
JOURNAL OF VIROLOGY, June 2010, p. 5975–5985 Vol. 84, No. 12
0022-538X/10/$12.00 doi:10.1128/JVI.02533-09
Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Antibody-Mediated Protection against Mucosal Simian-Human
Immunodeficiency Virus Challenge of Macaques Immunized

with Alphavirus Replicon Particles and Boosted with
Trimeric Envelope Glycoprotein in MF59 Adjuvant�

Susan W. Barnett,1* Brian Burke,1 Yide Sun,1 Elaine Kan,1 Harold Legg,1 Ying Lian,1 Kristen Bost,2
Fengmin Zhou,1 Amanda Goodsell,1 Jan zur Megede,1 John Polo,1 John Donnelly,1 Jeffrey Ulmer,1

Gillis R. Otten,1 Christopher J. Miller,2 Michael Vajdy,1† and Indresh K. Srivastava1

Novartis Vaccines and Diagnostics, 350 Massachusetts Avenue, Cambridge, Massachusetts 02139,1 and
California National Primate Research Center, University of California, Davis, California2

Received 3 December 2009/Accepted 18 March 2010

We have previously shown that rhesus macaques were partially protected against high-dose intravenous
challenge with simian-human immunodeficiency virus SHIVSF162P4 following sequential immunization with
alphavirus replicon particles (VRP) of a chimeric recombinant VEE/SIN alphavirus (derived from Venezuelan
equine encephalitis virus [VEE] and the Sindbis virus [SIN]) encoding human immunodeficiency virus type 1
HIV-1SF162 gp140�V2 envelope (Env) and trimeric Env protein in MF59 adjuvant (R. Xu, I. K. Srivastava, C. E.
Greer, I. Zarkikh, Z. Kraft, L. Kuller, J. M. Polo, S. W. Barnett, and L. Stamatatos, AIDS Res. Hum.
Retroviruses 22:1022–1030, 2006). The protection did not require T-cell immune responses directed toward
simian immunodeficiency virus (SIV) Gag. We extend those findings here to demonstrate antibody-mediated
protection against mucosal challenge in macaques using prime-boost regimens incorporating both intramus-
cular and mucosal routes of delivery. The macaques in the vaccination groups were primed with VRP and then
boosted with Env protein in MF59 adjuvant, or they were given VRP intramuscular immunizations alone and
then challenged with SHIVSF162P4 (intrarectal challenge). The results demonstrated that these vaccines were
able to effectively protect the macaques to different degrees against subsequent mucosal SHIV challenge, but
most noteworthy, all macaques that received the intramuscular VRP prime plus Env protein boost were
completely protected. A statistically significant association was observed between the titer of virus neutralizing
and binding antibodies as well as the avidity of anti-Env antibodies measured prechallenge and protection from
infection. These results highlight the merit of the alphavirus replicon vector prime plus Env protein boost
vaccine approach for the induction of protective antibody responses and are of particular relevance to
advancing our understanding of the potential correlates of immune protection against HIV infection at a
relevant mucosal portal of entry.

After more than 25 years of human immunodeficiency virus
(HIV) research, a prophylactic vaccine able to control or pre-
vent the worldwide spread of HIV/AIDS remains an elusive
goal. Recent results in Thailand with the recombinant canary
pox (ALVAC-HIV, vCP1521; Sanofi-Pasteur) prime-gp120
(AIDSVAX B/E) protein boost vaccine approach give us hope
that such a vaccine is achievable (45). Nevertheless, the results
from this trial as well as the disappointing outcome of the Step
Study trial (7, 29, 46) vividly highlight the need to better un-
derstand the immune correlates of protection and the immune
responses engendered by the diverse new vaccine technologies
currently under evaluation (13, 18, 20, 49). In the case of viral
vectors, this is particularly critical, as the spectrum of immune
responses elicited in animal models does not necessarily pre-
dict those eventually observed in human clinical trials and will

require more thorough evaluations in order to identify the
most predictive models. At the moment, nonhuman primate
models, such as simian immunodeficiency virus (SIV) and sim-
ian-human immunodeficiency virus (SHIV) infection of ma-
caques appear to be the most informative for guiding vaccine
development (3, 24, 47, 55), and more rigorous application of
these models has begun to yield new and encouraging insights
into protective immunity (5, 19, 27, 56). Moreover, as most
HIV transmissions occur through mucosal membranes, under-
standing the correlates of protection, following successful vac-
cinations, against mucosal challenge is of strong interest.

Alphaviruses are positive-sense single-stranded 11.5-kb
RNA viruses in the Togaviridae family. They are relatively
simple enveloped viruses of approximately 60-nm diameter
that have a cytoplasmic RNA-based life cycle and mature at
the plasma membranes of infected cells. Recombinant alpha-
virus replicon particles used for vaccine applications are com-
posed of a replicon vector that encodes the viral replicases
(nonstructural proteins [NSPs]) and the vaccine antigen of
interest and two packaging vectors that encode the major viral
structural proteins (capsid and glycoproteins E1 and E2) re-
quired for particle formation. The chimeric (VEE/SIN) alpha-
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virus vector system used in this study was derived from Vene-
zuelan equine encephalitis virus (VEE) and the Sindbis virus
(SIN). The recombinant VEE, SIN, and Semliki viruses ex-
pressing SIV or HIV antigens as well as antigens from a diverse
and growing list of pathogens have been evaluated extensively
in animals by several groups (6, 15, 16, 17, 22, 32, 34, 35, 36, 38,
42, 44, 57, 58). The chimeric alphavirus replicon particles
(VRP) used here were designed to combine the immune po-
tency of the VEE replicon with the safety profile of the SIN
structural proteins (38).

In previous studies, we showed that rhesus macaques could
be protected against high-dose intravenous challenges with
SHIVSF162P4 following sequential immunization with chimeric
recombinant VRP encoding human immunodeficiency virus
type 1 (HIV-1) SF162 gp140�V2 envelope (Env) and trimeric
SF162 gp140�V2 Env in the MF59 adjuvant (57). We also
showed the Env protein delivered with potent adjuvants (the
LTK63 mucosal adjuvant and the MF59 adjuvant) using intra-
muscular (i.m.) or combined mucosal (intranasal [i.n.]) plus
i.m. vaccine regimens provided complete protection against
intravaginal (IVAG) challenge with SHIVSF162P4 (2). The cur-
rent work extends these studies by investigating the immuno-
genicity and protective efficacy of recombinant VRP delivered
either mucosally, by the i.n. or intrarectal (i.r.) route, or par-
enterally by the i.m. route as a vector system for priming
humoral immune responses prior to mucosal i.r. SHIVSF162P4

challenge in the rhesus macaque model.
In these studies, the alphavirus vector priming immuniza-

tions are followed by sequential booster immunizations with a
highly purified and well-characterized trimeric V2-deleted en-
velope glycoprotein delivered in MF59, an oil-in-water emul-
sion, as an adjuvant. The HIV-1 Env antigen used in both the
recombinant alphavirus prime and protein boost was derived
from the macrophage-tropic chemokine (C-C motif) receptor
5 (CCR5)-utilizing HIV-1SF162 strain, which closely matches
the envelope of the SHIVSF162P4 used for the i.r. challenge.
This vaccine challenge study design thus serves as a useful
starting point to better understand the mechanisms of immune
protection against a relevant challenge virus and also the route
of challenge in an active immunization model. Despite accel-
erated efforts in our laboratory and many others to identify the
next generation of Env immunogens, evaluations of the
breadth of protection are reserved for ongoing and future
studies.

MATERIALS AND METHODS

Alphavirus replicon particles, proteins, and adjuvants. Two VEE/SIN VRP
preparations were made, one encoding SIV GagPol and another encoding HIV-1
SF162 gp140�V2. VRP were generated by cotransfection of in vitro-transcribed
RNA species, harvested as culture supernatants, and purified as described pre-
viously (16, 38). Replicon particle titers were determined by intracellular staining
of expressed Env followed by overnight infection of BHK-21 cells with serial
dilutions of particles and expressed as infectious units (IU) per ml.

The SIV GagPol plasmid DNA has been described previously (60). The Env
protein was derived from the clade B CCR5-tropic strain HIV-1SF162. The
o-gp140�V2 protein contained a 30-amino-acid deletion in the V2 loop region
and was produced in stable CHO cell lines and then purified and characterized
as previously described (52, 53).

Immunizations and challenge of rhesus macaques. All animals used in this
study were housed at the California National Primate Research Center and were
cared for in accordance with established guidelines and the experimental proce-
dures performed under approval from the respective Institutional Animal Care

and Use Committees. A total of 30 male rhesus macaques of Indian origin were
divided into 5 groups (groups A to E) of 6 animals each. All animals in groups
A to D received a total of 3 priming immunizations, consisting of VRP encoding
both SIVmac239 GagPol and HIV-1SF162 Env (1 � 108 IU each) at weeks 0, 4, and
8. Group A was primed i.n., group B was primed i.r., and groups C and D were
primed i.m. (quadriceps). Groups A to C were then boosted with 100 �g SF162
o-gp140�V2 protein formulated in the MF59 adjuvant at weeks 24, 36, and 58.
Monkeys in group D were boosted at the same time as monkeys in groups A to
C, but they received VRP encoding Env (1 � 108 IU each) instead. All i.n. and
i.r. vaccinations with VRP were performed with a dose of 1 � 108 IU each.
Group E was the naïve control group.

Five weeks following the final boost (week 63), all animals were challenged
with the subtype B SHIVSF162P4 (1,800 50% tissue culture infective doses
[TCID50]) via the i.r. route. The SHIVSF162P4 challenge stock was obtained from
Advanced BioScience Laboratories, Inc. (Kensington, MD) and has been de-
scribed previously (40). All immunizations and sample collections were per-
formed on anesthetized macaques. The time intervals between immunizations
and challenge are shown in Fig. 1. Sera were collected from whole-blood samples
and stored at �20°C. At 2 weeks after 3 and 6 immunizations, rectal and vaginal
lavage samples (RL and VL samples) were collected and frozen immediately on
dry ice and stored at �80°C. Plasma was analyzed for viral RNA by a branched-
DNA (bDNA) assay (Bayer Corporation, Emeryville, CA).

Envelope-specific antibody titers. Total and linear Env (gp140)-specific anti-
body (Ab) titers, as well as epitope-specific serum antibody titers, were deter-
mined by standard enzyme-linked immunosorbent assay (ELISA) protocols as
previously described (50, 54). Responses against V1 and V3 were measured
against the corresponding V1 and V3 peptides (V1, KNATNTKSSNWKEMD
RGEIK; V3, CTRKSITIGPGRAFYC). The peptides were synthesized by Sigma-
Genosys (The Woodlands, TX). Antibody avidity index determination was per-
formed using an ammonium thiocyanate (NH4SCN) displacement ELISA as
described elsewhere (54). Rectal and vaginal samples were assayed for anti-o-
gp140 total IgG and IgA titers using a Europium-based ELISA as described
previously (2).

HIV NAb assays. Virus neutralization was assessed using molecularly cloned
pseudoviruses and a luciferase reporter gene assay in TZM-bl cells (Tranzyme,
Inc., Durham, NC) as described previously (25, 30). Briefly, a total of 200 TCID50

pseudovirus was added to each diluted serum sample in a well and incubated at
37°C for 1 h. Following incubation, cells in DEAE-dextran-containing medium
were added to each well (10,000 cells/well) and incubated for 48 h at 37°C. The
final concentration of DEAE-dextran was 10 �g/ml. A single round of infection
of HIV-1 Env pseudoviruses were prepared by cotransfection of 293T cells with
an envelope expression plasmid containing a full-length gp160 env gene along
with an env-deficient HIV-1 backbone vector (pSG3�env), using TransIT-LT1
transfection reagent (Mirus Bio Corp., Madison, WI) as previously reported (26).
After 48 h, the cell culture supernatant containing the pseudovirus was filtered
through a 0.45-�m filter. Neutralizing activity was measured as the reduction in
luciferase gene expression. The percent reduction in relative luminescence units
(RLU) was calculated relative to the RLU in the presence of preimmunization
serum. Neutralizing antibody (NAb) titers against HIV-1SF162 were determined
using 3-fold serially diluted serum samples. The breadth of neutralizing antibod-
ies in sera was assessed at a serum dilution of 1:15.

Peptide epitope mapping of serum neutralizing activity. Mapping of neutral-
izing epitopes was performed by means of peptide inhibition using the TZM-bl
assay with a few modifications. Diluted serum samples were preincubated with
the corresponding peptides (V1 and/or V3) at 10 �g/ml for 1 h at 37°C prior to
the addition of virus for the neutralization assay. The same peptides correspond-
ing to the V1 and V3 regions of the SF162 Env that were used for ELISA were
also used for neutralizing epitope mapping. The dilution of serum used was that
corresponding to the dilution yielding a 70% reduction in virus infection (ID70).

RIBA. Macaque serum samples collected prior to and 2, 4, and 11 weeks
following challenge were tested for the presence of anti-SIV Gag antibodies
using HIV-1/HIV-2 RIBA kit (Novartis, Emeryville, CA). The seroconversion to
Gag was used as a surrogate assay to determine whether animals were infected
postchallenge as previously reported (10).

Statistical analyses. Comparisons between multiple groups was carried out
using analysis of variance (ANOVA). A two-sided Wilcoxon rank sum analysis
was used to test for differences between immunization groups. The Mann-
Whitney test was used to test for differences in humoral responses between
protected and infected groups (as shown in Fig. 5). For all comparisons, a
two-sided P � 0.05 was considered statistically significant.
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RESULTS

Immunization of rhesus macaques with an alphavirus prime
plus Env protein boost elicits robust serum antibody re-
sponses. Groups of animals were immunized with two recom-
binant alphavirus replicon particles (VRP) preparations, one
expressing SIV GagPol and the other expressing Env from
HIV-1SF162, alone or in combination with booster immuniza-
tions with trimeric SF162 o-gp140�V2 in MF59 adjuvant as
described in Materials and Methods and shown in Fig. 1. Env-
specific serum antibody titers were measured at regular inter-
vals throughout the course of immunization during the entire
study (Fig. 2). Both groups that received the VRP via the i.m.
route (groups C and D) elicited the highest titers of total
Env-specific Abs as determined by ELISA using trimeric gp140
protein following the first three immunizations (week 10) (Fig.
2A). Both groups had significantly higher titers than those
obtained following i.n. immunizations, which were an order of
magnitude lower (P � 0.0050). i.r. administration of VRP did
not result in a measurable level of Env-specific total serum
Abs. Following the three boosting immunizations (week 63),
the anti-Env Ab titers of animals boosted with homologous
SF162 Env protein in MF59 adjuvant increased significantly,
reaching levels 10- to 100-fold higher than those observed
following VRP priming, while boosting with VRP did not in-

crease titers by week 63 (group D). All three groups that
received Env protein boosting immunizations exhibited titers
that were significantly higher than the group boosted with VRP
(P � 0.005). Groups A (i.n.) and C (i.m.) had the highest titers
following boosting, which were indistinguishable from one an-
other (P � 0.9372).

We also monitored the levels of IgG and IgA in both rectal
and vaginal lavage samples of the animals 2 weeks following
the third immunization with VRP and 2 weeks after the final
boosting immunization. Of note, although IgA (but not IgG)
was detected in rectal lavage samples, no o-gp140-specific IgA
or IgG titers were detectable at this site. Moreover, although
both IgA and IgG were found in vaginal lavage samples,
o-gp140-specific IgA or IgG titers were not detected (data not
shown).

To further evaluate the relative contributions of Abs di-
rected to conformational Env epitopes compared to linear Env
epitopes, in addition to measuring binding Abs to trimeric
gp140 as described above, we also measured serum Ab titers
directed against reduced and denatured SF162 gp140�V2 pro-
tein by ELISA. Similar kinetics were observed for each group
for these specific Abs against the linear epitopes as found
above when measuring total Ab (data not shown). To deter-
mine whether there was any difference in the quality of the
antigen-binding sites of the Abs elicited through the different
immunization regimens, we examined the ratios of total Abs to
those recognizing linear epitopes. Following VRP priming, the
average Ab ratio was below 1 (0.3 to 0.7) for all groups re-
gardless of the immunization route, indicative of Abs with
more linear specificity and/or Abs with relatively low titers.
After the first i.m. Env protein boost, the ratio increased in the
groups primed i.n. and i.r. to 1.2 and 1.9, respectively. These
ratios remained relatively unchanged following the second pro-
tein boost but increased to 2.9 and 3.8 following the third
protein boost. Interestingly, the Ab ratio did not change in
group C (i.m. primed with VRP and i.m. boosted with Env and
MF59) even following the first two protein boosts (0.3) and was
similar to that found for in animals given two VRP boosts (0.4).
However, following the third protein boost, the ratio increased
to 4.1 in the group primed i.m.

To assess the role of Abs specific to epitopes in variable
loops, ELISA was carried out using peptides corresponding to
the V1 and V3 regions of the SF162 Env (Fig. 2C and D); the
immunogens did not contain intact V2 loops, so this was not
measured. Similar to the findings above, i.m. priming with
VRP elicited the highest levels of V1-specific Abs (P � 0.0048
for group C versus group A; P � 0.0037 for group C versus
group B). V3-specific Abs were detected in each animal in
group D and one animal from group C, but none of the other
animals had detectable level of anti-V3 Abs at this time. Boost-
ing with Env protein increased the levels of these Abs in all
groups, while additional immunizations with VRP had no ef-
fect on the level of these Abs. However, the groups boosted
with Env protein displayed levels of V1- and V3-specific Abs
that decreased over time such that by week 63 all groups had
indistinguishable levels of V1-specific Abs (P � 0.05) and only
group A had significantly higher anti-V3 Ab titers than the
other groups (P � 0.05). The titers of the V1- and V3-specific
Abs were similar by the day of challenge but comprised of a
greater percentage of Ab specificity in group D, since this

FIG. 1. Experimental design. Four groups (six rhesus macaques in
each group) were immunized following a prime-boost regimen (groups
A to D), and one group received no immunizations (group E). Vacci-
nated animals received 3 priming immunizations with 2 different VRP
preparations (GagPol and Env) at weeks 0, 4, and 8 by either the
intranasal (IN), intrarectal (IR), or intramuscular (IM) route. At
weeks 24, 36, and 58, animals were immunized i.m. with either Env
protein in MF59 adjuvant (groups A to C) or VRP (group D). All
groups were challenged i.r. at week 63 with SHIVSF162P4.
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group had the lowest titers overall. This may be attributable to
differences in epitope presentation by the Env antigen deliv-
ered by VRP as opposed to purified protein in the MF59
adjuvant. This needs to be further explored in future studies.

High avidity and high titers of virus neutralizing antibodies
were elicited in groups given i.m. or i.n. VRP prime plus i.m.
Env protein boost. To better understand the functional role
that anti-Env specific Abs may play in providing protection
from SHIV challenge, Env-specific Ab avidities and virus neu-
tralizing titers were evaluated. Following three priming VRP
immunizations by the i.m. or i.r. route, Abs of modest avidity
were induced, while the group A animals given priming VRP
immunization by the i.n. route displayed very low avidity (Fig.
2, week 10). All groups showed increased Ab avidities after
subsequent boosting immunization through week 63 including
the group boosted with VRP. Nevertheless, the groups boosted
with Env protein plus adjuvant were better able to maintain
higher Ab avidities until the day of challenge than the group
boosted with VRP (P � 0.05).

The SF162 neutralizing antibody (NAb) titers were mea-
sured following the priming immunizations. Priming via the
i.m. route yielded the highest neutralizing titers, while i.n. or
i.r. administration resulted in Abs with very low neutralizing
capacity (Fig. 3A). Interestingly, although i.r. priming yielded
serum Abs with similar avidity to those obtained through i.m.
priming, these Abs did not neutralize the SF162 virus even at
the lowest dilution tested. Following boosting, animals receiv-
ing Env protein displayed an increase in the ID80 titers, but the
titers on the day of challenge (week 63) were slightly lower

than those observed at week 38, i.e., following two boosting
immunizations. In contrast to the increase in Ab avidity that
was observed for the animals boosted with VRP, ID80 titers
decreased from week 10 to week 38 as well as from week 38 to
week 63. Similar to that observed for Ab avidity, all three
protein-boosted groups had significantly higher NAb titers
than the VRP-boosted group (P � 0.05), but they were not
significantly different from each other (P � 0.05). In addition,
sera from 1 week prior to challenge (week 62) were tested for
the capability to neutralize a small panel of clade B isolates.
We observed only modest titers against SS1196 by sera from
groups A and C (average ID50 titers of 55 and 29, respectively)
(data not shown).

A significant fraction of the neutralizing activity of SF162-
specific antibodies is directed at the V3 and V1 regions.
Epitope mapping was carried out to determine whether vari-
ations in the NAb epitope recognition patterns of the sera
influenced neutralization potency. In addition, variations in Ab
specificity could occur due to the route of immunization as well
as the method used in the boosting phase. Sera obtained 1
week prior to challenge, week 62, were used for this purpose.
Two peptides were utilized in this study. One peptide corre-
sponded to the loop of the V1 region (V1), while the other
(V3) was composed of the residues located immediately prior
to and following the GPGR motif of the V3 loop (see Mate-
rials and Methods). Inhibition of SF162 neutralization by the
V3 peptide was observed to a similar degree for all animals
(Fig. 3B) (P � 0.05). Similarly, no difference in V3 specificity
was observed when boosting with Env protein or VRP. In

FIG. 2. Antibody responses following immunization and challenge. (A) Group geometric mean (Geomean) SF162 envelope-specific ELISA
titers. (B) Avidity of HIV-1 strain SF162 envelope-specific antibodies. The molar concentration of NH4SCN required for displacement of 50% Ab
is shown. (C and D) Linear V1 (C) and V3 (D) antibody responses as measured by peptide ELISA. The animals were immunized as described
in the legend to Fig. 1. Black arrows indicate when the animals were immunized, and red arrows indicate when the animals were challenged with
SHIV. The values are means � standard deviations (error bars).
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general, all immunization regimens elicited V1 NAb levels that
were lower than those found for V3. As observed with V3, the
boosting regimen did not seem to have an effect on the level of
NAbs with V1 specificity. However, the NAb levels directed
against V1 in the i.n. and i.m. primed groups were different
(P � 0.0304), being higher in the i.m. group.

Immunization with alphavirus replicon particle prime-pro-
tein boost regimens protects rhesus macaques against intra-
rectal SHIV challenge. Plasma viral loads of immunized and
naïve control animals were monitored prior to and following
SHIVSF162P4 challenge (Fig. 4A). Overall, there was a signifi-
cant difference in the peak viral loads in all groups (P � 0.005,
ANOVA). The peak viral loads for all naïve animals (group E)
occurred 2 weeks following challenge. Virus levels gradually
decreased to below the level of detection (100 RNA copies/ml)
by 8 to 12 weeks following challenge in group E animals (Fig.
4A). Similarly, all animals that received six VRP immuniza-
tions without Env protein boosting (group D) were infected,
and the peak level of virus was observed at week 2. However,
the peak viral load of group D was reduced compared to the
control group (P � 0.05) (Fig. 4B). Additionally, all six animals
in this group (group D) had reduced virus levels by week 4

compared to the control animals, although the viral load in-
creased in one animal again by week 8. Immunization using the
i.r. VRP prime-i.m. Env boost regimen (group B) resulted in
the protection of 1 out of 6 animals, but overall, the peak viral
load in this group was not significantly reduced compared to
the control group (P � 0.05). Immunization via the i.n. prime-
i.m. boost regimen (group A) resulted in an initial undetect-
able viral load in two animals following challenge, but each of
these animals became infected by week 11 postchallenge. An-
other animal in this group exhibited a very low level of virus at
week 4. The remaining three animals were clearly infected,
although the peak viral load in one of these animals was de-
layed (week 4). The peak viral load in this animal was more
than 2 log units lower than that determined for the control
animals. Overall, peak viral loads were significantly reduced
for this group (group A) compared to naïve animals (P � 0.01)
(Fig. 4B). The vaccine regimen conferring the best protection
was i.m. VRP prime followed by i.m. Env boost (group C). In
this group, all six animals were protected with a few animals
displaying very low levels of virus near the limit of detection of
the assay. Peak viral loads were significantly reduced in group
C compared to the naïve group (P � 0.01), group B (P � 0.05),
and group D (P � 0.01) but not group A (P � 0.05) (Fig. 4B).

In all cases, when the plasma virus load measurements were
found to be at or near the limit of detection using the bDNA
assay, the absence of active SHIV infection was confirmed by
the lack of seroconversion to SIV p27 Gag antigen using the
RIBA HIV-1/HIV-2 assay (Table 1). Further analysis by DNA
PCR was not performed.

Humoral responses following SHIV challenge. Ab responses
were also monitored from the day of challenge (week 63) to 11
weeks postchallenge (week 74). Group C animals controlled
infection, and as a result, the levels of binding Abs in these
animals continually decreased following challenge (Fig. 2A).
Interestingly though, the levels of V1 and V3 Abs in this group
increased 2 weeks following challenge before gradually de-
creasing (Fig. 2C and D). Ab avidity and neutralizing titers also
decreased following challenge (Fig. 2 and 3A), suggesting that
sufficient levels of high-avidity Abs were present in these ani-
mals, which helped control viremia during the acute phase of
infection as reflected by the lack of anamnestic response in
these animals. In contrast, the remaining three immunization
groups exhibited an increase in both binding and NAb produc-
tion in response to increases in the viral load (Fig. 3A and 4).
The binding Ab levels of these groups increased between 2 and
4 weeks postchallenge (Fig. 2). Groups A and B, which had
relatively high-avidity Abs at the day of challenge, displayed a
small increase in avidity by week 67. In contrast, group D
animals, which had significantly lower Ab avidity than the
other groups at week 63, exhibited a large increase in avidity
following challenge (Fig. 2B). In a similar manner, the ID80

NAb titer for group D increased by over an order of magnitude
following challenge, while smaller increases were observed for
groups A and B (Fig. 3A).

Virus-neutralizing antibody titer and avidity prechallenge
are predictors of the outcome of virus challenge. To determine
whether certain features of the Ab response to vaccination
played a role in protection against the SHIV challenge, the
relationship of each of the serologic parameters measured to
protection was examined (Fig. 5). Animals from the vaccinated

FIG. 3. Neutralizing antibody responses. (A) Neutralization of
HIV-1 strain SF162 by sera from immunized rhesus macaques and
macaques postchallenge. Sera taken following the third VRP prime,
the second and third booster immunizations, and the SHIV challenge
were assayed in TZM-bl cells for neutralizing activity against SF162.
Individual serum samples were assayed, and the geometric mean
(Geomean) 80% (ID80) neutralization titer is shown. The values are
means � standard errors of means (error bars). The lowest dilution
tested was 1:15. The black and red arrows indicate when the animals
were immunized and challenged, respectively. (B) Peptide mapping of
serum neutralizing epitopes. The percent inhibition of SF162 neutral-
ization in the presence of 10 �g/ml of the indicated peptide is shown.
Inhibition in the presence of V1 (filled) or V3 (open) peptides is
shown. Each symbol shows the value for an individual animal in a
group. Neutralization was carried out at a serum dilution correspond-
ing to the ID70 value.
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groups (groups A to D) were categorized into two groups,
protected and infected. The protected group consisted of an-
imals with peak viral loads of �2.7 (n � 10), while the infected
group animals had peak viral loads of �4.0 (n � 14). Based on
this analysis, statistically significant differences were observed
between the two groups with respect to binding Abs, avidity,
and NAb titer. The titer of SF162 NAbs was found to be the
most predictive with respect to protection from SHIV infec-
tion. The protected group had significantly higher homologous
ID80 neutralizing titers than those in the infected group (P �
0.0045, Mann-Whitney test). Similarly, animals with higher-
avidity Abs on the day of challenge were more likely to be
protected (P � 0.0326, Mann-Whitney test). The level of bind-
ing Abs on the day of challenge was also significantly higher in
animals that were protected from infection (P � 0.0151, Mann-
Whitney test). However, the ratio of total binding Abs to linear
binding Abs was not found to be related to protection (P �
0.7696, Mann-Whitney test). The levels of V1 and V3 Abs,

whether binding or neutralizing, also did not appear to be
associated with protection (P � 0.1 for all groups, Mann-
Whitney test; Fig. 5, bottom).

DISCUSSION

To date, studies of recombinant viral vectors and nucleic
acid-based approaches for HIV vaccines have resulted in a
relatively comprehensive examination of the utility of these
platforms to induce protective CD8	 T-cell immunity in ani-
mal and human subjects. The rationale for this emphasis on
T-cell-focused vaccine approaches using vectors stemmed, in
part, from the substantial challenges in engineering effective
HIV envelope antigens for incorporation into a broadly pro-
tective vaccine. In addition, there was also considerable opti-
mism that new gene delivery technologies would be able to
elicit the required T-cell responses shown to control virus load
during natural HIV infection. Indeed, recent excitement has

FIG. 4. VRP prime-protein boost vaccine regimen provided protection from SHIV infection. (A) The rhesus macaques were immunized with
VRP encoding both SIVmac239 GagPol and HIV-1SF162 Env via the intranasal (IN), intrarectal (IR), or intramuscular (IM) route and boosted with
Env or VRP encoding Env by the intramuscular route. The plasma viral load of individual animals was measured via a branched-DNA assay. The
limit of detection for this assay was 100 copies/ml. (B) The peak viral load values (either 2 or 4 weeks following challenge) are indicated for
individual animals, with the group means represented by horizontal lines. Significant reductions in group peak viral load compared to the control
group were observed for the groups receiving VRP i.n. or i.m. P values for the means of the groups were determined by two-sided Wilcoxon rank
sum analysis.
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been generated surrounding new studies in which next gener-
ation T-cell vaccine approaches have begun to show significant
impact on acute and set point viremia after robust mucosal
(19) or intravenous (5) homologous SIV challenges, and in one
case against a mucosal heterologous SIV challenge (56).

Nevertheless, clinical results with the first generation of T-
cell-focused vaccines tested in humans have shown that, while
these approaches may be useful additions to an effective HIV
vaccine, they are challenging because of the enormous genetic
diversity of HIV and many unknowns surrounding the required
breadth and depth of the host immune responses required, the
contribution of host genetics, and unanticipated effects of the
vaccine vectors on these responses (7).

In contrast, while not entirely unexplored, there has been
less attention in recent years to the value of the viral vector
vaccine delivery method in eliciting protective humoral im-
mune responses. In the present study, like those performed
earlier by ourselves and others, we used prime-boost regimens
employing viral vector primes combined with Env protein
boosts with the goal of eliciting the humoral and cell-mediated
immune responses required for protection (1, 28, 33, 39). Since
the first studies reported by Shiu-Lok Hu and colleagues re-
ported as early as 1992 (23) using this type of regimen, there
have been strong indications that a vector prime-protein boost

regimen could elicit protective immunity in nonhuman primate
challenge models for HIV (33, 37, 41, 57).

Importantly, the same general vaccine concept of vector
prime plus Env protein boost yielded the first ever positive
HIV vaccine efficacy results in Thailand whereby a prime-boost
regimen of Sanofi-Pasteur’s recombinant HIV canary pox
(ALVAC-HIV) vaccine combined with VaxGen’s bivalent mo-
nomeric gp120 (AIDSVAX B/E) vaccines delivered in the
alum adjuvant was shown to protect 31% of vaccinated indi-
viduals in that region in a modified intent-to-treat (mITT)
analysis of the data collected over a 3-year observation period
postvaccination (45). The immune mechanisms underlying the
observed protection are not yet clear, but the possible role of
Ab-mediated responses represents an intense area of investi-
gation.

Among the diverse viral vector systems currently under eval-
uation for the next generation of recombinant vaccines, alpha-
virus replicon-based systems appear to compare favorably to
the field due to their simple genome structure, nonnuclear
localization, high level of expression yet lack of virus spread,
adjuvant effects, ease of manipulation, wide tropism for host
cells, and resistance to the effects of preexisting antivector
immune responses. Most importantly, recombinant alphavi-
ruses provide a platform that has been shown to elicit protec-

TABLE 1. Prechallenge (week 63) HIV-1 SF162-specific humoral responses and postchallenge virologic outcome

Group and animal Total Ab
titera (�104) Ab ratiob Avidity (M)c NAb titer (ID80) Viral loadd (log) RIBA

resulte

Group A
32243 25.7 1.9 4.05 1,213 4.0 (wk4) 	
32475 20.8 2.6 3.35 314 5.2 	
32625 6.7 3.0 2.80 70 2.3 (wk4) �
32832 56.4 2.2 4.46 1,316 �2.0 �
33166 24.6 3.3 3.63 450 �2.0 �
33338 48.8 4.4 4.57 418 6.1 	

Group B
32168 4.9 3.7 3.10 138 5.6 	
32206 15.5 2.3 2.83 881 6.9 (wk4) 	
32978 18.9 2.2 3.93 1,056 �2.0 �
33443 3.3 4.2 2.74 55 6.6 	
33694 4.6 5.5 2.83 57 6.9 	
33892 24.4 4.8 4.09 292 5.4 	

Group C
31333 10.1 4.0 4.64 445 2.2 �
31528 20.4 3.8 2.95 334 �2.0 �
32358 29.2 4.0 5.36 1,145 �2.0 �
32411 4.2 3.6 2.72 219 �2.0 �
32536 55.1 3.5 3.64 1,291 2.6 (wk4) �
33680 78.7 5.8 4.33 1,585 �2.0 �

Group D
31450 0.2 2.8 1.63 �15 6.8 ND
31877 0.8 2.0 2.87 91 5.6 ND
32289 0.8 2.4 1.94 69 5.4 ND
32334 0.4 4.3 2.25 18 5.8 ND
32428 0.8 3.3 2.55 33 4.9 ND
32489 0.3 2.8 1.96 36 5.5 ND

a Total SF162 o-gp140�V2 antibody titers determined by ELISA.
b Ab ratio � total Ab titer/linear Ab titer.
c Molar concentration of NH4SCN required for displacement of 50% Ab.
d Peak viral load with the corresponding time indicated if it was not week 2.
e Gag-specific Ab detection using RIBA assay for sera from weeks 2, 4, and 11. ND, not done.
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tive Ab responses against many diverse pathogens in preclini-
cal models (15, 22, 36, 44, 48). In one key example, protection
of both juvenile and infant rhesus macaques against measles
virus was achieved after a single intradermal dose of recombi-
nant VEE/SIN VRP expressing measles virus hemagglutinin
(35). In these studies, antigen-specific CD4	 T-cell responses
and long-lived protective levels of virus NAbs induced by the
alphavirus-vectored vaccine were critical for protection. The
immune responses elicited and the levels of protection ob-
served resembled those of highly effective live inactivated mea-
sles virus vaccine and differed dramatically from the weak
immune responses and disease exacerbation observed using
formalin-inactivated vaccines.

For HIV, although the nonhuman primate challenge models
currently in use have their limitations, protection against in-
fection and disease progression in these models yet provides an
important tool for the assessment and comparison of different
vaccine approaches (31). In the studies described here, vac-
cines were delivered to rhesus macaques that were subse-
quently challenged by SHIVSF162P4 by the intrarectal route
(40). Two recombinant VRP preparations encoding SIVmac239

GagPol and HIVSF162 were used to immunize macaques using
regimens that employed either mucosal (i.r. or i.n.) priming or
systemic (i.m.) priming in combination with multiple booster
immunizations with SF162 gp40�V2 protein in MF59 adju-
vant. The results showed complete protection of all animals
that received i.m. immunizations with the combined VRP
prime-Env protein boost regimen, while only a subset of ani-
mals primed by mucosal routes showed any protection, and
none of the macaques that received recombinant VRP alone
were protected. VRP vaccines similar to those used here were
previously shown to elicit both humoral and cellular immune
responses when delivered parenterally to small animals and

macaques (16, 17, 38) and protection of macaques as measured
by significant reductions in acute-phase virus load following
intravenous homologous SHIVSF162 challenge (57). The
present work extends the latter result to demonstrate the com-
plete protective efficacy of the recombinant VRP prime plus
Env protein boost approach in the face of a relevant mucosal
challenge with a closely related virus, SHIV. The observed
protection showed a statistically significant association with the
titers of virus NAbs and binding Abs as well as high-avidity Abs
in prechallenge sera. These findings are consistent with previ-
ous results that showed Ab-mediated protection against SHIV
challenge in macaques immunized with recombinant adenovi-
rus primes with VRP or Env protein boosts (6) and the results
of others showing an inverse correlation between Ab avidity
after immunization and reduced peak viral load (59). The
protection seen here did not appear to be associated with the
titers of V1- or V3-directed Ab responses. In addition, while
the possible protective role of other Ab-mediated effector
functions, such as antibody-dependent cellular cytotoxicity
(ADCC) or antibody-dependent cell-mediated viral inhibition
(ADCVI), is suggested by other studies of active and passive
immunization (6, 11, 12, 14, 21), the contributions of these
Ab-mediated mechanisms were not evaluated here.

In the face of the current debate as to whether mucosal
vaccination or immune responses play a role in protection
against mucosal infection, our data suggest that local (rectal)
IgA responses did not seem to be required to protect against
rectal challenge with SHIV. It is important to note that while
HIV enters through mucosal portals, such as the rectal and
vaginal mucosa, it subsequently traverses the mucosa and
spreads systemically. Indeed, in this study, as in most studies by
others, we measured only the plasma viral load, which does not
reflect the local viral load in the rectal mucosa. This was due to

FIG. 5. Antibodies with high neutralizing capacity, binding titers, and avidity prechallenge are associated with protection from SHIV infection.
The animals were divided into protected and infected groups on the basis of the peak viral load (�2.7 and �4.0, respectively). Significant
differences between groups were observed with respect to NAb titer, total Ab titer, and avidity. Avidity, total Abs, and Ab ratio are as described
in footnotes to Table 1 (footnote c, a, and b, respectively). V1 and V3 NAbs are as described in the legend to Fig. 3. P values were obtained by
the Mann-Whitney test.
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our desire to preserve the integrity of the rectal mucosal mi-
lieu. In this regard, it has been shown that while intestinal IgA
does not seem to play a role in acute responses against retro-
virus, it is important for memory responses against reinfection
with the same virus (51). Moreover, it is well established that
both oral live attenuated and inactivated poliovirus-based vac-
cines protect against poliomyelitis, even though the latter does
not result in intestinal IgA responses. Like HIV-1, poliovirus
enters the host through the mucosa and spreads systemically. It
can be argued that because the virus exerts its disease system-
ically, the systemic route of vaccination is also effective.

While the levels of IgG in intestinal lumen are low, as re-
flected in the rectal lavage samples, because of strong protease
activity, this does not reflect the amount of IgG secreted by
plasma cells in the intestinal lamina propria plasma cells (8).
Hence, due to the study design, we were unable to measure the
number of antigen-specific lamina propria IgG-secreting cells
that might have played a role in virus neutralization after virus
entry into the lamina propria through the epithelial layer.
Moreover, while the protection observed here occurred most
prominently following parenteral immunizations, it remains to
be seen whether more effective mucosal deliveries would pro-
vide additional benefit against increasingly robust virus chal-
lenges.

In this study, local or systemic anti-Gag cellular responses
were not measured; while previous studies indicated that the
modest levels of Gag-specific T-cell responses in the periphery
were elicited following a VRP prime, these were not essential
for protection following intravenous challenge (57). This
would be an important direction for future studies employing
novel mucosal deliveries of vaccine, relevant mucosal immu-
nologic and virologic readouts, and heterologous SHIV muco-
sal challenges.

Finally, these results support the importance of Ab-medi-
ated protection in the setting of active immunization against
HIV, consistent with previous results of vaccinations with ad-
juvant Env proteins showing complete protection against in-
travaginal challenge (2). A formidable challenge, namely, how
to identify improved Env antigens for incorporation into this
vaccine platform in order to expand the breadth of immune
protection, remains.
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