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An effective human immunodeficiency virus (HIV) vaccine will likely need to reduce mucosal transmission
and, if infection occurs, control virus replication. To determine whether our best simian immunodeficiency
virus (SIV) vaccine can achieve these lofty goals, we vaccinated eight Indian rhesus macaques with
SIVmac239�nef and challenged them intrarectally (i.r.) with repeated low doses of the pathogenic heterologous
swarm isolate SIVsmE660. We detected a significant reduction in acquisition of SIVsmE660 in comparison to
that for naïve controls (log rank test; P � 0.023). After 10 mucosal challenges, we detected replication of the
challenge strain in only five of the eight vaccinated animals. In contrast, seven of the eight control animals
became infected with SIVsmE660 after these 10 challenges. Additionally, the SIVsmE660-infected vaccinated
animals controlled peak acute virus replication significantly better than did the naïve controls (Mann-Whitney
U test; P � 0.038). Four of the five SIVsmE660 vaccinees rapidly brought virus replication under control by
week 4 postinfection. Unfortunately, two of these four vaccinated animals lost control of virus replication
during the chronic phase of infection. Bulk sequence analysis of the circulating viruses in these animals
indicated that recombination had occurred between the vaccine and challenge strains and likely contributed to
the increased virus replication in these animals. Overall, our results suggest that a well-designed HIV vaccine
might both reduce the rate of acquisition and control viral replication.

The goals of any human immunodeficiency virus (HIV)
vaccine are both to prevent infection and, if infection oc-
curs, to control virus replication. If vaccinated individuals
who become infected are able to reduce virus replication to
extremely low or undetectable levels, they will live longer,
healthier lives and will be less likely to transmit the virus to
others (7, 16, 41). An HIV vaccine that successfully meets
these two goals will therefore have a significant impact on
slowing the spread of HIV (3).

Live-attenuated simian immunodeficiency virus (SIV) vac-
cines have proven to be universally effective at protecting ma-
caques against homologous virus challenges, regardless of the
route of transmission (10, 21, 33, 36, 50, 51). For this reason,
live-attenuated SIV vaccines are considered the “gold stan-
dard” of protection in the SIV/rhesus macaque model of HIV
infection (25). Previously, we and others showed that
SIVmac239�nef-vaccinated animals can reduce plasma virus
replication after intravenous (i.v.) inoculation with the un-

cloned heterologous swarm virus SIVsmE660 (43, 50). This
vaccine-induced effect was most pronounced, particularly
during acute infection, in animals expressing major histo-
compatibility complex (MHC) class I alleles (Mamu-A*01,
-B*08, and -B*17) previously associated with control of
pathogenic SIVmac239 replication (29, 38, 43, 52, 54). De-
spite these encouraging results for this subset of animals,
and in contrast to previous studies using homologous virus
challenges, most of the vaccinated animals failed to main-
tain control of virus replication of the challenge strain dur-
ing the chronic phase of infection.

There are several potential explanations for why
SIVmac239�nef vaccination was not as effective against i.v.
exposure to the heterologous challenge virus (1, 43, 50). First,
sequence variation between the vaccine and infecting strains
may have rendered the vaccine-induced immune responses
ineffective at controlling chronic-phase virus replication. Sec-
ond, unlike the case in homologous SIVmac239 challenge stud-
ies using cloned viral stocks, the heterologous SIVsmE660
isolate contains many quasispecies within the inoculum (23,
49). Third, the heterologous challenges were administered i.v.,
thereby bypassing any potentially protective vaccine-induced
immune responses at mucosal surfaces. All of the SIVsmE660
quasispecies in the inoculum therefore had the potential to
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infect cells and to establish a reservoir of viral diversity. This
broad spectrum of viral diversity may have contributed to the
decreased efficacy of SIVmac239�nef-induced immune re-
sponses in protecting against heterologous virus replication
after a high-dose i.v. challenge.

Since a large i.v. dose of multiple quasispecies of heterolo-
gous virus might overwhelm any potentially protective vaccine-
induced immune responses, we tested the possibility that
SIVmac239�nef vaccination may be more efficacious against a
more physiologically relevant low-dose challenge. In the SIV/
rhesus macaque model of HIV infection, repeated low doses of
pathogenic SIV more accurately reflect human sexual trans-
mission than a single high-dose i.v. challenge does (32). Keele
et al. recently established that one to three virus strains typi-
cally cross mucosal barriers to establish HIV infections (22).
We and others observed similar results using repeated-dose
mucosal challenge of macaques (23, 49). This model therefore
facilitates the testing of vaccines in a more physiologically
relevant manner.

MATERIALS AND METHODS

Animals and viruses. Indian rhesus macaques (Macaca mulatta) from the
Wisconsin National Primate Research Center were housed and cared for ac-
cording to the regulations set forth in the Guide for the Care and Use of Labo-
ratory Animals of the National Research Council (38a), as approved by the
University of Wisconsin Institutional Animal Care and Use Committee. Eight
macaques were inoculated intravenously with 0.5 ng p27 of SIVmac239�nef,
provided by R. Desrosiers (New England Primate Research Center, Southbor-
ough, MA), and were challenged approximately 7 months later. All animals were
challenged intrarectally (i.r.) with up to five inoculations of 6 � 106 copies of
SIVsmE660 (225 50% tissue culture infective doses [TCID50]), on a weekly basis.
If an animal remained uninfected after these five challenges, up to an additional
five inoculations with 1.2 � 107 copies of SIVsmE660 (450 TCID50) were ad-
ministered on a weekly basis. Challenges were stopped once an animal tested
positive for SIVsmE660 infection by quantitative real-time PCR (QRT-PCR).

IFN-� ELISPOT assays. Fresh peripheral blood mononuclear cells (PBMC)
isolated from EDTA-anticoagulated blood were used in enzyme-linked immu-
nospot (ELISPOT) assays for the detection of gamma interferon (IFN-�)-secret-
ing cells as previously described (28), with the exception of how positive re-
sponses were determined. Test wells were run with two replicates, while control
wells were run with replicates of 2, 4, or 6, depending on the assay. Responses
comprising �50 spot-forming cells (SFC) per 1 � 106 cells were considered
negative and were not tested statistically. Positive responses were determined
using a one-tailed t test and an alpha level of 0.05, where the null hypothesis was
that the background level would be greater than or equal to the treatment level.
If determined to be positive statistically, the values were reported as the average
of the test wells minus the average of all negative-control wells. Peptides used in
these assays were obtained through the AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, NIH.

Additionally, we examined CD4� T-cell responses by depleting PBMC of
CD8� cells by use of a CD8 microbead kit for nonhuman primates (Miltenyi
Biotec Inc., Bergisch Gladbach, Germany) according to the manufacturer’s in-
structions.

When possible, we mapped pool-specific responses down to the individual
15-mer(s) responsible for eliciting the positive response, using IFN-� ELISPOT
assays. We included whole PBMC or PBMC depleted of CD8� cells, along with
the individual 15-mers comprising the pool in the assay. The 15-mer peptides
eliciting positive responses in these assays were used to monitor anamnestic
immune responses postchallenge. We classified responses as being mediated by
either CD8� or CD4� T cells, based on which population of cells the responses
were detected in. Responses detected in whole PBMC but not PBMC depleted
of CD8� cells were classified as CD8� T-cell responses. Conversely, responses
detected in assays performed with PBMC depleted of CD8� cells were classified
as being mediated by CD4� T cells.

SIV neutralization assays. We measured the neutralization of SIVsmE660 as
a function of reductions in Tat-regulated Luc reporter gene expression after a
single round of infection of TZM-bl cells, as previously described (37). TZM-bl
cells were obtained from the NIH AIDS Research and Reference Reagent

Program. TZM-bl cells are a CXCR4-positive HeLa cell clone engineered to
express CD4, CCR5, and integrated reporter genes for firefly luciferase and
Escherichia coli �-galactosidase under the control of an HIV long-terminal re-
peat sequence (40, 48). Briefly, TZM-bl cells were plated at 1 � 104 cells per well
with a 1:4 dilution of the virus mixed with DEAE-dextran at 20 �g/ml in a 96-well
flat-bottomed plate (Corning Inc., Corning, NY) and then were incubated for
24 h at 37°C in 5% CO2. Heat-inactivated sera were serially diluted along with
the positive control, CD4 IgG2. One hundred microliters of medium containing
virus yielding approximately 100,000 relative light units (RLU) was mixed with
serially diluted sera, incubated for 1 h at 37°C, added to the cells, and incubated
for a further 48 h. The wells were aspirated and washed once with phosphate-
buffered saline (PBS), followed by addition of 60 �l of luciferase cell culture lysis
reagent (Promega, Madison, WI). The lysate was mixed by pipetting, 50 �l was
transferred to a round-bottomed plate (Corning), and the plate was centrifuged
at 1,800 � g for 10 min at 4°C. Twenty microliters was transferred to an opaque
assay plate (Corning), and the luciferase activity was measured on a luminometer
(EG&G Berthold LB 96V; Perkin Elmer, Gaithersburg, MD), using luciferase
assay reagent (Promega).

To measure neutralizing activity against SIVmac239, we used a single-round
infectious SIVmac239 pseudovirus, with TZM-bl cells again serving as targets for
infection. Pseudoviruses were generated in 293T cells as described previously
(55). Briefly, pseudoviruses producing approximately 100,000 RLU were incu-
bated for 1 h at 37°C with serially diluted sera and control CD4 IgG2. TZM-bl
cells were resuspended in medium containing a final concentration of dextran of
20 �g/ml, washed, counted, and plated at 1 � 104 cells per well over the
incubated solution of virus and sera for an additional 48 h. The luciferase activity
was measured in the same manner as that described above for the TZM-bl cell
assay. The percentage of virus neutralization at a given antibody concentration
was determined by calculating the reduction in luciferase activity in the presence
of antibody relative to that in virus-only wells.

Viral load determination. Levels of circulating plasma virus were deter-
mined using a previously described QRT-PCR assay which amplifies both
SIVmac239�nef and SIVsmE660 (13).

The challenge strain SIVsmE660 was differentiated from SIVmac239�nef in
vaccinated animals via a second QRT-PCR assay run on the same viral RNA
(vRNA) used for quantitating virus concentrations, as previously described (43).

Sequencing of plasma viral RNA. vRNAs were extracted from plasma samples
as previously described (13). Samples were sequenced at 6 weeks post-
SIVsmE660 infection for animal 02016 and at 4 months post-SIVsmE660 infec-
tion for animals 03004 and 02127. Sequencing was performed as previously
described (43).

Statistics. Kaplan-Meier survival analyses were used to test whether vacci-
nated (n � 8) and control (n � 8) animals differed in the number of chal-
lenges required until infection. To determine whether sex and age were
important covariates, we also ran Cox regressions for these comparisons, with
a nominal alpha value of 0.05. Neither sex nor age was significant, while the
treatment effect (control versus vaccinated) was significant, so the nonpara-
metric Kaplan-Meier analysis was retained. All analyses were performed in
SAS 9.2 (SAS Institute, NC).

To test whether SIVmac239�nef-vaccinated and unvaccinated animals had
different maximum viral loads, we started with a general linear model (using sex
and age as covariates) in Minitab 14 (Minitab Inc., PA). Since normality of the
standardized raw maximum viral load was rejected (Anderson-Darling test) for
both data sets, the maximum viral load was log transformed and retested (P �

0.372). Homoscedasticity of transformed raw measurements was not rejected
(Levene’s test; P � 0.111). With a nominal alpha value of 0.05, we found no
support for either sex or age being statistically significant. While we found no
evidence for the assumptions of a standard general linear model being violated,
we opted to report the more conservative Mann-Whitney U test results due to
the inherent difficulty (low power) of testing such assumptions with a small
sample size.

To test whether viral loads (log transformed) were significantly different be-
tween vaccinated and control groups during the first 20 weeks after infection with
SIVsmE660, we first ran a repeated-measures analysis of variance (ANOVA)
with an autoregressive covariance structure. Initially, we included sex and age as
covariates, but these were not significant, so they were removed from the model.
We employed multiple contrasts, using ANOVA, to test whether vaccinated and
control individuals differed in their viral loads each week. The model fit was
ascertained by examining the Student and Pearson residual plots in SAS 9.2. As
a sensitivity analysis, we also ran four Mann-Whitney U tests (Minitab 14).
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RESULTS

Immunizing macaques with SIVmac239�nef. To address
whether an HIV vaccine can affect both the acquisition of
infection and viral replication after infection, we used a well-
described macaque AIDS model of protective immunity. We
immunized eight rhesus macaques with the live-attenuated
SIV strain SIVmac239�nef (Table 1). None of the vaccinated
animals expressed MHC class I alleles previously associated
with control of SIVmac239 (Mamu-A*01, -B*08, or -B*17) (29,
38, 52, 54). The animals had a peak of virus replication 2 weeks
after inoculation with SIVmac239�nef of between 2.3 � 104

and 1.1 � 106 vRNA copy equivalents (Eq)/ml of plasma. Six
of the eight animals resolved SIVmac239�nef replication to

undetectable or nearly undetectable levels by 7 months posti-
noculation (see Fig. S1 in the supplemental material). The two
remaining animals had plasma virus levels of between 2 � 103

and 1.2 � 104 vRNA copy Eq/ml. This level of replication is
relatively high but, in our experience, not uncommon for
SIVmac239�nef-immunized animals.

Vaccine-induced immune responses. Throughout the
course of the study, we monitored the development of vac-
cine-induced immune responses. We identified CD8� and
CD4� T-cell responses by using whole PBMC and PBMC
depleted of CD8� cells, respectively, in IFN-� ELISPOT
assays containing pools of peptides corresponding to the
entire SIVmac239 proteome. When possible, we broke down
the pool-specific responses to the individual 15-mer peptides
by using IFN-� ELISPOT assays (see Table S1 in the sup-
plemental material). Although none of the animals in the
study expressed the MHC class I molecules Mamu-A*01,
-B*08, and -B*17, one of the vaccinated animals (03004)
expressed Mamu-A*02, for which minimal optimal epitopes
have previously been identified (30, 44, 47). Additionally,
three of the vaccinated animals expressed Mamu-B*48 (an-
imals 97108, 02127, and 04125), which binds an immuno-
dominant epitope in Gag (Gag276–283RI8) (44). Therefore,
we also included peptides corresponding to these known
epitopes in the IFN-� ELISPOT assays.

We detected a broad number of CD8� T-cell responses
directed against several viral proteins (Fig. 1A; see Table S1 in
the supplemental material). We identified an average of five,
ranging from three to eight, peptide pool-specific CD8� T-cell
responses per animal. Additionally, we detected one to six
CD4� T-cell responses per animal, with a mean of 3.5 pool-
specific responses (Fig. 1B; see Table 1 in the supplemental
material). These CD4� T-cell responses, however, were di-
rected primarily against the Gag viral protein. Collectively, the
cellular immune responses we detected are consistent with
those in previous studies investigating live-attenuated SIV vac-
cines (15, 31, 43).

TABLE 1. Challenge results for rhesus macaques used
in this studya

a �, challenge that did not result in detectable SIVsmE660 infection; �,
challenge that resulted in detectable SIVsmE660 infection.

FIG. 1. Vaccine-induced cellular immune responses. Cellular immune responses against pools of peptides, detected using whole PBMC (A) or
PBMC depleted of CD8� cells (B) in IFN-� ELISPOT assays during the vaccine phase of the study. For each animal, the black boxes indicate
positive responses against specific pools.
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Since vaccine-induced antibodies might be important in
blocking infection or controlling virus replication, we also as-
sessed the levels of neutralizing antibodies induced by
SIVmac239�nef vaccination. Sera collected from the vacci-
nated animals on the day of the first SIVsmE660 challenge
displayed weak neutralizing activity against the parental
SIVmac239 strain (Fig. 2), with the highest titers detected in
animal 97108. Sera isolated from the naïve controls at the same
time point displayed little to no neutralizing activity against
SIVmac239 (Fig. 2). Additionally, we found no neutralizing
activity against SIVsmE660 in the sera from any of the vacci-
nated animals on the day of the first SIVsmE660 challenge
(data not shown).

Repeated low-dose SIVsmE660 challenge. To test the pro-
tective efficacy of SIVmac239�nef-induced immune responses
against a physiologically relevant model, we challenged the
eight vaccinees, along with eight naïve controls also not ex-
pressing Mamu-A*01, -B*08, or -B*17, with repeated low-dose
mucosal exposures of SIVsmE660 approximately 7 months af-
ter vaccination with SIVmac239�nef. SIVsmE660 differs from
SIVmac239 by approximately 15% of its amino acids (43). This
correlates well with the estimated difference between consen-
sus clade-based HIV vaccines and circulating strains within
that clade (14). The animals were first challenged with 6 � 106

vRNA copy Eq of SIVsmE660, but if an animal remained
uninfected after the fifth inoculation, the challenge dose was
increased to 1.2 � 107 vRNA copy Eq for an additional five
inoculations. We monitored SIV infection on a weekly basis,
using SIV-specific primers in a QRT-PCR assay. Additionally,
to distinguish between SIVmac239�nef and SIVsmE660 rep-
lication in the vaccinated animals, we designed SIVsmE660-
specific primers targeting the region of nef deleted in
SIVmac239�nef. However, for consistency and ease of com-
parison to previous SIV challenge studies, all plasma virus
concentrations are reported for the QRT-PCR assay for SIV
Gag that enumerates both SIVmac239�nef and SIVsmE660
(9, 13). Challenges were terminated once an animal tested
positive for SIVsmE660.

Surprisingly, the SIVmac239�nef-vaccinated animals showed a
reduced rate of SIVsmE660 acquisition after repeated low-dose
mucosal challenges. We infected seven of the eight control ani-
mals after 10 exposures to SIVsmE660. Of the seven infected
animals in the control group, four were infected with a single
challenge and two more were infected after the second challenge
(Table 1). In contrast, SIVmac239�nef vaccination resulted in a
significant delay in the acquisition of SIVsmE660 infection (log
rank test; chi square � 5.1968; df � 1; P � 0.023) (Fig. 3). We
detected SIVsmE660 replication in only five of the eight vacci-
nated macaques after 10 challenges, and it took until the fourth
dose to infect the first animals (Table 1; Fig. 3).

Acute plasma virus replication. A secondary goal of any
HIV vaccine should be to reduce virus replication if infec-
tion occurs. We therefore monitored the effect that
SIVmac239�nef vaccination had on plasma virus replication
after repeated mucosal challenges with SIVsmE660. The
vaccinated animals showed significantly lowered peak acute
virus replication in comparison to the infected controls
(Mann-Whitney U test; W � 19.0; P � 0.038) (Fig. 4). The
vaccinated animals had peaks of virus replication during the
first 3 weeks of SIVsmE660 infection ranging from 140 to
2.2 � 106 vRNA copies/ml plasma (Fig. 5A). We detected
SIVsmE660 replication on successive weeks in animal
04125, but the concentration of virus in the plasma was
never higher than 140 vRNA copies/ml and returned to
undetectable levels by week 3 postinfection (p.i.). Three of

FIG. 2. Weak in vitro neutralization of SIVmac239 by vaccine-in-
duced antibodies. (A) Percent neutralization of SIVmac239, after a
single round of replication in a luciferase reporter assay using a
SIVmac239-pseudotyped virus, by sera from SIVmac239�nef-vacci-
nated animals (blue) or naïve controls (red) collected on the day of
first challenge with SIVsmE660. (B) Representative data for CD4
IgG2, which was used as a positive control for each assay. Percent
neutralization is presented as the reduction of luciferase activity at the
end of the assay in comparison to that for cells infected with the
pseudotyped virus alone. Negative values represent an enhancement of
infection.

FIG. 3. Kaplan-Meier rate of infection after repeated low-dose in-
oculations with SIVsmE660. The percentage of animals vaccinated
with SIVmac239�nef or control animals remaining uninfected after
each of the 10 inoculations with SIVsmE660 is shown. The statistical
significance of the difference between SIVmac239�nef-vaccinated and
control animals was determined by the log rank test.

VOL. 84, 2010 DELAY IN ACQUISITION AND CONTROL OF HETEROLOGOUS SIV 9193



the four remaining vaccinated animals rapidly brought virus
replication under control, to 500 vRNA copies/ml plasma or
less, by week 4 p.i. As a group, the vaccinated animals had
significantly lower plasma virus levels at weeks 2 (F test; P �
0.035) and 3 (P � 0.036) p.i. than those of the SIVsmE660-
infected controls (Fig. 5B). The only vaccinated animal that
did not appreciably reduce acute-phase SIVsmE660 replica-
tion was animal 02016. This animal also had the highest
levels of SIVmac239�nef replication prior to challenge.

Despite control of acute SIVsmE660 replication by four of
the five vaccinated macaques, two of these animals (03004 and
02127) displayed gradually increasing plasma virus levels dur-
ing the chronic phase of infection (Fig. 5A). Bulk sequencing
of circulating viruses from animals 03004, 02127, and 02016
indicated that recombination occurred between the challenge
and vaccine strains of the virus (data not shown). Recombina-
tion occurred rapidly in animal 02016, as we found evidence for
recombination at week 6 p.i. with SIVsmE660. We screened
for and detected recombination at 4 months p.i. in animals
03004 and 02127. However, the recombination events between
the two viral strains likely occurred earlier during infection.
Previous studies have indicated that recombination between
live-attenuated and pathogenic strains of SIV can result in the
outgrowth of more-virulent strains within the vaccinated ani-

mals (17, 35, 43). Therefore, recombination may have contrib-
uted to the loss of viral control during the chronic phase of
infection for three of the vaccinated animals, in particular
animals 03004 and 02127.

Anamnestic cellular immune responses. Successful control
of acute virus replication by the vaccinated animals after
SIVsmE660 infection might have been due to rapid expansion
of anamnestic cellular immune responses. To assess this pos-
sibility, we monitored vaccine-induced cellular immune re-
sponses on a weekly basis for up to 4 weeks after detectable
infection with SIVsmE660. We used IFN-� ELISPOT assay
mixtures containing freshly isolated PBMC and peptides iden-
tified during the vaccine phase of the study (see Table S1 in the
supplemental material). Due to constraints on cell numbers,
we were unable to use PBMC depleted of CD8� cells to mon-
itor CD4� T-cell responses. However, peptides identified as
eliciting virus-specific CD4� T-cell responses during the vac-
cine phase of the study were included in our weekly screen of
anamnestic immune responses in whole PBMC.

We detected expansion of anamnestic cellular immune re-
sponses in the PBMC of the SIVmac239�nef-vaccinated ani-
mals during the acute phase of SIVsmE660 infection (Fig. 6).
The sum of the peptide-specific responses at least doubled for
each animal during the acute phase of infection in comparison
to the presumed day of infection. Additionally, for all of the
animals except for animal 04125, we detected an increase in
the number of SFC in the PBMC directed against peptides
identified during the vaccine phase as inducing CD4� T-cell
responses. The most dramatic expansion of anamnestic re-
sponses was observed in animals 02127 and 97108, and these
responses were associated with a rapid decline in plasma virus
levels (Fig. 6). Both animals 02127 and 97108 expressed the
MHC class I molecule Mamu-B*48, which restricts the immu-
nodominant epitope Gag276–283RI8. A large fraction of the
responding cells in these two animals were directed against this
single epitope, which is conserved between SIVmac239�nef
and SIVsmE660. We detected less-dramatic expansions of an-
amnestic responses in animals 03004 and 04125, despite effec-
tive control of SIVsmE660 replication, to below 600 vRNA
copy Eq/ml plasma, in these animals during the acute phase of
infection. The reduced antigen burdens in these animals, how-
ever, likely contributed to the relatively modest expansion of

FIG. 4. Peak acute plasma virus concentrations after infection with
SIVsmE660. A scatter plot comparison of the peak plasma virus rep-
lication occurring at any point during the first 3 weeks of infection with
SIVsmE660 is shown for the SIVmac239�nef-vaccinated macaques
and their controls. The line represents the geometric mean for each
group. The differences between the vaccinated and control animals are
statistically significant (Mann-Whitney U test).
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anamnestic responses in comparison to those in animals 02127
and 97108, which had much higher peaks of plasma virus rep-
lication. It is noteworthy that animal 04125 also expressed
Mamu-B*48 and that responses directed against Gag276–283RI8
constituted virtually all of the anamnestic responses detected in
this animal.

In contrast to the other vaccinated animals, animal 02016
had high plasma virus levels and minimal expansion of anam-
nestic cellular immune responses. The sum of the vaccine-
induced CD8 T-cell responses increased from only 215 SFC/
million PBMC on the day of challenge to 715 SFC/million
PBMC by week 4 after detectable SIVsmE660 infection. This
expansion of responses pales in comparison to those we ob-
served in animals 02127 and 97108, even though all three
animals had similar peak acute plasma virus levels. Note that
animal 02016 had the largest expansion of CD4� T-cell re-
sponses of any of the SIVmac239�nef-vaccinated animals. As
noted earlier, we detected recombination between the vaccine
and challenge strains of the virus in animal 02016 early after
infection with SIVsmE660. It is difficult, therefore, to deter-
mine what caused the failure of this vaccinated animal to
control SIVsmE660 replication at any time point postinfection.

We also monitored the expansion of anamnestic cellular
immune responses on a weekly basis for the SIVmac239�nef-
vaccinated animals that did not become productively infected
with SIVsmE660. We did not detect any significant increases in
the levels of circulating virus-specific cellular immune re-
sponses during the challenge phase of the study for any of
these animals (data not shown). However, it is possible that
cellular immune responses located at the site of inoculation
may have contributed to these animals being protected from
becoming infected productively with SIVsmE660. Addition-
ally, at the end of the 10 challenges, we performed an IFN-�
ELISPOT assay with whole PBMC and peptide pools corre-
sponding to the deleted and out-of-frame region of Nef. The
amino acid sequences of the peptides in these pools corre-
sponded to those in SIVsmE543, a molecular clone closely
related to SIVsmE660. We did not detect any de novo re-
sponses against this region of Nef (data not shown), which
suggests that these animals were not occultly infected with
SIVsmE660.

At the end of the 10 challenges, we assessed whether SIV-
specific immune responses were generated by the only naïve
control, animal 02068, to remain uninfected with SIVsmE660.
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We did not detect cellular immune responses by using freshly
isolated PBMC in IFN-� ELISPOT assays containing pools of
peptides corresponding to the SIVsmE543 proteome. We also
did not detect evidence of the induction of humoral immune
responses by Western blotting with SIVmac239 proteins or
neutralizing antibodies against SIVmac239 (data not shown).
These results are consistent with a previous study investigating
naïve animals that resisted infection after repeated mucosal
SIV challenges (26).

DISCUSSION

The implications of this study are that a properly designed
HIV vaccine can affect both the acquisition of HIV and viral
replication. This is in contrast to recent findings from preclin-
ical vaccine studies of macaques with the repeated-low-dose
challenge model. These previous studies, using a DNA prime-
adenovirus 5 (Ad5) boost regimen or recombinant rhesus cy-
tomegalovirus (RhCMV) to immunize macaques, either pro-
tected against infection or controlled acute and chronic viral
replication, but not both (18, 49). Using a DNA prime-Ad5
boost regimen with a vaccine encoding all of the SIV proteins
except the viral envelope (Env), we recently achieved long-
term control of virus replication in six of eight vaccinated
animals (49). However, this DNA prime-Ad5 boost vaccine
regimen had no effect in delaying acquisition of SIVsmE660
after repeated low-dose challenges. This suggests that there
are fundamental differences between the SIVmac239�nef and
DNA prime-Ad5 boost vaccine regimens. SIVmac239�nef
contains Env and might have induced antibody responses im-
portant for eliminating virus particles at the portal of entry (19,
20). It is also possible that the continuously replicating live-
attenuated SIVmac239�nef vaccine, like the RhCMV vaccine,
may have induced the correct type of cellular immune re-
sponses of sufficient magnitude at the portal of entry to rapidly
eliminate virally infected cells (27). However, the RhCMV-
based vaccine did not control virus replication in the vacci-
nated animals that became infected. Seemingly, there are es-
sential components present in live-attenuated SIV vaccines
that allow them to be effective against infection and in limiting
virus replication.

Recent results emerging from a Thai vaccine trial suggest
that a reduction in the acquisition of HIV is possible (42). Even
the modest protection against HIV infection observed in that
study is an improvement over previous large-scale HIV vaccine
efficacy trials that either failed to protect against HIV entirely
or possibly even enhanced the rate of HIV infection (6, 12, 39).
Unfortunately, the Thai vaccine failed to have an effect on
virus replication in vaccinated individuals (42). Therefore, the
long-term value of the Thai vaccine trial will likely come from
determining the precise correlates of protection. However, dis-
secting out these mechanisms in humans, given the marginally
effective nature of the vaccine, will be daunting. Live-attenu-
ated SIV vaccination in the nonhuman primate model of HIV
infection may provide an alternative and useful tool for deter-
mining the correlates of protection of an effective anti-AIDS
virus vaccine.

The mechanisms underlying the protection afforded by live-
attenuated SIV vaccination still need to be elucidated fully,
particularly at the portal of entry. We know that virus-specific

CD8� T cells induced by live-attenuated SIV likely play an
important role in controlling pathogenic SIV infection (11, 21,
33, 43, 46). Probably the strongest evidence supporting this
view is that transient depletion of peripheral CD8� cells during
chronic infection leads to a recrudescence of plasma virus
replication in live-attenuated SIV-vaccinated animals (33, 43).
However, the depleting anti-CD8 antibody used in these stud-
ies also removes NK cells, which may play an important sup-
portive role in suppression of virus replication, which compli-
cates this analysis. In the current study, we detected broad but
modest (in magnitude) vaccine-induced cellular immune re-
sponses prior to the initiation of challenges, consistent with
previous studies investigating live-attenuated SIV vaccines (31,
43). In the vaccinated animals that became infected produc-
tively with SIVsmE660, we observed an expansion of anam-
nestic cellular immune responses during the acute phase of
infection. Expansion of anamnestic responses was associated
with a decline in plasma virus concentrations in four of the five
SIVsmE660-infected vaccinated animals. This provides further
evidence that vaccine-induced cellular immune responses con-
tribute to controlling heterologous virus infection.

Recent studies indicated that one to three virus strains typ-
ically establish infection after sexual transmission of HIV, and
this was recapitulated in the repeated-low-dose SIV challenge
model (23, 49). Therefore, it is possible that vaccine-induced
immune responses located at the site of infection can eliminate
virally infected cells before they establish persistent infection.
In the vaccinated animals protected from SIVsmE660 infec-
tion, we did not detect evidence of expansion of anamnestic
immune responses in the PBMC that would have indicated
that vaccine-induced T cells were actively interacting with vi-
rally infected cells. However, virus-specific T cells located in
mucosal tissues are often effector memory cells with limited
potential to expand (8, 45). Therefore, if vaccine-induced
CD4� and CD8� T cells rapidly eliminate virally infected cells
at the site of infection, we are unlikely to detect evidence of
this interaction by using PBMC in IFN-� ELISPOT assays.
Further study is warranted to determine what role, if any,
vaccine-induced mucosal immune responses play in protective
immunity.

The role of SIV-specific antibodies in protection is less clear.
Passive transfer of serum alone from a live-attenuated SIV-
vaccinated animal does not protect the recipient from intrave-
nous challenge with pathogenic SIV (2). This, along with the
increase in virus replication after CD8� T-cell depletion, sug-
gests that neutralizing antibodies alone are not responsible for
live-attenuated SIV-induced protection. However, recent evi-
dence suggests that the threshold for neutralizing antibodies to
efficiently prevent infection across mucosal surfaces may be
lower than originally anticipated (20). Additionally, none of
these results exclude the possibility that nonneutralizing SIV
binding antibodies contribute to delayed acquisition. The few
viral particles or infected lymphocytes that cross mucosal sur-
faces may be removed by immune complexes or by antibody-
dependent cell-mediated cytotoxicity.

An unfortunate consequence of mucosal challenge with
SIVsmE660 is that we and others have observed a portion of
naïve animals controlling virus replication during the chronic
phase of infection (23, 49, 53). We did not have any naïve
animals control SIVsmE660 replication after intravenous chal-
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lenge (43). Since only a few viruses establish infection after
mucosal inoculations, this suggests that there may be variants
within the stock of SIVsmE660 that are sensitive to neutraliz-
ing antibodies or susceptible to host cellular restriction factors
that predispose animals to controlling SIVsmE660 replication.
The control of SIVsmE660 replication by three of six naïve
controls during the chronic phase of infection, combined with
recombination between the vaccine and challenge strains of
the virus, made it impossible to assess the effects of
SIVmac239�nef vaccination during the chronic phase of infec-
tion. Further investigation is needed to determine why some
naïve animals have a propensity for controlling chronic
SIVsmE660 replication.

In this study, we demonstrate that SIVmac239�nef vaccina-
tion affects both the acquisition of infection and control of
virus replication after repeated low-dose heterologous virus
challenge. Mathematical modeling suggests that an HIV vac-
cine duplicating this feat can have a substantial impact on
slowing the spread of HIV (3). Importantly, this effect was
observed in animals that did not express the MHC class I
alleles previously associated with control of SIVmac239 repli-
cation (29, 38, 52, 54). This suggests that an HIV vaccine might
be effective in a diverse population of people, not just among
those fortunate enough to express MHC class I alleles associ-
ated with control of HIV. Unfortunately, live-attenuated HIV
vaccines themselves are unlikely to be developed because of
pathogenicity fears (4, 5) and the possibility of recombination
of the vaccine and infecting strains into a more pathogenic
virus (17, 24, 34, 35, 43). Our study, however, supplies new
evidence that live-attenuated SIV vaccines provide an ideal
model with which to study effective anti-AIDS virus immunity,
this time in the setting of a physiologically relevant, repeated-
low-dose heterologous virus challenge. Further experiments
are needed to define the precise mechanisms of protection
associated with live-attenuated SIV vaccines so they can be
applied to designing more effective HIV vaccines.
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