regions (Fig. 4D), sug-
gesting that antibody responses to the V1 and V2 regions of gp120
might be of importance.

Protection from HIV acquisition, in the RV144 human trial
(4), correlated significantly with the presence of antibody re-
sponse to V1/V2 (45). Since the data presented in Fig. 4A to D
suggested that immune responses to V1/V2 are also induced by
this vaccine regimen in macaques, we mapped the antibody re-
sponse induced by our vaccines. The sera of all macaques collected
at week 27 were tested for their ability to recognize 89 linear over-
lapping peptides (15-mers), derived from the SIVK6W gp120 and
the gp41 (peptide 90 to 141) envelope amino acid sequence (33)
included in the ALVAC SIVgpe vaccine. Most of the macaques in
both vaccinated groups recognized linear V1 peptides 13 to 23
(Fig. 5A and B); some recognized the V2 peptides 23 to 32 (Fig. 5C
and D) and V3 peptides 50 to 55 (data not shown). Antibodies
directed to the V2 region encompassed between peptides 26 and
32 were significantly higher in infected ALVACgp120-vaccinated
animals than in infected gp120 vaccinees (P � 0.031). However,
we did not observe a specific pattern of linear peptide recognition
to V2 using this approach (Fig. 5C and D; see also Fig. S1C in the
supplemental material). Next, we evaluated serum recognition us-
ing the cV2a cyclic peptide that encompasses the entire amino acid
sequence of the SIVSME660, as well as the cV2c peptide, that has a
truncation of the first 17 amino acids of V2 (Fig. 5E). Both pep-
tides were tested in a surface plasmon resonance assay. Surface

FIG 4 Avidity of antibodies to gp120 and protection from SIVmac251 acquisi-
tion. Avidity index of antibody to the entire SIVmac239 gp120 in vaccinated
animals that were protected or SIV infected measured at week 27, 3 weeks after
the last vaccination (A) or at three (B) or six (C) weeks after SIV infection. (D)
Avidity of antibody to the gp120 protein deleted in the V1 and V2 regions, in
protected and infected animals.

FIG 5 Evaluation of antibody responses targeting the V1/V2 loops of gp120. Serum antibody binding to peptides spanning the V1 region, amino acids 13 to 23
of the SIVmac251K6W gp120, in animals vaccinated with ALVAC-SIV/gp120 (A) or gp120 (B). Peptide binding is represented as average absorbance, and
uninfected animals are on the left in white bars. Binding to peptides spanning the V2 region, amino acids 26 to 32 of gp120, in the serum of ALVAC-SIV/gp120-
vaccinated (C) or gp120-vaccinated (D) animals. (E) The amino acid sequence (in single-letter amino acid code) of the linear V2 region of SIVmac239 and
SIVSME543.3, is presented in comparison to the SIVmacK6W sequence used in the ALVAC-SIV construct (33). Dots represent identical amino acid sequence. The
asterisk signifies one amino acid deletion. Each line represents a peptide whose number is depicted on the left. (F) Surface plasmon resonance with sera (week 27)
from uninfected and infected macaques assayed against the cV2c-truncated peptide. (G) Surface expression of �4�7 and CCR5 on CD4� T cells untreated (line
with squares) or treated with retinoic acid (RA; solid line). Reduction of SIVmac251 infectivity mediated by the sera of animals immunized with ALVAC-SIV/gp120
and gp120 in RA-treated (H) or untreated (I) animals. (H and I) The log-transformed change in TCID50 pre- and postvaccination is shown with uninfected
animals in open symbols and infected animals in closed.
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plasmon resonance demonstrated that the sera, collected at week
27 from the uninfected animals, had higher activity than those
that become infected, but this difference approached statistical
significance only when the cyclic cv2c-truncated peptide was used
in the assay and was based mainly on the result of one single
animal (Fig. 5F). The cV2c peptide is 75% identical to the V2
region of the SIVK6W envelope gene inserted in the ALVAC back-
bone used in this study. Importantly, the reactivity to the cV2c
peptide was also found in the assay in the mucosal samples of two
of the four protected macaques (data not shown).

The sera of ALVAC/SIV/gp120-immunized macaque reduce
SIVmac251 infectivity in vitro. Since our data suggested that the
antibody response and in particular the responses to the V1/V2
loop of the gp120 was higher in the ALVAC-SIV/gp120 group, we
developed a functional assay to investigate the ability of sera of the
immunized macaque to inhibit SIVmac251 infection in vitro.

The V2 has been shown to interact with the integrin �4�7 that
is expressed on the surface of activated CD4� T cells (37). Even
though blocking �4�7 does not inhibit infection, overexpression
of �4�7 has been demonstrated to increase viral infectivity in stan-
dard infectivity assays, possibly by favoring clustering of CD4 and
CCR5 on the cell surface (46). We tested whether the preimmune
and immune sera of vaccinated macaques decreased SIVmac251 in-
fection in cells, whereby �4�7 expression was enhanced by retinoic
acid (RA) treatment. Activated (CD8�-T-cell-depleted) PBMCs,
cultured in the presence of RA, had an upregulation of �4�7 ex-
pression but similar levels of CCR5 expression (Fig. 5G). Sera
from animals before and after vaccination were mixed with serial
dilutions of SIVmac251, added to activated cells, and cultured for 10
days. TCID50 titers were then measured as the amount of virus
necessary to infect 50% of the cells in the presence of sera. Inter-
estingly, sera from ALVAC/SIVgp120 animals reduced SIVmac251

infectivity better in RA-treated cells than the sera of gp120-vacci-
nated animals (P � 0.0027) (Fig. 5H). This trend was also seen in
cells not treated with RA, but the difference did not reach statisti-
cal significance (P � 0.13) (Fig. 5I). The sera of the gp120-immu-
nized macaques did not affect SIVmac251 infectivity in RA-treated
or untreated cells (Fig. 5H and I).

DISCUSSION

A validated animal model could hasten progress in the develop-
ment of an effective vaccine for HIV. Here, we demonstrate, in a
small pilot study, that immunizations of macaques with vaccines
similar to those used in the HIV vaccine RV144 trial in Thailand,
which resulted in protection of one-third of the vaccinees from
HIV acquisition (4), also protected few vaccinated macaques from
acquisition of the highly pathogenic SIVmac251 using a dose of
challenge virus that transmits few virus variants (24). However,
because the macaque study was not powered sufficiently for scor-
ing protection, further studies will be needed to properly investi-
gate the correlates of protection. Restrictive TRIM5� alleles for
SIVmac251 replication did not account for the lack of SIVmac251

acquisition in macaques P148, P250, M624, and M927, as demon-
strated in previously published work with this virus stock (30).
Interestingly, of the four vaccinated animals that resisted five chal-
lenge exposures, two carried the MamuA01 protective allele (an-
imals M624 and M927) (Table 1). However, because the control
group also had animals that carried the same protective allele (Ta-
ble 1) and nevertheless acquired SIVmac251 following mucosal
challenge, it is likely that vaccination, in combination with the

genotypic status, contributed to the protection from infection, as
also observed earlier with these vaccine modalities (15). In the
same conditions, vaccination with gp120 alone did not protect
from infection, except a single animal that carried the protective
MamuA01 allele and was also able to mount high titers of gp120
antibody with high avidity (Fig. 4A). Similar to humans vacci-
nated with an equivalent vaccine regimen (4), ALVAC-SIV/gp120
immunization did not protect macaques from CD4� T-cell loss or
high virus plasma levels over time. The ALVAC-SIV/gp120 vac-
cines in macaques elicited limited CD4� T-cell responses and neg-
ligible CD8� T-cell responses, as in humans (4). Similarly, all the
vaccinated macaques developed binding antibodies to the enve-
lope protein (4) and neutralizing antibodies to lab-adapted
SIVmac251. Because the study was not powered to assess correlates
of protection, we considered the results that follow as exploratory.
Vaccine-induced protection from SIVmac251 acquisition was sig-
nificantly associated with antibody with high avidity for gp120 but
not with neutralizing activity in vitro, ADCC, or T-cell responses
measured by ELISpot, intracellular cytokine staining, and T-cell
proliferation. Interestingly, the significant difference in antibody
avidity to gp120 was lost when the gp120 protein, used in the
assay, had a deletion in V1 and V2. These data suggest that either
the V1/V2 could be among target epitopes of antibodies with high
avidity or that the V1 and/or V2 may be necessary to maintain the
appropriate conformation of the gp120 protein for the optimal
binding of high-avidity antibodies, directed to regions other than
V1/V2. The results obtained with the cyclic cV2c peptide (Fig. 5F),
although only approaching statistical significance, suggest that V2
may be a target of high-avidity antibodies. In addition, our find-
ings with the virus reduction assay, following retinoic acid stimu-
lation of primary CD4� cells, suggest that the ALVAC-SIV prim-
ing may be important for the elicitation of antibodies able to
reduce viral infectivity under conditions whereby �4�7 is in-
creased by retinoic acid since the sera from animals immunized
with gp120 alone did not have this activity (Fig. 5H and I).

Studies by others also have found that antibody avidity to the
envelope was associated with reduced viral load following SHIV
and SIV challenge exposure (47), and conversely in another sys-
tem, low antibody avidity has been associated with poor protective
efficacy with an RSV vaccine (48).

The similarity of the results obtained in macaques here with
those reported in humans using equivalent vaccines, as well as in
those by others using different vaccine modalities (49, 50), is en-
couraging but needs to be confirmed by properly powered studies
since the present study confirms the usefulness of this macaque
model despite differences in the immunogens used. The ALVAC-
HIV vaccine used in humans expressed the gag-pro genes, whereas
the ALVAC-SIV vaccine used in the present study expressed the
gag-pol genes. The ALVAC-HIV in humans expressed a fused HIV
clade E gp120 to the gp41 transmembrane domain of the HIVLAI

strain, whereas the ALVAC-SIV expressed the entire envelope
protein. The envelope protein boost in humans consisted of two
proteins: HIV clade E and clade B fused to the gD HSV signal
peptide and were produced in CHO cells (4). In macaques, we
used only the native monomeric SIVmac251 gp120 produced in T
cells. In addition, the challenge used in the macaque study here
was homologous (approximately 1% diversity in the envelope
gene of the challenge and the vaccine strain), whereas the vac-
cinated volunteers in the RV144 trial were likely exposed to
more genetically diverse clade E and AE strains (4). Hopefully,
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SIVmac251-based vaccines, constructed as the human vaccines,
may be proven, in properly powered animal studies, to confer
significant protection from SIVmac251 as observed within 3
years from vaccination in the Thai volunteers (4). Animal
models have accelerated the development of effective vaccines
for human diseases and significantly facilitated the identifica-
tion of correlates of protection (51–55), but the models should
reflect conditions of the human infection and disease as accu-
rately as possible (56). Notably, in the present study, the low
repeated doses of SIVmac251 used to challenge the macaques
resulted in the transmission of few virus variants, as typically
seen in heterosexual transmission of HIV-1 to humans. How-
ever, we noticed a significant correlation between time of ac-
quisition and number of variants transmitted in vaccinated but
not control animals, suggesting that in animals that are not
protected from infection, vaccination may be associated with
early transmission of a higher number of virus variants. Fur-
ther studies will be necessary to confirm these results. Our data
demonstrate that the low repeated dose challenge of rhesus
macaques with SIVmac251 may be a relevant model for poten-
tially defining correlates of protection, for demonstrating the
effectiveness of other candidate vaccines, and ultimately for the
improvement and optimization of vaccines against HIV.
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Supplementary Fig 1
A

B

C

Supplementary Figure 1:  Sequence of the peptide used in the Resonance Plasmon assay on mucosal secretions. (A). Avidity IgG to the gp140 and 
gp130 Envelope proteins of SIVmac251, to the SIVmac251 mucosal (B) V2-linear, DLV, V2 S-S peptides, cyclic DLV, LDV and cyclic LDV SIVmac251 peptides. (B). 

Avidity of mucosal IgG to the same peptide used in B in uninfected and SIV-infected macaques (C).




