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MVA vectors on SIV infection of rhesus monkeys
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Antiretroviral therapy (ART) effectively slows the progression
of AIDS. However, drug resistance and/or toxicity can limit
the utility of ART in many patients. In this study, we assessed
whether a viral vector-based vaccine can be used as a
therapeutic vaccine in simian immunodeficiency virus (SIV)-
infected monkeys. The effect of vaccinating SIVmac239-
infected rhesus monkeys with an SIV gag and gp120-
expressing adenovirus (Ad) vector vaccine and a modified
vaccinia Ankara (MVA) vaccine was explored while being
treated with ART. Rhesus monkeys were intravenously
infected with 10 and 1000 TCID50 (50% tissue culture
infectious dose) of SIVmac239. Two months after SIV
infection, the monkeys received a 4-month treatment
with ART. Some of the monkeys were immunized with
adenovirus-based vaccine and MVA-based vaccine with 2
months interval during ART. Viral load, CD4 count and

SIV-specific immune responses were observed for 7 months
after interruption of ART. The vaccinated animals had
higher (i) CD4 counts, (ii) SIV-specific cell-mediated immune
responses and (iii) anti-SIV-neutralizing antibody (Ab)
titers than monkeys treated with ART alone. More impor-
tantly, the vaccination significantly reduced the SIV RNA
load from animals infected with a low dose of SIV (10
TCID50). The anti-SIV cell-mediated and humoral responses
induced by the vaccination was inversely correlated with
a reduction in SIV viral load and positively correlated
with an increase in CD4+ T cell counts. These results
suggest that vaccination can improve antiviral cell-mediated
and humoral immunity, which may contribute to controlling
viral replication.
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Introduction

Antiretroviral therapy (ART) has successfully decreased
the morbidity and mortality of patients infected with
human immunodeficiency virus (HIV).1 ART therapy
following acute simian immunodeficiency virus (SIV) or
HIV infection suppresses viral replication, even after
interruption of ART.2,3 However, the virus can latently
persist in resting CD4+ T cells, preventing eradication of
the HIV infection with ART alone.4–6 Although long-term
continuous treatment with ART can suppress viral
replication, such therapy can lead to drug-related toxicity
and the suppression of virus-specific immunity.7 Virus-
specific immunity increases when ART is interrupted,8

but the magnitude of this response is rarely sufficient to
control viral replication in chronically infected indivi-
duals.9 Moreover, interruption of ART is frequently
associated with a rebound in viral titers,10,11 and may
encourage the emergence of drug-resistant strains.12

Strong CD4+ and CD8+ virus-specific T cell responses
can control HIV replication.13,14 Ongoing efforts are
directed toward harnessing vaccines to induce such
responses.15–19 Toward that end, we examined the
efficacy of vaccinating during ART. SIV-infected rhesus
macaques were primed with adenovirus (Ad) expressing
SIV gag and gp120 and then boosted with modified
vaccinia virus Ankara (MVA) also expressing those
antigens while being treated with ART. Earlier studies
in mice and non-human primates document the safety
and immunogenicity of the Ad5/35 replication-defective
human adenovirus20–22 and the strong immunogenicity
of the attenuated MVA-based vaccine used in this
study.23–27 Results from this study indicate that vaccina-
tion combined with short-term ART has a significant
positive impact on CD4+ T cell count, SIV viral load and
immune responses after ART is discontinued.

Results

Immunization regimen
Initial experiments were performed in mice to identify an
optimal immunization regimen for subsequent use in
rhesus macaques. A single immunization with Ad5/35-HIV
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or MVA-HIV induced 5.2 and 3.2% HIV-specific
tetramer+ CD8 cells 1 week later. Priming and boosting
with the same vector induced stronger responses of 9.6
and 7.2%, respectively (both Po0.05) (Figure 1a). By
comparison, priming with Ad5/35-HIV and boosting
with MVA-HIV elicited the strongest response (14.5%,
Po0.05). Similar results were obtained when the strength
of the induced immune response was analyzed by an
in vivo cytotoxic T lymphocyte (CTL) assay (both Po0.05)
(Figure 1b). The Ad5/35-HIV prime/MVA-HIV booster
also induced higher HIV-specific antibody than the
homologous prime/booster with either Ad5/35-HIV or

MVA-HIV (data not shown). On the basis of these results,
an immunization regimen involving an Ad5/35 vector
prime followed by a MVA vector boost was used in the
therapeutic study of monkeys.

SIV viral load
Monkeys were infected with 10 or 1000 TCID50 (50%
tissue culture infectious dose) of SIVmac239 (Figure 2).
SIV viral load peaked on day 10, and was significantly
lower in the group challenged with a low dose of SIV
(Po0.05, Figures 3a–e). In group 1 (infected, untreated),
the viral load gradually increased with one monkey
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Figure 1 Cell-mediated immunity in mice. BALB/c mice (n¼ 10 per group,) were primed and boosted intramuscularly with 109 v.p. (viral
particles) of Ad5/35-HIV (human immunodeficiency virus) and/or 106 p.f.u. (plaque-forming units) of modified vaccinia Ankara (MVA)-HIV
at 2-month intervals. An HIV-specific tetramer assay (a) and in vivo cytotoxic T lymphocyte (CTL) assay (b) were performed 1 week and 2
weeks after the last immunization, respectively. M2 represents the cells pulsed with HIV peptide, and M1 represents the cells without HIV
peptide pulse.
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(1G0043) dying from opportunistic infection on day 233.
In groups 2–4, ART reduced SIV replication (group 1 vs
groups 2, 3 or 4, Po0.0001). There was no significant
difference in viral load among groups 2–4 through days
60–180 (P40.05). Interruption of ART resulted in the
rapid rebound of SIV RNA in groups 2 and 3, but not
group 4. Viral load was undetectable in three of the four
monkeys in group 4 even after ART was discontinued,
and viral titers were significantly lower in group 4 vs
group 3 at all time points after day 293 (Po0.0001).

T cell count
CD4+ T cell number is an important index of SIV clinical
stage and treatment efficacy. SIV infection rapidly
reduced the number of CD4+ T cells in all groups
(Figures 4a–e), with high dose infection destroying more
CD4 cells than the low dose (group 3 vs group 4,
Po0.0001). ART did not improve CD4+ T cell number
during or after treatment (P40.05, group 1 vs group 2).
Vaccinated animals in group 3 experienced a significant
increase in CD4+ count after ART through days 180–360
(group 2 vs group 3, Po0.05; group 1 vs group 3,
Po0.05). These data suggest that vaccination may reduce
the loss of CD4+ T cells following SIV infection.

CD8+ T cell number did not differ through 180 days
post infection (P40.05), although CD8 cell loss was
greater in groups 1–3 than group 4 (Po0.0001) (data not
shown). After ART was discontinued, CD8 count rose
significantly in group 3 vs group 2 (Po0.0001). However,
there was no significant difference between groups in the
number of memory CD4 T cells after ART was discon-
tinued (Figure 4f). The CD4 count significantly inversely
correlated with SIV RNA load (R¼�0.55±0.07) after
day 202 of SIV infection, but not at earlier time points.

SIV-specific cell-mediated immunity
Cell-mediated immunity was monitored by interferon
(IFN)g ELISpot assay. SIV infection alone induced a poor

IFNg response (o150 p.f.u. (plaque-forming units) per
million cells on an average, Figure 5a). ART alone
increased the number of IFNg-secreting T cells to
o500 p.f.u. per million cells (Figure 5b). Vaccination
significantly increased the number of SIV-specific im-
mune cells both in groups 3 and 4 (Po0.05). This
response declined after ART therapy in group 3, but was
sustained in group 4 (Figures 5c and d). Interestingly,
peak IFNg-producing cell numbers were lower in group
4 than group 3 during ART (Po0.0001) (Figure 5e), but
higher after ART (Po0.05). This ELIspot response was
positively correlated with CD4+ T cell count
(R¼ 0.64±0.04) and inversely correlated with SIV RNA
load (R¼�0.59±0.07) after day 202 of SIV infection.
These results suggest that vaccination elicits SIV-specific
cell-mediated immunity, and that such an immunity may
contribute to improving the CD4 T cell count and
suppressing SIV replication.

SIV-specific Ab
SIV-specific anti-Gag and anti-Env antibodies (Abs) were
monitored by enzyme-linked immunosorbent assay. An
anti-Gag Ab was first detected 3 weeks after SIV infection
(Figures 6a–e). With group 1, SIV-specific Ab was
increased 2 weeks after SIV infection (Figure 6a). On an
average, vaccination significantly increased Ab titer
(group 3 or 4 vs group 1 or 2, Po0.0001) during and
after ART. A low dose of SIV infection elicited higher
anti-Gag Ab than a higher dose of SIV infection, during
(Po0.05) and after (Po0.0001) ART (Figure 6e). The titer
of anti-SIV Gag Ab was positively correlated with the
CD4 count (R¼ 0.50±0.05), IFNg ELIspot response
(R¼ 0.52±0.06) and was inversely correlated with the
SIV viral load (R¼�0.66±0.03) after day 202 of SIV
infection.

Anti-Env Abs gradually increased in all groups of
monkeys (Figures 7a–e). Group 4 generated higher Ab
titers than group 3 from days 60 to 385 (Po0.0001). The

SIV (1000TCID50)

SIV (1000TCID50)

SIV (1000TCID50)

SIV (10TCID50)

Group 1
(n=4)

ART

Ad MVA

ART

ART

Days 0 60 180 382

MVAAd

Group 2
(n=4)

Group 3
(n=6)

Group 4
(n=4)

Figure 2 Monkey immunizing regimen. Monkeys (n¼ 4–6 per group) were infected with simian immunodeficiency virus (SIV)mac239. Two
months later, antiretroviral therapy (ART) was initiated (PMPA was administered at 30 mg kg�1 day�1 for 3 months and then at
20 mg kg�1 day�1 for the final month). Animals were primed with the Ad5/35-SIV vector and boosted with the MVA-SIV vector.
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titer of SIV env was positively correlated with CD4 count
(R¼ 0.44±0.03), ELIspot response (0.45±0.03) and
was inversely correlated with the SIV viral load
(R¼�0.44±0.02). Importantly, the neutralizing Ab re-
sponse of groups 3 and 4 significantly exceeded those in
groups 1 and 2 (Figure 7f, Po0.05). These results suggest
that vaccination improves the anti-SIV and neutralizing
Ab response, and that humoral immunity correlates with
cell-mediated responses and CD4+ T cell count after ART
therapy plus vaccination.

Discussion

This study explores the utility of combining a prime/
boost vaccination strategy with ART to improve the host
immune response and lower viral load in SIV-infected
monkeys. Results indicate that vaccination markedly
enhances SIV-specific cell-mediated and humoral re-
sponses, resulting in a higher CD4+ Tcell count. It should
be noted that vaccination controlled virus replication in
three out of four monkeys infected with 10 TCID50 of SIV.

By comparison, virus replication was only partially and
temporally suppressed among vaccinated monkeys
infected with 1000 TCID50 of SIV. Either the SIV viral
load or the CD4 count was correlated with the induction
of SIV-specific cell-mediated and humoral immune
responses. These results suggest that vaccinating retro-
virus-infected primates under the cover of ART may
represent a promising approach to viral therapy.

Several studies on therapeutic vaccine combined with
ART have been reported earlier. ART began in acute SIV
infection28,29 or chronic SIV infection.15,16,18,19 DNA
vaccine,29 poxvirus vector vaccine15,16,28 and virus-pulsed
dendritic cells18,19 have been used for vaccination. Some
of the studies showed suppression of viral replication
after interruption of ART. In this study, we used a prime/
boost regimen with two strong viral vectors, adenovirus
vector and MVA vector. Although SIV-specific immune
responses significantly inversely correlated with SIV
viral titer after interruption of ART, the viral replication
was not controlled when the monkeys were infected with
a high dose of SIV (Figure 3). Compared to other studies,
the failure of controlling viral replication may be caused
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by differences in the dose of SIV infection, species of
rhesus macaque, beginning time point of ART and its
durability. Earlier study indicates that CD4+ central
memory T cells rather than the viral load are correlated
to AIDS progression.30 Activated memory CD4+ Tcells in
the gut-associated lymphoid tissue serve as an early
target of HIV and a site of high viral replication.31 Severe
depletion of CD4+ T cells occurs in the gut-associated
lymphoid tissue rather than peripheral blood.32 We
found that the control of viral replication, increased
CD4 count and CTL activity in the monkeys infected
with a low dose of SIV (Figures 3e–6e) may result from
low memory T cell depletion in primary SIV infection,

although there are no differences in memory T cells in
peripheral blood during chronic infection (Figure 5g).

Earlier studies indicate that CTL activity can limit
HIV/SIV replication and reduce disease progression.13,14

Initial studies involving mice showed that the combina-
tion of an Ad5/35 prime and MVA vector boost (both
encoding HIV env gene) generated significantly higher
CTL activity than prime/boost with a single viral vector
(Figure 1). These results are consistent with those of
Casimiro et al.,33 despite differences in the timing of the
prime/boost. It should be noted that we observed that
priming with Ad5/35 elicited neutralizing antivector
antibodies that limited the subsequent immunogenicity
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of that vector if boosting was delayed by more than 4
weeks (data not shown).

SIV infection alone induced a weak SIV-specific CTL
response (o150 IFNg-secreting cells per million). ART
modestly enhanced this response, but vaccination was
needed to elicit robust CTL activity (Figure 5). A single
prime/boost vaccination strategy induced CTL activity
that persisted only 2 months after boost, indicating that
effector CTL cells might be eliminated soon after
vaccination. Interestingly, high CTL activity lasted longer
in vaccinated animals infected with a lower dose of SIV
(group 4 vs group 3, Figure 5). As increased CTL activity
was inversely correlated with a reduction in SIV viral
load, the persistence of this CTL response may contribute
to the long-term suppression of SIV replication (Figure 3).
These results were consistent with the clinical observa-
tion that HIV replication was suppressed only in patients

with strong HIV-specific immunity, after interruption of
ART.9

It was recently reported that a large-scale clinical
study involving the use of an Ad5-vectored HIV vaccine
was discontinued because vaccination did not reduce the
incidence of HIV infection or reduce the HIV viral load
after infection.34 That vaccine contained three Ad5
vectors expressing the HIV gag, pol and nef genes. There
are several potential explanations for the failure of this
vaccine to protect from HIV infection including (1) the
HIV-specific immunity elicited by a single viral vector
may be insufficient for inducing protection. We found
that vaccination with multiple viral vectors induced a
much higher CTL response than multi-vaccination with
a single viral vector (Figure 1); (2) vaccine-induced
immunity might be short lived. Our earlier study
indicates that high HIV-specific CTL activity lasted for
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only 2 months after a single injection of an Ad-based
vaccine.21 Multiple boosting may be necessary to achieve
long-term protection; (3) memory T cells may not be
induced effectively, as the Ad vector is a replication-
deficient viral vector; (4) E1-deficient Ad5 vector was
used. Presently, we used an Ad vector lacking both the
E1 and E3 genes. Minimizing the number of viral genes
in a vaccine vector may help strip the virus of its natural
ability to evade the immune system against Ad vector.
Thus, the promising results generated in this study may
reflect the improved nature of the vaccine and/or
improved schedule of the vaccination; (5) In the Merck
study, the vaccine appeared to increase the rate of HIV
infection in individuals with prior immunity against the
Ad vector. Therefore, promising results may be available

for our vaccine in HIV-infected individuals with low
prior immunity against Ad vector and MVA vector.

HIV/SIV infection causes a biphasic destruction of
CD4+ T cells. A massive loss of memory CD4 T cells
mediated by direct viral infection occurs acutely,35,36

followed by a slow but progressive loss of CD4+ T cells
mediated by numerous chronic processes.37,38 Those
memory CD4+ T cells that survive the initial virus-
mediated purge may subsequently expand, with several
studies suggesting that prophylactic vaccination may
help preserve and maintain these memory CD4
Tcells.30,39 In this study, memory CD4 Tcells were detected
in peripheral blood mononuclear cells 8 months after SIV
infection. However, neither ART nor vaccination ap-
peared to influence the size of the memory population
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(Figure 4f). These findings suggest that it may be very
difficult for the memory CD4 T cell pool to recover after
initial infection. In contrast, vaccination did trigger a
significant increase in the number of naive CD4 (but not
CD8) T cells present after ARTwas discontinued (Figure 4,
data not shown). These findings suggest that vaccination
may serve to activate CD4 T cells, thereby improving
the CTL response. In this context, CD4 T cell count was
inversely correlated with SIV viral load (Figures 3a–e
and 5a–e). These findings confirm that ART rapidly
controls SIV replication (Figures 3a–e). Vaccination
did elicit both anti-Gag and anti-Env Abs. The magni-
tude of this Ab response paralleled CTL activity (Figures
6 and 7). Furthermore, serum-neutralizing titers
were significantly higher in the vaccinated monkeys
(groups 3, 4 vs 1, 2, Figure 7f). However, earlier studies
show that neutralizing activity may be insufficient to
protect T cells from SIV infection, as neutralizing Ab has
difficulty in blocking CCR5-tropic viruses, such as
SIVmac239.40

In the initial design of the experiment, we hope that
ARTcan completely suppress SIV replication. Strong SIV-
specific immunity induced by vaccination can control
SIV replication after interruption of ART. This study used
the reverse transcriptase inhibitor (R)-9-(2-phosphonyl-
methoxypropyl) adenine (PMPA) to treat SIV. PMPAwas
used at a dose of 20–30 mg kg�1 day�1 for 4 months.
Consistent with clinical practice using monotherapy
against HIV, even the highest dose of PMPA was only
able to partially suppress SIV replication (Figures 3a–e).
It should be noted that the administration of PMPA led to

a significant loss of weight in most SIV-infected monkeys
(data not shown). Thus, this monotherapeutic ART
regimen often used in the SIV macaque infection model
may be suboptimal. The viral load of three monkeys in
group 4 was under the limit of detection (Figure 3d). The
control of virus replication may be caused by a low dose
of SIV infection and/or ART. However, ART did not
completely suppress the viral replication during ART;
moreover, viral load rebounded in all of the group 4
monkeys soon after the interruption of ART. We explain
that the low viral load in the three monkeys of group 4,
may have resulted from the strong cell-mediated
immunity (Figure 5d). One of the group 4 monkeys
(4G0275) with low CD4 count and high viral load may be
the result of immune epitope(s) escape or novel MHC
allele (Figures 3d and 4d).

The majority of published study involving therapeutic
immunization has been conducted with Indian rhesus
monkeys. In Indian rhesus monkeys there are certain
MHC alleles associated with improved control of viral
replication and improved prognosis, independent of
treatment and/or immunization, notably Mamu-B*0841

andMamu-B*17,42 and to a lesser extent, Mamu-A*01. It is
likely that similar alleles associated with improved
control of viral replication in the absence of treatment
or vaccination also exist for Chinese rhesus monkeys.
However, all of the monkeys used in this study were not
selected with their MHC allele. The difference in MHC
alleles may have a lesser effect on the results of the study.

In summary, this study explored a novel therapeutic
regimen involving vaccination using a combination of
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virus vectors plus ART in a monkey model. Results
indicate that this combination enhanced antigen-specific
immune responses and CD4 T cell count and suppressed
SIV replication once ART therapy was discontinued.
These findings suggest that such a regimen is worthy of
consideration for future clinical trials.

Materials and methods

Animals
Eight-week old BALB/c mice were used in the immu-
nization regimen study, whereas 6-year-old male rhesus
monkeys were used for the therapeutic study. The
Chinese rhesus monkeys were maintained according to
standard operating procedures established for the
evaluation of human vaccines at the Animal Center,
Chinese Medical Scientific Institute, Beijing, China. The
study was permitted by the Animal Administer Com-
munity of Chinese Medical Scientific Institute and in
accordance with requirements specified in the laboratory
biosafety manual of the World Health Organization.

Viruses
An Ad5/35 expressing HIVIIIB gp160 (Ad5/35-HIV21)
and MVA expressing HIVBH2 gp160 (MVA-HIV, kind gift
of Dr Bernard Moss, National Institutes of Health,
Rockville, MD, USA) were used. The SIVmac239 virus
lot (named SIVman239/nef prepared in CEMx174 cells)43

used in challenge experiments was kindly provided by
Dr Thomas Friedrich, Wisconsin National Primate
Research Center, Madison, WI, USA. Two viral vectors
were used in the monkey study as vaccines. One was an
Ad5/35 vector21 expressing SIVmac239 gp120 and full
length of Gag (Ad5/35-SIV). The other was an MVA
vector expressing SIVmac239 gp120 and full length of
Gag23–27 (MVA-SIV). The Ad5/35 virus was propagated
in HEK293 cells and purified over CsCl as described
elsewhere.44 The total concentration of virions in each
preparation was calculated by the formula 1 OD260¼ 1012

viral particles (v.p.) per ml. MVA virus was propagated
in the BHK21 cell line and purified by one round of
ultracentrifugation over 36% sucrose. The MVA virus
was titrated in the BHK21 cell line to determine the
number of p.f.u..

Immunization and ART
Monkeys of groups 1, 2 and 3 received 1000 TCID50 of
SIVmac239 virus and monkeys of group 4 received 10
TCID50 of SIVmac239 by intravenous injection on day 0
(Figure 2). Monkeys of groups 2, 3 and 4 were
subcutaneously given PMPA (Gilead Sciences Inc., Foster
City, CA, USA) at a dose of 30 mg kg�1 day�1 from day
60 to day 150, and 20 mg kg�1 day�1 from day 151 to day
180. Monkeys of group 3 and group 4 were intramuscu-
larly immunized with 1012 v.p. of Ad5/35-SIV vaccine
and 109 p.f.u. of MVA-SIV vaccine on days 74 and 134,
respectively.

Antibodies and flow cytometry
Antibodies were purchased from BD Pharmingen (San
Diego, CA, USA). Anti-mouse CD8-FITC (Ly-2) Ab was
used for mouse tetramer staining, and anti-IFNg-FITC
and anti-CD8a-PE (Ly-2) antibodies were used for
intracellular cytokine staining. Anti-human CD3-PerCP,

CD4-FITC and CD8-PE antibodies were used for staining
monkey CD4 and CD8 cells. For the detection of memory
CD4 T cells, CD3-Cy7APC, CD4-cascade blue, CD45RA-
TRPE and CD95-APC were used; naive T cells were
CD95-CD45RA+ and all other cells were memory T cells
as described earlier.39

Tetramer assay and in vivo CTL assay
These assays were performed as described earlier.45 The
H-2Dd/p18 tetramer (RGPGRAFVTI, synthesized by
NIH Tetramer Core Facility, Atlanta, GA, USA) labeled
with PE was used for tetramer assay. Briefly, 100 ml of
heparin-preserved whole mouse blood was stained with
0.5 mg of FITC-conjugated anti-mouse CD8 Ab and
0.05 mg of tetramer reagent at room temperature for
30 min. The cells were then fixed with 100 ml of OptiLyse
B-Lysing solution (Beckman Coulter, Marseille Cedex,
France) at room temperature for 10 min. Erythrocytes
were lysed by adding 1 ml of H2O and washed with
phosphate buffered saline (PBS) twice.

For the in vivo CTL assay,45 target cells (naive
splenocytes) were pulsed with 10 mg ml�1 of the HIV
V3 peptide (RGPGRAFVTI) at 37 1C for 1 h. Peptide-
pulsed cells were labeled with 0.5–5 mM of 5,6-carboxy-
succinimidyl-fluorescein-ester, washed and enumerated.
For the assay, 5� 106 pulsed and 5� 106 unpulsed cells
were combined in a final volume of 200 ml of PBS and
injected intravenously into vaccinated mice. Mice were
killed 24 h after in vivo target cell incubation; lympho-
cytes were used for CTL analysis. CTL activity was
defined by the following formula: % kill-
ing¼ (1�(unpulsed cells/peptide-pulsed cells from un-
immunized control)/(unpulsed/peptide pulsed from
immunized group))� 100.

ELISpot analysis
Ninety-six well flat-bottom plates (Millipore, Tokyo,
Japan) were coated overnight with 10 mg ml�1 of anti-
human IFNg Ab (B27; BD Pharmingen), washed and
blocked with 5% fetal calf serum in PBS. Peripheral
blood mononuclear cells were isolated by density
gradient centrifugation from EDTA-preserved rhesus
monkey blood. The unfractionated peripheral blood
mononuclear cells were washed in RPMI-1640 supple-
mented with 10% fetal calf serum and seeded into the Ab
coated wells at 2� 105 cells per well. Cells were
stimulated in vitro with 1 mg ml�1 of SIVmac239 gp120
and a Gag peptide pool (overlapping 15 amino acid
peptides provided by the AIDS Research and Reference
Reagent Program, NIH, Rockville, MD, USA), 5 mg ml�1

PHA-M (Sigma-Aldrich, Tokyo, Japan), or medium
alone. Cells were cultured for 18 h at 37 1C in a 5% CO2

in an air incubator. The plates were developed with
2 mg ml�1 of biotinylated rabbit polyclonal anti-human
IFNg antiserum (Invitrogen, Carlsbad, CA, USA),
washed, and incubated with streptavidin-alkaline phos-
phatase (Southern Biotechnology, Birmingham, AL,
USA). After a final rinse, NBT/BCIP (Pierce, Rockford,
IL, USA) was added for 10–15 min, and the plates were
washed and air-dried. Developed wells were imaged and
spot-forming cells were counted using the KS ELISPOT
compact system (Carl Zeiss, Oberkochen, Germany).
Spot-forming cells were defined as a large black spot
with a fuzzy border.
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Competitive PCR
Peripheral blood mononuclear cells were isolated by density
gradient centrifugation from EDTA-preserved rhesus
monkey blood. Total genomic RNA was extracted from
200 ml of plasma using TRIzol (Invitrogen, Carlsbad, CA,
USA). Quantitative, competitive RT-PCR was performed
using a QuantiTect SYBR Green RT-PCR kit (Qiagen, Hilden,
Germany) with a sense primer sequence (GTAACTATGTC
CACCTGCCATTA, binding to SIV genome no 1476-1498)
and an antisense primer sequence (CAGCCTCCTCGTT
TATGATGT, binding to SIV gag region).46

Enzyme-Linked ImmunoSorbent Assay
Enzyme-linked immunosorbent assay was performed as
described earlier.21 To summarize, 96-well microtiter
plates were coated with 200 ng ml�1 of SIVmac239 gag
or gp120 peptide pool. The plate was incubated over-
night at 4 1C and blocked with PBS 1%-bovine serum
albumin for 2 h at room temperature. Diluted antisera
were added and incubated for 2 h at 37 1C, and bound Ig
was quantified using an affinity-purified horseradish
peroxidase-labeled anti-human Ab (Sigma). Ab titer was
measured by OD450 and compared to a standard high-
tittered antiserum.

Neutralizing Ab
One hundred-fold diluted antisera were mixed with
SIVmac239 virus (the virus was passaged once in
CEMx174 cells from SIVmac239 stock) and incubated
on ice for 30 min. The mixture (100 ml) was incubated
with equal volume of CEMx174 cells (multiple of
infection: 0.001) at 37 1C for 3 h. After incubation, the
cells were washed three times with PBS and cultured
in RPMI-1640 medium containing 10% fetal calf serum
at 37 1C in a 5% CO2 incubator for 5 days. SIV p27
protein in the culture supernatant was detected using
a SIV-1 p27 antigen ELISA kit (ZeptoMetrix Corp.,
Buffalo, NY, USA).

Data analysis
All values were expressed as means±s.e. Statistical
analysis (Student’s t-test) of the experimental data and
controls was conducted with two-way factorial analysis
of variance. Significance was defined at Po0.05 or
Po0.0001 in the statistical analysis using all the time
points in a certain durability of each group. R value was
calculated with two parameters of each monkey at the
same time point.
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