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This study explores the effect of priming rhesus monkeys with
an Ad5/35 vector expressing simian immunodeficiency virus
(SIV) gag and gp120, and then boosting the animals with an
modified vaccinia virus Ankara (MVA) vector encoding the
same antigens after a 2-month interval. The animals were
intravenously challenged with 100 TCID50 of highly pathogenic
SIVmac239 virus 2 months after the booster vaccination. The
priming vaccination induced robust SIV-specific cell-mediated
and humoral immune responses, and boosting further en-
hanced the cellular immunity. Vaccination reduced peak and

long-term viral loads by 1–2 logs for a period of46 months, as
reflected by a reduction in both the SIV RNA and DNA levels.
Of considerable interest, the immunized monkeys did not
suffer from loss of CD4 T cells, particularly central memory
CD4 T cells. These results demonstrate that prophylactic
vaccination with Ad5/35 followed by MVA reduces viral
replication and prevents CD4 T-cell loss, and that these effects
may decrease the likelihood of disease progression.
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Introduction

In the history of vaccine development, live-attenuated
vaccines such as polio vaccine and vaccinia vaccine have
been used successfully to prevent viral infections. Vacci-
nation of rhesus monkeys with live-attenuated simian
immunodeficiency virus (SIV) vaccine was shown to pro-
vide protective immunity against disease after challenge
with pathogenic SIV.1–4 However, the live-attenuated
SIV/HIV possesses the potential risk of the vaccine virus
reverting to a pathogenic form. Indeed, a study in which
11 adult monkeys were vaccinated with SIVmac239Delta3
reported that in the 6.8-year period after vaccination, all
the monkeys had signs of immune dysregulation, 64% of
the monkeys had persistent recurrent viremia, and 18% of
the monkeys developed AIDS.5 Furthermore, a recent
study showed virus recombination between live-attenu-
ated SIV (SIVmac239Deltanef) and a heterologous SIV
that was used as the challenge virus.6 Hence, there is still
uncertainty about the safety of the live-attenuated
SIV/HIV vaccine for human use.

In the past decade, a number of novel vaccine
platforms were studied for their use in the development

of prophylactic vaccines against infection by viral
pathogens, including HIV, hepatitis virus and influenza
virus. Some of the most important studies have been
those involving vector-based vaccines that use adeno-
virus (Ad) and vaccinia vectors. Human Ad viruses are
classified into six subgroups from A to F.7 Most Ad
serotypes belonging to subgroups A, C, D, E and F use
the Coxsackievirus and adenovirus receptor (CAR) as a
cellular receptor.8 The Ad serum type 5 (Ad5, subgroup
C) has well-defined biological properties and has been
widely used as a vector in gene therapy and vaccine
development. Results from human and nonhuman
primate studies suggest that deficient Ad vectors induce
antigen-specific cell-mediated immune responses
in vivo.9–11 The Ad5 vector is particularly of interest
because its safety has been proven in clinical trials, and it
is of high quality and can be easily produced.9–13

Unfortunately, a recent large-scale phase IIb clinical trial
demonstrated that subjects vaccinated three times with
the Ad5 vector expressing HIV Gag, Pol and Nef were
not protected against HIV infection. Vaccination did not
reduce the HIV viral load or improve the CD4 T cell
count once HIV infection occurred in the trial partici-
pants.14 Furthermore, a twofold viral increase was
observed in the incidence of HIV acquisition among
vaccinated recipients with increased Ad5-neutralizing
antibody (Ab) titers compared with placebo recipients;
this is probably because vaccination provides a more
conducive environment for HIV replication through the
activation of dendritic cells by the Ad5–Ab complex.15
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In this study, we used a chimeric Ad5 vector with the
Ad35 fiber (Ad5/35) (the Ad35 virus is classified as
subgroup B). The Ad35 fiber was reported to show 25%
amino-acid homology with the Ad5 fiber;16 moreover,
cell entry of Ad35 is CAR independent and involves the
CD46 receptor, which is expressed on most human
cells.17 The Ad5/35 vector does not infect hepatocytes,
but efficiently infects human dendritic cells; thus, Ad5/
35 is expected to induce stronger immune responses than
Ad5 in human trials.9

It was reported that the modified vaccine virus Ankara
(MVA) derived from live vaccinia virus by more than 500
passages in chicken embryo fibroblast cells had lost
15% of the genome compared to its parent vaccinia virus,
leading to severe restriction of its replication and
virulence processes.18,19 The absence of impaired gene
expression shows that MVA is a replication-deficient
virus in humans. Furthermore, MVAwas safely adminis-
tered to approximately 120 000 individuals as a smallpox
vaccine,20 and clinically tested as a vaccine vector against
other diseases, including HIV and cancer.21

Recent studies have shown that priming/boosting
with different virus vector elicits higher immune
responses than vaccination with an individual virus
vector.22 In this study, we explored the protective efficacy
of an Ad5/35 prime and MVA boost regimen against SIV
challenge. Because clinical trials indicate that neither Ad
nor MVA vectors induce strong protective immune
responses against HIV individually, we tried to explore
whether using these two vectors in a prime/boost
combination might be more effective. We investigated
this by vaccinating rhesus monkeys initially with Ad5/
35 then with MVA vectors encoding SIV gag and SIV
gp120, and then challenging them with SIVmac239.
Results show that this prime/boost strategy led to a
persistent more than 10-fold reduction in the SIV viral

load, and the CD4 count (including central memory T
cells, CM) was maintained in the infected animals. These
findings suggest that such a combination vaccine may
reduce the severity of retrovirus infection.

Results

Immunization regimen
Preliminary experiments were conducted on mice to
identify an immunization regimen that might be effective
in rhesus monkeys. One week after a single immunization
with Ad5/35-HIV or MVA-HIV (encoding full-length
HIV gp160), the number of HIV-specific tetramer-
positive CD8 T cells (derived from mouse peripheral
blood mononuclear cells, PBMC) increased from back-
ground levels 0.05±0.01% to 5.2±0.4% or 3.2±0.3%
(Po0.05; Figure 1). Priming and boosting with indivi-
dual vectors induced a stronger response of 9.6±1.0 and
7.2±0.8% in the case of vaccination with Ad5/35-HIV
and MVA-HIV, respectively (Po0.05 for both vectors;
Figure 1). Priming with Ad5/35-HIV and boosting with
MVA-HIV elicited a stronger response than priming/
boosting with Ad5/35-HIV or MVA-HIV alone
(14.5±1.2% for Ad5/35-HIV+MVA-HIV, Po0.05). Boost-
ing with Ad5/35-GFP or MVA-GFP (encoding green
fluorescent protein (GFP) without the H gene) did not
alter the responses induced by the priming vaccination
(data not shown). On the basis of these results, we
studied the monkeys using an immunization regimen
involving an Ad5/35 vector prime followed by an MVA
vector boost.

SIV viral load
An Ad5/35 prime and MVA boost (encoding SIV gag
and gp120) were administered to rhesus monkeys (n¼ 5).
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Figure 1 Cell-mediated immunity in mice. BALB/c mice (n¼ 10) were primed and boosted intramuscularly with 109 v.p. of Ad5/35-HIV
and/or 106 PFU of MVA-HIV at 2-month intervals. An HIV-specific tetramer assay was performed 1 week after the final immunization. The
panels show the representative data for each group. Upper panel, a single immunization; bottom panel, prime/boost with a different vector;
right panel, Ad vector prime and MVA vector boost.
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After 2 months, these animals were challenged with 100
TCID50 (50% tissue culture infectious dose) of SIVmac239
(Figure 2). In both vaccinated and unvaccinated animals,
the SIV viral load peaked on day 10. As seen in Figure 2,
the mean plasma SIV RNA copy number on day 10 was
7.23±0.26 log10 in the unvaccinated monkeys compared
to 5.13±0.62 log10 in the vaccinated monkeys
(P¼ 0.026). Over the ensuing 8 months, the SIV RNA
load of the vaccinated monkeys averaged 4.21±1.73
log10 viral copies per ml, which is more than an order of
magnitude lower than that of unvaccinated monkeys
(Po0.0001).

A very similar pattern was observed in studies on SIV
DNA load, which peaked on day 10 and then equili-
brated (Figure 3). On day 10, the mean plasma SIV DNA
copy number was 6.24±0.19 log10 in the unvaccinated
monkeys compared to 4.92±0.33 log10 in the vaccinated
monkeys (P¼ 0.020). Over the ensuing 8 months, the SIV
DNA load of the vaccinated monkeys averaged
3.77±0.23 log10 viral copies per million cells, which is
more than two orders of magnitude lower than that of
the unvaccinated monkeys (Po0.0001). After SIV
challenge, the SIV RNA load showed a positive correla-
tion with the SIV DNA load (R¼ 0.575±0.02) from day
0 to 232.

T-cell count
The number of CD4 T cells in peripheral circulation is an
important index of SIV progression. Vaccination did not
alter the CD4 T-cell count (Figure 4, upper panel). SIV
infection resulted in a rapid reduction in the number of
CD4 T cells in unvaccinated monkeys (it decreased from

1600 per ml to 500 per ml within 10 days; Figure 4, middle
and bottom panels). In contrast, SIV challenge in the
vaccinated group resulted in only a slight reduction in
the number of CD4 T cells (P¼ 0.006). The CD4 count
of the vaccinated monkeys was similar to that of
the unvaccinated monkeys on the day of challenge
(P¼ 0.8), but was significantly higher after SIV challenge
(Po0.0001). The CD4 count was inversely correlated
with the SIV RNA load (R¼�0.343±0.03) and the SIV
DNA load (R¼�0.443±0.02) from days 10 to 232 after
the SIV challenge. The effect of vaccination and challenge
on the number of CD8 T cells was also investigated.
However, none of these interventions had a significant
impact (alone or in combination) on the CD8 cell count
(data not shown). These data suggest that the Ad prime/
MVA boost vaccination strategy enabled the control of
CD4 cell loss after SIV infection in rhesus monkeys.

Central memory T cells
On days 0, 14 and 232 after SIV challenge, we detected
CD4 subset cells. Approximately 41.7 and 59.3% of naive
CD4 Tcells, 10.5 and 14.0% of effector memory (EM) CD4
T cells, and 47.2 and 25.2% of CM CD4 T cells were
detected in the vaccine and control groups, respectively,
on day 232 after SIV infection (Figure 5, upper panel).
No significant difference was found between the groups
about the number of naive, EM and CM CD4 T cells

2

3

4

5

6

7

8
Vac1
Vac2
Vac3
Vac4
Vac5
Con1
Con2
Con3
Con4

2

3

4

5

6

7

8

Mean of Vac
Mean of Con

Days after SIV challenge

SIV

P
la

sm
a 

S
IV

 R
N

A
 c

op
ie

s
(lo

g1
0)

/m
l

P
la

sm
a 

S
IV

 R
N

A
 c

op
ie

s
(lo

g1
0)

/m
l

Days after SIV challenge

SIV

0 240210180150120906030

0 240210180150120906030

Figure 2 Plasma SIV viral load. The upper panel shows the plasma
SIV viral RNA copy number for individual monkeys, whereas the
bottom panel shows the geometric means of SIV viral RNA copy
number for the vaccinated and unvaccinated monkeys. Vac,
vaccinated monkey (n¼ 5); Con, control monkey (n¼ 4).
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Figure 3 SIV DNA copy number. Upper panel shows the
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number for individual monkeys, whereas the bottom panel shows
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before the SIV challenge (Po0.05; Figure 5, bottom
panel), but a significant difference was found in the
number of CM CD4 T cells after the SIV infection (532 vs
194 on day 14, Po0.05; 450 vs 175 on day 232, Po0.05).
The data obtained from this study show that the
vaccination failed to control SIV replication completely,
but prevented CM CD4 T-cell loss to a remarkable extent,
which may greatly influence disease progression.23

SIV-specific cell-mediated immunity
Cell-mediated immunity was monitored by the interfer-
on-g (IFNg) ELISpot assay. Ad vaccine elicited a strong
SIV-specific IFNg response (Figure 6, top panel). MVA
vaccination further enhanced the magnitude of their
responses. Two monkeys (Vac1 and Vac3) mounted
strong memory responses, whereas other two monkeys
(Vac4 and Vac5) mounted much weaker responses after
the MVA boost. After the SIV challenge, the control
group showed an increase of approximately 10-fold in
the SIV-specific IFNg response, which was sustained for

8 months (Figure 6, bottom panel). The response was also
increased in the vaccine group; it was 10-fold higher than
that in the control group until the end of the study
(Po0.05). The IFNg response without peptide stimula-
tion in the vaccine group and with peptide stimulation in
the control group was less than 50 spots per million cells.
We found that the IFNg response was inversely
correlated with the SIV RNA viral load (R¼�0.430±
0.03) and SIV DNA load (R¼�0.425±0.02) and posi-
tively correlated with the CD4 count (R¼ 0.430±0.02)
from days 10 to 232.

SIV-specific antibody
The SIV-specific anti-gag and anti-env Ab levels were
monitored by enzyme-linked immunosorbent assay.
Anti-gag Abs were first detected 2 weeks after vaccina-
tion (Figure 7, top panel) and increased on days 45 and
60. Unlike the cell-mediated immune response, boosting
with MVA did not enhance humoral immunity. After SIV
infection, the anti-SIVgag Ab levels increased further in
the vaccinated animals. A lower SIVgag-specific Ab
response also developed after SIV challenge in the
unvaccinated monkeys (Figure 7, middle and bottom
panels). Indeed, the titers in the vaccinated monkeys
remained significantly higher than those in the unvacci-
nated monkeys at all time points after SIV infection
(Po0.05). The SIV gag-specific Ab was positively
correlated with the SIV-IFNg response (R¼ 0.620±0.03)
and CD4 count (R¼ 0.655±0.02), and inversely corre-
lated with the SIV RNA load (R¼�0.662±0.02) and the
SIV DNA load (R¼�0.714±0.03). A similar pattern was
observed in the anti-SIVenv Ab response (Figure 8).
SIV infection increased SIVenv-specific Ab levels in
both vaccinated and unvaccinated monkeys, with the
former producing higher and more long-lasting anti-
env Ab titers. Similar to the SIV gag-specific Ab, the
anti-env Ab was also positively correlated with the
SIV-IFNg response (R¼ 0.577±0.02) and CD4 count
(R¼ 0.632±0.02), and inversely correlated with the SIV
RNA load (R¼�0.610±0.03) and SIV DNA load
(R¼�0.662±0.02).

Discussion

This study explores the effect of a vaccine regimen
involving an Ad prime/MVA boost on the induction of
protective immunity against SIVmac239 infection in
rhesus monkeys. The results of this study show that
this vaccination regimen significantly reduced both the
SIV RNA and the DNA viral loads. Furthermore, the
vaccinated monkeys maintained their total and CM
CD4 T-cell numbers, suggesting that vaccination may
reduce susceptibility to the detrimental manifestations of
progressive retrovirus infection.

SIV and chimeric SHIV are used to model HIV
infection in monkeys. SIV induces a chronic infection
similar to that induced by HIV-1 in humans, whereas
SHIV causes a more rapidly progressive disease char-
acterized by the loss of CD4 T cells and death.10,24 Recent
studies show that vaccination is more effective against
SHIV infections than against SIV infections.10,25,26 Live
and live-attenuated vaccines have been used successfully
to prevent many infectious diseases (see review by
Koff et al.26). A live-attenuated vaccine with minor
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modifications (SIVDeltanef) may induce sterile protec-
tion, but may eventually result in disease. In contrast,
increased attenuation of the live-attenuated vaccine
makes the vaccines less pathogenic, but results in
significantly reduced protection. Till date, no live-
attenuated vaccines have been found well tolerated and
result in sterile protection. Because of the safety concerns
and inadequate protection of the more attenuated live-
attenuated vaccine, the vaccine field is currently not
actively pursuing live-attenuated vaccines for use in
humans.1,4,6,27–30 Previously, the efficacy of various Ad-
and MVA-based vaccines about the susceptibility to
SHIV infection in monkeys has been examined by our
research group and other scientists.10,24 This study
investigates whether a combination of these vaccines
can prevent SIV infection.

Considerable research has been conducted using DNA
vaccines (individually or with proteins and/or cyto-
kines),25 Ad-based vaccines (replication competent or
replication deficient), vaccinia virus-based vaccines
(MVA, canarypox virus (ALVAC) and attenuated vaccinia

(NYVAC)),31–36 and other vectors37,38 alone or in combi-
nation to induce antigen-specific anti-retroviral re-
sponses in animals. Administration of a recombinant
viral vector can induce strong humoral and cell-
mediated immune responses against both transgene
and viral vectors. A different viral vector can be used
as a boost to generate the immunity induced by a
priming vector, and it is expected to elicit a high
response. This work first evaluated the immune response
induced when mice were immunized and boosted with
an Ad vaccine, MVA vaccine and a staggered combina-
tion of both vaccines. The results showed that the
combination of an Ad prime and MVA boost in a mouse
model elicited a stronger CTL response than any other
regimen (Figure 1). Double-stranded viral DNA genome
(such as Ad and vaccinia virus)39–42 and their viral
proteins43,44 can induce innate immunity in vitro, result-
ing in type I IFN secretion following activation of
adaptive immunity. However, no remarkable alteration
of HIV-specific cell-mediated immune response
was observed when a null virus vector was used as a
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boost (data not shown); this indicated that the adjuvant
effect of the null virus vector when used as the boost was
limited to a great extent in vivo. This finding is consistent
with that for a similar prime/boost regimen reported by
Draper et al.;45 their study focused on humoral immunity
against malaria; it is also in agreement with the finding
reported by Santra et al.,22 who focused on cell-mediated
immunity against HIV in a monkey model.

Detailed studies performed on rhesus monkeys
showed that this vaccination strategy significantly
reduced both peak and persistent viral loads after SIV
challenge (Figure 2), and prevented CD4 T-cell loss
(Figure 4). Unfortunately, the replication of the SIV
challenge virus was not completely controlled, and
further studies should be conducted to explore monkey
mortality and to examine whether SIV replication can be
controlled for a long period by antigen-specific immu-
nity. Taking into consideration the recent failure of a
large-scale clinical trial that involved the use of an Ad5
vector14 and a recent study that compared the immuno-
genicity and protective immunity of a combination of the
Ad26, Ad35 and Ad5 vectors, in which partial protection
against SIV was observed,46 we conclude that the
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current replication-deficient viral vector needs further
improvement.

Infection by HIV/SIV causes the biphasic destruction
of CD4 T cells. Rapid loss of a considerable amount of
memory CD4 T cells is mediated by early viral
infection;47–49 this is followed by a slow but progressive
loss of CD4 T cells mediated by chronic processes.50,51

The memory CD4 T cells that survive the initial virus-
mediated purge may subsequently expand, and several
studies have suggested that prophylactic vaccination
may help preserve and maintain these memory CD4 T
cells.13,23,52 Numerous studies have verified the impor-
tance of CM CD4 T cells in suppressing viral replication
and mortality after viral infections.13,23,46 In the current
study, memory CD4 T cells were present in the PBMC
before and after SIV infection. After SIV infection, no

significant difference was observed in the number of
naive CD4 T cells and EM CD4 T cells between the
vaccine and control groups (Figure 5). The vaccinated
group also showed some loss of CM CD4 T cells when
infected with SIV (Figure 5); however, there was a
dramatic loss of CM Tcells in the control group. This was
previously shown to correlate with survival in SIV-
infected monkeys.13,23

Vaccination induced both anti-SIVgag- and anti-
SIVenv-specific Ab production (Figures 7 and 8). Like
any other current HIV vaccine, this vaccine may not be
expected to elicit humoral immune responses that can
broadly neutralize HIV/SIV isolates for a prolonged
period of time. However, recent studies show that
vaccination with viral vectors such as Ad vectors can
elicit Ab-dependent cell-mediated virus inhibition by
non-neutralizing antibodies.46,53 Therefore, antibodies,
including non-neutralizing antibodies, will be helpful
for the control of HIV/SIV replication.

This study was conducted on Chinese rhesus monkeys
rather than the more commonly studied Indian rhesus
monkeys. We were unable to determine the major
histocompatibility complex (MHC) type of the Chinese
monkeys with the currently available reagents.54 These
reagents are thus effective only for MHC type of Indian
monkeys, suggesting that these populations are geneti-
cally distinct. In this context, Ling et al.55 reported that
Chinese rhesus monkeys more closely resemble humans
than Indian monkeys do in terms of viral load and CD4
T-cell count following retroviral infection. In Indian
rhesus monkeys, certain MHC-I alleles (including
Mamu-B*0849, Mamu-B*1750 and to a lesser extent,
Manu A*01) and MHC-II alleles (such as Mamu-
DRB1*1003 and -DRB1*030651) are associated with
improved control of viral replication and progress
independent of immunization history. Thus, it is possible
that protective alleles also exist in Chinese rhesus
monkeys. Because the MHC of the rhesus monkeys used
in this study is different from that of the majority of
humans infected with HIV-1, the findings obtained in
this particular strain of rhesus monkey may have
implications when conducting research on humans.
However, because available reagents failed to MHC-type
monkeys used in this study, there is no reason to expect
that the consistent improvement observed in all vacci-
nated animals was a consequence of such an effect.

In summary, this work explored the use of an Ad5/35
prime/MVA boost regimen in providing protection
against SIV challenge in a relevant primate model.
Vaccination induced robust SIV-specific CTL and humor-
al immunity that significantly reduced both the peak and
set points of the SIV viral load. In addition, this
vaccination prevented the loss of total CD4 and CM
CD4 T cells, which is typically observed after SIV
infection of rhesus monkeys. These findings suggest that
such a vaccination strategy may have a beneficial impact
on disease severity, even though it currently cannot
provide sterilizing immunity.

Materials and methods

Animals
BALB/c mice (8-week old) and male Chinese rhesus
monkeys (4- to 6-year old) were used in the vaccination/
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Figure 8 Anti-SIVenv Ab titer and neutralizing Ab. Simian
immunodeficiency virus (SIV)-specific Ab titers were examined at
the indicated times. The upper and middle panels show anti-SIVenv
Ab titer for individual monkeys, whereas the bottom panel shows
the geometric means of the titers for the vaccinated and
unvaccinated monkeys. Vac, vaccinated monkey (n¼ 5); Con,
control monkey (n¼ 4).
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challenge studies. The monkeys were maintained accord-
ing 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 was in
accordance with requirements specified in the laboratory
biosafety manual of the World Health Organization.

Viruses
In murine studies, an Ad5/35 expressing HIVIIIB gp160
(Ad5/35-HIV9) and MVA expressing HIVBH2 gp160
(MVA-HIV, kind gift from Dr Bernard Moss, National
Institutes of Health, Rockville, MD, USA) were used.
Two viral vectors were used in the monkey study as
vaccines. In monkey studies, an Ad5/35 vector11 expres-
sing SIVmac239 full length of Gag and gp120 (Ad5/35-
SIV) and an MVA vector expressing SIVmac239 full
length of Gag and gp120 (MVA-SIV) was used, as
described previously.11 The Ad5/35 virus was propa-
gated in HEK293 cells and purified over CsCl as
described elsewhere.10 The total concentration of virions
in each preparation was calculated by the formula 1
OD260¼ 1012 viral particle (v.p.) per ml. MVA virus was
propagated in the BHK21 cell line and purified by one
round of ultracentrifuge over 36% sucrose. The MVA
virus was titrated in the BHK21 cells to determine the
number of plaque-forming units (PFU). The SIVmac239
virus lot (named SIVman239/nef prepared in CEMx174
cells)54 was used in challenge experiments, which was
kindly provided by Dr Thomas Friedrich (Wisconsin
National Primate Research Center, Madison, WI, USA).

Immunizations
Mice (n¼ 10) were immunized intramuscularly with 109

v.p. of Ad5/35-HIV, 106 PFU of MVA-HIV alone or a
combination of both at 2-month intervals. Monkeys
(n¼ 5) were immunized intramuscularly with 1012 v.p.
of Ad5/35-SIV and 109 PFU of MVA-SIV vaccine on days
0 and 60, respectively. Control monkeys (n¼ 4) were not
immunized but like the vaccinated animals were
challenged intravenously with 100 TCID50 of SIVmac239
virus 60 days after MVA-SIV vaccination.

Antibodies and flow cytometry
All antibodies were purchased from BD Pharmingen
(San Diego, CA, USA). Anti-mouse CD8-FITC (Ly-2) Ab
was used for mouse tetramer staining. Anti-human CD3-
PerCP/Cy5.5, CD4-FITC and CD8-PE antibodies were
used to stain monkey CD4 and CD8 cells. Anti-human
CD3-APC, CD4-PerCP/Cy5.5, CD95-PE and CD28-FITC
antibodies were used to stain memory Tcells. Naive CD4
T cells, EM CD4 T cells and CM CD4 T cells were
identified as CD3+CD4+CD95�CD28+, CD3+CD4+CD95+

CD28� and CD3+CD4+CD95+CD28+, respectively.13,23,46

Tetramer assay
These assays were performed as described previously.9

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. Ery-
throcytes were lysed by adding 1 ml of H2O and twice
washed with phosphate-buffered saline (PBS) followed
by flow cytometric analysis.

ELISpot analysis
Ninety-six-well flat-bottom plates (Millipore) were
coated overnight with 10 mg ml�1 of anti-human IFNg
Ab (B27; BD Pharmingen), washed and blocked with 5%
fetal calf serum (FCS) in PBS. PBMC were isolated by
density-gradient centrifugation from EDTA-preserved
rhesus monkey blood. The unfractionated PBMC were
washed in RPMI-1640 medium supplemented with 10%
FCS 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 Japan, Tokyo,
Japan) or medium alone. Cells were cultured for 18 h
at 37 1C in a 5% CO2 in air incubator. Plates were
developed with 2 mg ml�1 of biotinylated rabbit poly-
clonal anti-human IFNg antiserum (BioSource Interna-
tional, Camarillo, CA, USA), washed and incubated with
streptavidin-alkaline phosphatase (Southern Biotechnol-
ogy, 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.

Competitive PCR
Peripheral blood mononuclear cells were isolated by
density-gradient centrifugation from EDTA-preserved
rhesus monkey blood. Total viral genomic RNA was
extracted from 200 ml of the plasma using TRIzol
(Invitrogen, Carlsbad, CA, USA). Quantitative, competi-
tive RT-PCR was performed using a QuantiTect SYBR
Green RT-PCR kit (Qiagen, Hilden, Germany) with sense
primer sequence (GTAACTATGTCCACCTGCCATTA,
binding to SIV genome no. 554–576) and anti-sense
primer sequence (CAGCCTCCTCGTTTATGATGT, bind-
ing to SIV genome no 763–742 of gag region). Total
cellular genomic DNA was extracted from monkey
PBMC. Quantitative, competitive PCR was performed
using a QuantiTect SYBR Green PCR kit (Qiagen) with
above primer pair.

Enzyme-linked immunosorbent assay
Enzyme-linked immunosorbent assay was performed as
described elsewhere. 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 anti-sera
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-Aldrich,
Tokyo, Japan). Ab titer was measured by OD450 and
compared to a standard high-titered anti-serum.
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Data analysis
All values were expressed as means±s.e. Statistical
analysis was performed between the vaccine group and
control group using nonparametric Mann–Whitney
U-test. P-values of o0.05 were considered significant.
Simple linear regression analysis was used to estimate
the relationship between vaccine group and control
group. Analyses were performed using Microsoft Excel
Statistics 2004 for Windows (SSRI Co Ltd, Tokyo, Japan).
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