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The presence, at the time of challenge, of antiviral effector T cells in the vaginal mucosa of female rhesus
macaques immunized with live-attenuated simian-human immunodeficiency virus 89.6 (SHIV89.6) is associ-
ated with consistent and reproducible protection from pathogenic simian immunodeficiency virus (SIV)
vaginal challenge (18). Here, we definitively demonstrate the protective role of the SIV-specific CD8� T-cell
response in SHIV-immunized monkeys by CD8� lymphocyte depletion, an intervention that abrogated SHIV-
mediated control of challenge virus replication and largely eliminated the SIV-specific T-cell responses in
blood, lymph nodes, and genital mucosa. While in the T-cell-intact SHIV-immunized animals, polyfunctional
and degranulating SIV-specific CD8� T cells were present in the genital tract and lymphoid tissues from the
day of challenge until day 14 postchallenge, strikingly, expansion of SIV-specific CD8� T cells in the immu-
nized monkeys was minimal and limited to the vagina. Thus, protection from uncontrolled SIV replication in
animals immunized with attenuated SHIV89.6 is primarily mediated by CD8� T cells that do not undergo
dramatic systemic expansion after SIV challenge. These findings demonstrate that despite, and perhaps
because of, minimal systemic expansion of T cells at the time of challenge, a stable population of effector-
cytotoxic CD8� T cells can provide significant protection from vaginal SIV challenge.

Sexual transmission remains the predominant mode of hu-
man immunodeficiency virus (HIV) infection globally. Thus,
identification of a vaccine strategy that can induce immune
responses capable of containing the virus in the genital tract
before the establishment of a systemic infection would be a
significant advance in the effort to stop the HIV pandemic.
Uncertainty as to the nature of the immunological response
that is needed to control viral replication remains the greatest
hurdle in developing an effective HIV vaccine (51). We have
repeatedly shown that infection with simian-human immuno-
deficiency virus 89.6 (SHIV89.6) consistently protects 60% of
female rhesus macaques from uncontrolled viral replication
after vaginal simian immunodeficiency virus (SIV) challenge
(2, 34). Thus, defining protective immune responses in this
model may provide an important advance in the effort to de-
velop an HIV vaccine. As the envelope (env) gene in the
immunizing SHIV is derived from HIV and only distantly
related to SIV env, it is unlikely that neutralizing antibodies
have a role in this model of protection (2, 34). We recently
reported that SIV Gag-specific CD4� and CD8� T cells are
present in the vagina of female rhesus macaques 8 months
after systemic SHIV89.6 immunization (18). These effector T

cells are located at the portal of entry at the time when SHIV
immunization is highly effective against vaginal SIV challenge
(2, 34). Thus, an indirect association between CD8� T-cell
responses in the vagina and the consistent protection observed
in this model has been established (18).

Recent studies suggest that the quality of the T-cell re-
sponses may be critical for control of HIV replication (4, 6).
Similarly, in live-attenuated SHIV-immunized macaques, poly-
functional T-cell responses are associated with better control
of challenge virus replication (17). The ability of HIV/SIV to
replicate robustly in the first hours after vaginal transmission is
likely the single most important factor in determining if vaginal
exposure will result in systemic infection (35). Thus, as noted
above (18) and suggested by others (5, 45), the presence of a
T-cell response with cytolytic capacity at the portal of entry is
likely a desirable feature for an HIV vaccine. Additionally,
since survival and apoptotic signals are also induced through
the cognate antigen–T-cell receptor interaction (11), the rela-
tive resistance or sensitivity of T cells to apoptosis upon anti-
genic stimulation may be an important factor in an effective
anti-HIV T-cell response. Thus, defining the expression of pro-
and antiapoptotic molecules in vaccine-induced T cells is nec-
essary to fully understand the nature of the protective CD8�

T-cell response in this model.
While it is generally accepted that virus-specific CD8� T

lymphocytes play a central role in controlling HIV and SIV
replication (8, 16, 23, 26, 46, 47), a recently halted efficacy trial
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of a HIV T-cell vaccine failed to show any evidence of protec-
tion from infection, or uncontrolled viral replication, in vaccine
recipients (43, 51), raising some doubts as to the ability of
vaccine-elicited T-cell responses to control HIV replication
(20, 36, 41, 54). To define the role of CD8� T cells in live,
attenuated vaccine-induced protection from vaginal SIV chal-
lenge, we determined the frequency, function, and survival
capacity of SHIV89.6-induced Gag-specific CD8� T-cell re-
sponses in blood and tissues at early time points after intra-
vaginal SIVmac239 pathogenic challenge. We found that, with
the exception of the T-cell responses in the vagina, anti-SIV
CD8� T-cell responses in the tissues and blood of SHIV-
immunized animals were consistently present but that they did
not dramatically expand after SIV challenge. After SIV chal-
lenge, the antiviral CD8� T-cell responses were most consis-
tently found in the genital lymph nodes (Gen LN) and vagina
of the SHIV-immunized animals. In the unimmunized mon-
keys, the number of functions, cytotoxicity, and survival poten-
tial of antiviral CD8� T cells were clearly restricted relative to
the antiviral CD8� T-cell responses in immunized monkeys.
Importantly, after SIV challenge, both T-cell proliferation and
T-cell death were blunted in the immunized monkeys com-
pared to the unimmunized monkeys. Finally, CD8� T-cell de-
pletion on the day of challenge eliminated the SIV-specific
CD8� T-cell response in most tissues through day 14 postchal-
lenge (p.c.) and abrogated the protection conferred by SHIV
immunization against vaginal SIV challenge.

MATERIALS AND METHODS

Animals, immunization, and challenge. Female rhesus macaques (Macaca
mulatta) were housed at the California National Primate Research Center in
accordance with the American Association for Accreditation of Laboratory An-
imal Care standards. The experiments were approved by the Institutional Animal
Use and Care Committee of the University of California, Davis. All animals were
negative for antibodies to HIV type 2, SIV, type D retrovirus, and simian T-cell
lymphotropic virus type 1 at the time the study was initiated.

A total of 35 females were intravenously infected with live, virulence-attenu-
ated SHIV89.6 for 6 to 8 months, as previously described (2). After the 6- to
8-month immunization period, at the day zero time point, nine of these animals
were necropsied; a detailed study of the SIV-specific T-cell responses has been
published (18). The remaining immunized macaques (n � 26), were challenged
with pathogenic SIVmac239 by intravaginal inoculation, as described previously
(2, 34), and necropsied at 3 (n � 3), 7 (n � 6), or 14 (n � 12) days p.c.
Furthermore, five immunized macaques were infused intravenously with a de-
pleting monoclonal antibody (MAb) directed against CD8� (cM-T807; 50 mg/kg
of body weight; Centocor, Malvern, PA) on the day of challenge and necropsied
at 14 days p.c. In addition, 21 naive female macaques that were vaginally chal-
lenged with pathogenic SIVmac239 and necropsied at 3 (n � 3), 7 (n � 9), and
14 (n � 9) days p.c. were used as unimmunized control animals.

The animals were randomly assigned to the immunized or unimmunized group
and were distributed as evenly as possible for the necropsy dates according to
their major histocompatibility complex (MHC) class I genotype and country of
origin (Table 1). Even though the immunized and unimmunized groups did not
contain the same number of specific MHC alleles, the frequency of alleles
associated with better control of protection was higher in the SIV control ma-
caques than in the immunized macaques, and conversely, among the SHIV-
immunized macaques, there was an increased frequency of animals with the
Mamu-B*01 allele, associated with poor control of viral replication (9).

Isolation of lymphocytes from the blood, LN, and cervical and vaginal mucosa.
At necropsy, fresh cervixes and vaginas were collected in complete RPMI 1640
medium containing 10% fetal calf serum, 2 mM L-glutamine, 100 U/ml penicillin,
0.1 mg/ml streptomycin, and 1% amphotericin B (Sigma-Aldrich), and lympho-
cytes were isolated from genital mucosal tissues as previously described (30, 44).
Mononuclear cell suspensions were prepared from LN as previously described
(33), and peripheral blood mononuclear cells (PBMC) were isolated from hep-
arinized blood using Lymphocyte Separation Medium (ICN Biomedicals).

PBMC samples were frozen in 10% dimethyl sulfoxide (DMSO) (Sigma-Al-
drich)/90% fetal bovine serum (Gemini BioProducts) and stored in liquid nitro-
gen until future analysis in immunological assays (34).

Viral-load measurement. Plasma was analyzed for viral RNA (vRNA) by a
quantitative branched-chain DNA assay with a detection limit of 125 vRNA
copies/ml plasma, as previously described (14). The viral loads in plasma samples
are reported as the vRNA copy number per ml of plasma.

MHC class I genotyping by PCR. MHC class I genotyping by PCR was
performed by the Rhesus Macaque MHC Typing Core, University of Wisconsin
Hospital and Clinics.

Flow cytometric analysis of T-cell populations in blood. The percentages of
CD3� CD4� T cells and CD3� CD8� T cells within the lymphocyte populations
were determined by flow cytometric analysis using a FACSCalibur (Becton
Dickinson Immunocytometry Systems) and rhesus macaque-reactive antibodies
(Pharmingen/Becton Dickinson; anti-CD3 clone no. SP34, anti-CD4 clone no.
M-T477, and anti-CD8 clone no. SK1).

Intracellular staining for cytokine and degranulation markers. One million
freshly isolated mononuclear cells from cervix and vagina were incubated with
anti-CD28 and anti-CD49d antibodies (1 �g/ml final concentration; BD-Bio-
sciences) as costimulatory molecules in a total volume of 200 �l RPMI 1640/10%
fetal calf serum. In all experiments, the following samples were prepared: SIV
Gag p27 peptide pool (20mer peptides overlapping by 10 residues; Anaspec,
Inc.) at 5 �g/ml, background controls containing costimulatory molecules and
DMSO, and a positive control stimulated with staphylococcal enterotoxin B (0.2
�g/ml; Sigma-Aldrich). One million cells were divided further into two panels,
and in the second, a mixture of anti-CD107a- and anti-CD107b-fluorescein
isothiocyanate (FITC) MAbs (clones H4A3 and H4B4, respectively; BD-Phar-
mingen) was added at a pretitrated volume. The cells were incubated for 6 h at
37°C in the presence of brefeldin A (Sigma-Aldrich) and monensin (GolgiStop;
BD Biosciences). Following incubation, the cells were washed and surface
stained with different combinations of MAbs, depending on the panel: (i) anti-
CD3-Pacific Blue, anti-CD4-allophycocyanin (APC), and anti-CD8-APC-Cy7
and (ii) anti-CD3-Pacific Blue, anti-CD4-peridinin chlorophyll protein-Cy5.5,
and anti-CD8-APC-Cy7. 7-Aminoactinomycin D (7-AAD) (1/10 diluted; Molec-
ular Probes) was added before permeabilization as a dead-cell marker. Samples
were fixed (1% paraformaldehyde) and permeabilized (0.5% saponin) for intra-
cellular staining and then stained intracellularly with B-cell lymphoma/leukemia
2 (Bcl-2)-FITC clone Bcl-2/100 and caspase 3-phycoerythrin (PE) clone C92-605
(both from BD-Pharmingen) for 1 h at 4°C (first panel) or with gamma interferon
(IFN-�)-APC clone B27, tumor necrosis factor alpha (TNF-�)-PE-Cy7 clone
MAb11, and interleukin 2 (IL-2)-PE clone MQ1-17H12 for 20 min at room
temperature (second panel). All MAbs were from Pharmingen/Becton Dickin-
son, San Diego, CA, unless otherwise specified. After being washed with per-
meabilizing buffer, the cells were fixed in phosphate-buffered saline containing
1% paraformaldehyde.

For intracellular staining of PBMC, cryopreserved samples of axillary (Ax),
mesenteric (Mes), and Gen LN were thawed and rested overnight at 37°C in a
5% CO2 atmosphere in AIM V medium (Gibco, Invitrogen Inc.) containing 20%
fetal calf serum. The next day, the cells were adjusted to 1 � 106/200 �l and
stimulated and stained in the same manner as for fresh cells, except an anti-
HLA-DR–FITC MAb was substituted for the anti-CD107ab-FITC MAb in the
second panel.

Data were acquired using a FACSAria flow cytometer (Becton Dickinson) and
analyzed using FlowJo software (Treestar, Inc.) and a Macintosh G5 computer
(Apple, Inc.). At least 100,000 events in the forward scatter/side scatter lympho-
cyte gate were acquired for all tissues except the vagina and cervix. As noted in
Results, due to the low frequency of T cells in genital tract tissues, all the
detectable lymphocyte events in a sample were collected. Importantly, to main-
tain consistency between the tissue samples analyzed, samples with fewer than
5,000 CD3� 7-AAD� T cells and/or fewer than 3,000 CD8� 7-AAD� events
were excluded from the analyses. Further, samples that had a large discrepancy
between the number of events in the DMSO control and the Gag peptide-
stimulated tubes were eliminated. Thus, of the 253 samples available, 231 were
analyzed (and 22 were excluded). For the CD8-depleted animals, an exception in
the criteria of exclusion was made, as most of the tissues had only 1 to 3,000
CD8� 7-AAD� cells and samples with fewer than 1,000 CD8� 7-AAD� cells
were excluded from analysis.

The background level of cytokine staining varied from sample to sample but
was typically �0.05% of the unstimulated CD8� T lymphocytes. Samples con-
sidered positive were those in which, after the DMSO control was subtracted,
there were at least 5 positive events for a single functional marker and 3 positive
events for two or more functional markers and the sum of the different combi-
nations of responses represented at least 10 events. In addition, a sample was not
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considered positive for a particular combination of functions if the frequency of
T cells responding with that particular combination of functions was lower than
0.02%. All data were reported after subtraction of the DMSO control cultures.
The software program Simplified Presentation of Incredibly Complex Evalua-
tions (SPICE) (a gift from M. Roederer, Vaccine Research Center, NIAID/NIH)
was used to create the pie charts that represent each individual response.

Intracellular staining for Ki-67 and caspase 3 in PBMC and LN. Cell sus-
pensions were labeled with the following surface-staining cocktail: anti-CD3-
Pacific Blue, anti-CD4-APC (clone L200), anti-CD8-Cy7-APC, anti-CD16-
Cy7-PE (clone 3G8), and anti-CD20-Cy5-PE (clone 2H7). Samples were
permeabilized with 0.5% saponin for intracellular staining with Ki67-FITC
(Clone B56) and caspase 3-PE incubated for 1 h at 4°C (all directly conjugated
MAbs were from Pharmingen/Becton Dickinson). After being washed with the
permeabilizing buffer, the cells were fixed with 1% paraformaldehyde. Data were
acquired using a FACSAria flow cytometer (Becton Dickinson) and analyzed
using FlowJo software (Treestar, Inc.) and Macintosh G5 computers (Apple,
Inc.). At least 100,000 small lymphocyte events were collected from each tube
analyzed.

MHC tetramer staining. Fresh mononuclear cells from the vaginal mucosa or
cryopreserved PBMC and LN mononuclear cells (1 � 106 cells) were stained
with 5 �l (0.1 mg/ml) of a pretitrated stock of the Mamu-A*01 tetramers
Gag181-189 CM9 (CTPYDINQM), Tat28-35SL8 (STPESANL), Gag340-349VT10
(VNPTLEEMLT), and Env620-628TL9 (TVPWPNASL) or Mamu-A*02 Nef221-229

YY9 (YTSGPGIRY), Vif97-104WY8 (WTDVTPNY), Gag71-79GY9 (GSENLKS
LY), Env788-795RY8 (RTLLSRVY), all conjugated to APC (a generous gift from
D. Watkins). After 1 h of incubation at 37°C, the cells were stained for an
additional 45 min at room temperature with surface markers, using a cocktail
containing pretitrated amounts of the following MAbs (all from BD Bio-
sciences): CD3-FITC (clone SP34), CD4-PE (clone L200), and CD8-peridinin
chlorophyll protein (clone SK1). Samples were washed twice with fluorescence-
activated cell sorter wash buffer, red blood cells were lysed, and the cells were
fixed and stabilized with paraformaldehyde using a Coulter TQ-prep (Coulter
Corporation). PBMC from Mamu-A*01� uninfected macaques were used as
negative controls. Sample data were acquired on a FACSCalibur (BD Bio-
sciences) and analyzed using FlowJO software (BD Immunocytometry Systems).
Positive tetramer responses were defined as the percentage of CD3� CD8� T

TABLE 1. MHC class I genotypes, country of origin, and plasma vRNA at the time of necropsy for individual rhesus macaques

Group Monkey MHC class I
allelea Country of origin Highest plasma

vRNA (log10)

SHIV-immunized 7 days 26820 – India �2.01
26833 B01 India 2.12
27076 A01/A02 India �2.01
28415 A11/B17/B29 India �2.01
31631 B01 1/4 China �2.01
27373 A02 India �2.01

SHIV-immunized 14 days 31371 – India �2.01
27130 A02/B01 India �2.01
28843 B01 India 5.20
31475 B01 India �2.01
25988 A01 India �2.01
32330 B01 1/8 China 4.09
26960 A02 India 3.01
28850 A01/A08 India �2.01
30906 – India 2.24
30933 B01 1/2 China �2.01
32427 A01/B17/B29 India �2.01
32578 A02 India �2.01

SIV 7 days 29612 A01/A02 Indiab �2.01
29683 A02 1/4 China 4.04
30678 A02/B17/B29 1/8 China �2.01
27768 – Indiab �2.01
28953 A01/A02 Indiab 2.16
28726 A08 India �2.01
30322 ND 1/4 China 4.34
28752 A01/ND India 5.51
26715 ND India 5.33

SIV 14 days 30946 A02/A011 India 7.32
31391 A01 India 6.01
32604 A02 1/8 China 7.29
28629 – India 7.08
28827 A02 Indiab 6.86
28366 A01 1/8 China 6.87
28630 A01/ND India 7.50
26984 ND India 6.73
29967 ND 1/2 China 5.59

SHIV-immunized CD8-depleted
14 days

30863 B01 India 6.98
30924 – 1/2 China 6.94
33175 – India 6.92
30921 – India 7.21
33982 B01 India 6.69

a MHC class I loci and alleles were typed by PCR. A dash indicates no known alleles. ND (not determined) indicates that MHC genotyping was performed only for
the A01 allele.

b Indian origin from 100 to 50%; one parent’s pedigree was not verified.
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cells that were three times the mean percentage observed in samples without the
tetramer and were a minimum of 10 positive events after background subtrac-
tion.

In situ MHC tetramer detection. In situ tetramer staining in LN, vagina, and
cervix was performed essentially as previously described (49, 50).

Statistical analyses. Data were reported as the mean and the standard error of
the mean for each animal group using Prism 4.0 software (GraphPad Software).
Statistical analyses were performed by Student’s t test or by a one-way analysis of
variance (ANOVA) with Tukey’s multiple-comparison test if more than two
groups were compared. Statistical analysis of the ratio between Bcl-2 and caspase
3 frequencies and the Ki-67 or caspase 3 frequency used the Kruskal-Wallis
nonparametric ANOVA, followed by Dunn’s multiple-comparison test. The flow
cytometric data analysis program SPICE was used to analyze T-cell responses
detected by polychromatic flow cytometry. P values of �0.05 were considered
significant.

RESULTS

Experimental design. The results from 26 female rhesus
macaques with regular menstrual cycles and immunized by
SHIV89.6 infection are reported here. In previous studies, this
attenuated, persistent infection protected about 60% of immu-
nized monkeys from uncontrolled, high-level viral replication
after vaginal SIVmac239 challenge (2, 34). To determine the
role of CD8� T lymphocytes in SHIV89.6-mediated protec-
tion, we compared Gag-specific CD8� T-cell responses in un-
immunized SIV control and SHIV-immunized macaques 7 and
14 days after vaginal SIVmac239 challenge (Fig. 1A). In addi-
tion, a group of SHIV89.6-immunized monkeys were depleted
of CD8 alpha-chain-positive T cells and natural killer cells on
the day of challenge (Fig. 1A). In rhesus monkeys, specific
MHC class I alleles are associated with better control of viral
replication (39, 56), and Chinese-origin rhesus monkeys are
also inherently better able to control SIV replication than
Indian-origin monkeys (27, 31). Thus, we evenly distributed
animals among the experimental groups based on the country
of lineage origin and MHC genotype (Table 1).

Outcome of vaginal challenge with SIVmac239. On day
7 p.c., 11 of 18 unimmunized control monkeys and 3 of 18
immunized monkeys were plasma vRNA positive (Fig. 1B). At
14 days p.c., 9 of 9 controls and 4 of 12 immunized monkeys
were plasma vRNA�. At 7 and 14 days p.c., the mean plasma
vRNA level of the unimmunized control monkeys was signifi-
cantly higher than that of the SHIV-immunized monkeys (Fig.
1B and Table 1). Strikingly, CD8� lymphocyte depletion on
the day of vaginal SIVmac239 challenge eliminated the pro-
tective effect of the SHIV immunization, and five of five ani-
mals were plasma vRNA� at 7 and 14 days p.c. (Fig. 1B). At 7
and 14 days p.c., CD8-depleted monkeys had the highest
plasma vRNA levels of all groups (Fig. 1B and Table 1). Based
on the results of quantitative reverse transcriptase PCR for
SIV env and HIV env, at 14 days p.c., SIV replication was the
source of more than 90% of the vRNA in the plasma of the
CD8 lymphocyte-depleted monkeys (unpublished data). Of
the four SHIV-immunized animals with detectable vRNA in
plasma at 14 days p.c., two monkeys (28843 and 32330) had
	104 vRNA copies/ml plasma, a level of viral replication as-
sociated with progression toward simian AIDS by 6 months p.c.
(2). The other two animals (26960 and 30906) had 102 to 103

vRNA copies/ml plasma, a level that could lead to uncon-
trolled viral replication or complete containment of the chal-
lenge virus (2). Importantly, the frequency of viremic animals

within the SHIV-immunized group at 14 days p.c. (4 of 12;
33%) was consistent with data from a previously published
SHIV immunization study (2) in which the frequency of SHIV-
immunized macaques with detectable vRNA at 14 days p.c.
was 5 of 15 animals (33%). Thus, the level of protection con-
ferred by SHIV89.6 immunization against vaginal SIVmac239
challenge in this study is consistent with previous experiments
in which 60% of immunized animals were protected through 6
months p.c. (2, 34).

SHIV89.6 immunization increases total CD8� T-cell counts
in blood but blunts proliferative and apoptotic signals in T
cells. SHIV infection resulted in a significant increase in the
absolute number of CD8� T cells in blood compared to pre-
infection levels (Fig. 1C). After SIV challenge, there were no
significant changes in the lymphocyte populations in the unim-
munized control animals or the SHIV-immunized animals, al-
though at 14 days p.c. there was a trend toward a decrease in
the CD4� T-cell counts in the unimmunized control group
(Fig. 1C). T-cell counts in the anti-CD8 MAb-treated SHIV-
immunized monkeys not only confirmed the pharmacologically
induced and sustained depletion of CD8� T cells in the blood
at 7 and 14 days p.c., but also revealed massive CD4� T-cell
depletion at 14 days p.c. compared to the T-cell-intact SHIV-
immunized macaques (P � 0.05) (Fig. 1C). There were signif-
icant correlations between the loss of CD4� CD95� T cells
from day 7 to 14 p.c. and the plasma viral load at day 14 p.c. for
both CD8-depleted immunized and unimmunized animal
groups (r [Pearson correlation coefficient] � �0.94, P � 0.018
for the CD8-depleted group and r � �0.69, P � 0.038 for the
unimmunized controls). Additionally, in both CD8� and
CD4� T cells, the magnitude of the T-cell loss from day 0 to 14
days p.c. correlated with plasma vRNA levels at 14 days p.c. in
the SIV control group only (r � 0.72 and P � 0.03) for both
T-cell subsets.

At 7 and 14 days p.c., the frequency of CD8� T lymphocytes
expressing Ki-67, a nuclear protein that is expressed in dividing
T cells from S phase to mitosis of the cell cycle and on activated
T cells blocked at G0 (13, 42), was much higher in SIV controls
than in the immunized macaques (Fig. 2). SHIV-immunized
macaques, before and after challenge, maintained a constant
frequency of Ki-67� CD8� T cells in blood (between 1.7 and
2.5%, which is in the same range found in naïve monkeys). In
contrast, SIV controls showed an increase in Ki-67� CD8� T
cells at 7 days p.c. (4.7%) and at 14 days p.c. (8.9%; P � 0.01
compared to SHIV-immunized macaques) (Fig. 2A). A trend
toward an increase in Ki-67� CD8� T cells was apparent in LN
of the SIV control animals at 14 days p.c. compared to the low
and stable frequencies detected in LN of SHIV-immunized
macaques (particularly in the Gen LN: 4.5% versus 1.2%) (Fig.
2B). Of note, the immunized macaque with the highest plasma
vRNA at 14 days p.c., monkey 28843, had consistently high
levels of Ki-67� CD8� T cells in LN (Fig. 2B). Thus, the value
from this one outlier monkey increased the mean number of
Ki-67� CD8� T cells in the SHIV-immunized group, which
eliminated the statistically significant difference between the
groups.

Ki-67� CD4� T-cell frequencies in the SIV controls tran-
siently increased to 4.6% at 7 days p.c. and then decreased by
14 days p.c. (data not shown). In contrast, SHIV-immunized
animals maintained stable frequencies of 
2% Ki-67� CD4�
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T cells in blood. No increase was observed in the Ki-67� CD4�

T-cell frequency in the LN of SHIV-immunized or SIV control
macaques (data not shown). Like the unimmunized SIV-chal-
lenged controls, CD8� T-cell-depleted macaques had an in-
crease in Ki-67� CD4� T cells at 7 days p.c. in PBMC com-
pared to SHIV-immunized monkeys (4.7%; P � 0.008).
Additionally, an increase in Ki-67� CD4� T-cell frequency in

Mes LN of the CD8� T-cell-depleted macaques was detected
(2.5%), which was significantly higher than SIV controls
(0.61%) and SHIV-immunized macaques (0.79%) (P � 0.037
and P � 0.034, respectively) (data not shown).

The frequencies of CD8� T cells expressing caspase 3, a
mediator of apoptotic cell death, in the PBMC of SHIV-im-
munized macaques were 1 to 2% before and after vaginal SIV

FIG. 1. Experimental design, SIVmac239 plasma vRNA levels and T-cell counts in SHIV-immunized and unimmunized rhesus macaques.
(A) Timing of interventions and necropsy for SHIV89.6-immunized and unimmunized macaques. (B) Plasma vRNA levels at 7 and 14 days after
vaginal SIVmac239 challenge. (C) T-cell numbers before and after SIVmac239 challenge. The red symbols represent unimmunized monkeys (SIV
controls), the blue symbols represent SHIV89.6-immunized monkeys (SHIV plus SIV) and the green symbols represent SHIV89.6-immunized and
CD8� T-cell-depleted (SHIV plus SIV �CD8) monkeys. Uninfected monkeys are labeled “SHIV day of SHIV” or “SIV day of SIV.” The P values
are based on ANOVA analyses and Tukey’s multiple-comparison post hoc test.
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challenge, but this was not significantly different from the SIV
controls (Fig. 2C). In the Ax, Gen, and Mes LN, there was a
trend toward an increase in the frequency of CD8� caspase 3�

T cells at 14 days p.c. in the SIV controls compared to the
SHIV-immunized macaques (6.8% versus 1.3%, 8.1% versus
1.6%, and 8.1% versus 3.3%, respectively) (Fig. 2D). We found
consistent low frequencies of �1% caspase 3� CD4� T cells in
the blood of all the animal groups at all time points, except for
the CD8-depleted group, which by 14 days p.c. had an average
frequency of 1.4% caspase 3� CD4� T cells, and this was
significantly higher than the SHIV-immunized macaques at 14
days p.c. (P � 0.041). Also in the CD8-depleted group, fre-
quencies of 
1% CD4� caspase 3� T cells were detected in
LN, which were significantly higher than the 
0.2% caspase 3�

CD4� T cells in the SHIV-immunized macaques (P values of
�0.01 for all LN). In the Mes LN, the caspase 3� CD4� T-cell
frequency in CD8� T-cell-depleted animals was also signifi-
cantly higher than in the SIV controls (1.26% versus 0.37%;
P � 0.03). Thus, the increased immune activation present in
the SIV control macaques and CD8-depleted immunized ma-
caques was accompanied by increased apoptosis (presumably
activation induced cell death), while SHIV-immunized ma-
caques maintained a steady low frequency of proliferating T
cells.

SHIV-immunized macaques maintain polyfunctional anti-
SIV CD8� T-cell responses in blood p.c. In PBMC, we de-
tected Gag-specific CD8� T-cell responses in three of the nine
SIV control animals at 14 days p.c., but no responses were

detected at day 7 days p.c. These responses were characterized
by monofunctional T cells secreting IFN-� or TNF-� (Fig. 3A).
In contrast, at days 0, 7, and 14 p.c., 58 to 70% of the SHIV-
immunized monkeys had SIV-specific CD8� T-cell responses
in PBMC (Fig. 3A). Among the 19 immunized animals with
Gag-specific CD8� T cells in blood on the day of challenge,
half (9 of 19) had T cells that secreted IFN-� only while the
other monkeys had cells that also secreted IL-2 and/or TNF-�
(Fig. 3A). After challenge, a similar proportion of SHIV-im-
munized animals had T-cell responses at 7 days and 14 days
p.c. in PBMC (64 and 58%, respectively) (Fig. 3A). The num-
ber of SIV-specific CD8� T cells and the number of functions,
or polyfunctionality, exhibited by each SIV-specific T cell were
unchanged after challenge (Fig. 3A). However, at 14 days p.c.,
the CD8� T-cell responses of SHIV-immunized monkeys were
highly variable. The difference in polyfunctionality of the T-cell
responses in SIV control monkeys compared to the immunized
monkeys was statistically significant at 14 days p.c. only for IL-2
secretion (P � 0.045). In the CD8-depleted group, the SIV-
specific CD8� T-cell response in PBMC could not be detected
due to the effective elimination of the circulating CD8� T cells.

The functional capacity of CD8� T cells was also assessed by
stimulation with the superantigen staphylococcal enterotoxin B
(SEB). There were clear differences in the cytokine profiles of
SEB-stimulated T-cells from immunized and unimmunized
macaques. After SEB stimulation of PBMC collected on day
zero, immunized monkeys had more IFN-�-secreting CD8� T
cells than the unimmunized macaques (n � 26 and n � 15,

FIG. 2. Increased activation and cell death in peripheral CD8� T cells of unimmunized macaques but not in T cells of SHIV-immunized
macaques after SIV challenge. Shown are the frequencies on days 0, 7, and 14 p.c. of CD8� T cells expressing the activation/proliferation marker
Ki-67 in PBMC (A) and LN (B) and the frequency of CD8� T cells in LN expressing the proapoptotic marker caspase 3 (C). “Pre-SHIV” is the
time point prior to SHIV infection. The P values are based on ANOVA analyses and Tukey’s multiple-comparison post hoc test.
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respectively; P � 0.01) (data not shown). At 7 days p.c., IL-2-
secreting CD8� T cells were significantly more frequent in
immunized macaques than in controls (n � 18 and n � 15,
respectively; P � 0.001). Additionally, the fraction of 7-day-p.c.
PBMC secreting all three cytokines simultaneously in response
to SEB was significantly higher in the SHIV-immunized mon-
keys than in control monkeys (P � 0.0001).

Polyfunctional anti-SIV CD8� T-cell responses in lymphoid
tissues of SHIV-immunized animals after SIV challenge. De-
tectable SIV Gag-specific CD8� T-cell responses in the LN of
unimmunized monkeys were rare at 7 and 14 days p.c. How-
ever, prior to SIV challenge, live-attenuated SHIV89.6 immu-
nization alone induced anti-SIV CD8� T-cell responses in the
Gen LN of most animals (18). Although genital tract effector

T-cell responses were common, less than half of the SHIV-
immunized animals had a positive SIV Gag-specific T-cell re-
sponse in Ax and Mes LN at day zero (18). After challenge,
there was minimal expansion of the anti-SIV Gag-specific
CD8� T-cell response in LN of immunized macaques, and
most of the specific CD8� T cells were monofunctional for
IFN-� or TNF-� (Fig. 3B). Among the LN tested, the most
consistent T-cell responses were in the Gen LN. At 14 days
p.c., in the Gen LN of five of the six SHIV-immunized re-
sponders, 
 25% of the Gag-specific cells were double positive
for IFN-� and TNF-�, and in two Mamu-A*01-positive ani-
mals, 5 to 10% of anti-SIV CD8� T cells in Gen LN were triple
positive (IFN-g� TNF-a� IL-2�).

Finally, in the CD8-depleted group, only one of five animals
had a Gag-specific CD8� T-cell response in the Mes LN, while
none of the CD8-depleted macaques had a detectable re-
sponse in the Ax or Gen LN (Fig. 4A), indicating that the
depletion successfully removed antiviral T cells from tissues
through day 14 p.c.

Although the CD8-depleted animals were effectively de-
pleted of their circulating CD8� T cells (�2% of PBMC), the
effect of anti-CD8 MAb treatment on resident T-cell popula-

FIG. 3. Polyfunctional SIV-specific CD8� T cells in blood and LN
of SHIV-immunized macaques, but not of unimmunized macaques,
after vaginal challenge with SIVmac239. The frequency and functional
capacity of SIV-specific CD8� T cells after stimulation with a p27-SIV
peptide pool as described in Materials and Methods are shown. The
samples included PBMC and LN mononuclear cells from unimmu-
nized, SIV control, or SHIV89.6-immunized macaques at days 0, 7,
and 14 p.c. Each pie chart represents the average of the positive
responses of the animals in a group. The empty circles indicate that
there were no positive responses in those samples. Below each pie
chart is shown the number of monkeys with a positive response over
the number of monkeys tested. For positive responses, the frequency
of SIV-specific CD8� T cells was normalized to 105 CD8� T cells, and
the mean frequency is shown, along with the standard error, in white
at the center of the pie chart. Each colored portion of a pie chart
indicates the percentage of SIV-specific CD8� T cells that responded
with one, two, or three functions, and the colored arcs around the pie
show the function or combination of functions to which the specific
response corresponds.

FIG. 4. SIV-specific CD8� T cells in tissues of SHIV-immunized
CD8-depleted animals after challenge. The frequency and functional
capacity of SIV-specific CD8� T cells after stimulation with a p27-SIV
peptide pool as described in Materials and Methods are shown. The
samples included LN mononuclear cells (A) and vagina and cervix
(B) from SHIV89.6-immunized macaques depleted of CD8 alpha-
chain-positive T cells at 14 days p.c. Each pie chart represents the
average of the positive responses of the animals in a group. The empty
circles indicate that there were no positive responses in those samples.
Below each pie is shown the number of monkeys with a positive
response over the number of monkeys tested. For positive responses,
the frequency of SIV-specific CD8� T cells was normalized to 105

CD8� T cells, and the mean frequency is shown, along with the stan-
dard error, in white at the center of the pie chart. Each colored portion
of a pie chart indicates the percentage of SIV-specific CD8� T cells
that responded with different numbers of functions (note that the
legends are different for LN and genital mucosa), and the colored arcs
around the pie show the function or combination of functions to which
the specific response corresponds.
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tions in LN was variable by the time of necropsy at 14 days p.c.
CD8 alpha chain� lymphocyte depletion was most effective in
the Gen LN and Ax LN and less evident in the Mes LN (data
not shown). Additionally, CD8 antibody staining of tissue sec-
tions from SHIV-immunized CD8-depleted macaques con-
firmed extensive CD8� T-cell depletion, as no staining of
CD8� T cells in LN or spleen was detected (data not shown).
In the cervix or vagina at day 14 p.c., although most regions
had no cells labeled by the anti-CD8 antibody, a few clusters of
CD8� T cells were found in the epithelium or in the submu-
cosa near the epithelium (data not shown). Thus, CD8� lym-
phocytes were very efficiently depleted from peripheral blood,
but in the LN (especially the Mes LN) and mucosal tissues
there were a few remaining CD8� T cells detectable at 14 days
p.c. Given the increased frequency of CD8� Ki-67� in LN of
CD8� T-cell-depleted animals compared to control and im-
munized macaques, the CD8� T-cells in tissues at day 14 p.c.
could represent newly generated CD8� T cells and not neces-
sarily incomplete CD8� T-cell depletion.

CD8� T-cell responses in the genital tract of SHIV-immu-
nized macaques are more polyfunctional and cytotoxic than in
control monkeys. SIV Gag-specific CD4� and CD8� T cells
are present in the genital tract of rhesus macaques 6 to 8
months after inoculation of SHIV89.6 (18). Here, we assessed
Gag-specific CD8� T-cell responses in the vagina and cervix at
7 and 14 days post-SIVmac239 vaginal challenge, using freshly
isolated lymphocytes. We measured CD107a and CD107b mo-
bilization, cell surface markers of degranulation or cytotoxic
potential, in addition to the expression of IFN-�, TNF-�, and
IL-2. For 5 � 105 fresh cells, the average number of events in
the lymphocyte gate was approximately 80,000 � 55,000 from
the vagina and 45,000 � 35,000 from the cervix. Among the
vaginal cells, 
30% of the CD3� 7-AAD� viable T cells were
CD4� and 	50% were CD8�. In the cervical cells, approxi-
mately 20 to 30% of the CD3� 7-AAD� T cells were CD4�

and 
60% were CD8�.
Unimmunized SIV control animals had SIV-specific T-cell

responses in the genital tract as early as 7 days p.c. These
responses were associated with high levels of viral replication,
as four of the five SIV control animals with a T-cell response
in the vagina at 7 days p.c. also had detectable vRNA in plasma
by 7 days p.c. A similar proportion of unimmunized and SHIV-
immunized macaques had SIV Gag-specific CD8� T-cell re-
sponses in the vagina at 7 days (
70%) and 14 days (
45%)
p.c. (Fig. 5A). Further, at 7 days p.c., the numbers of SIV-
specific T cells in the vagina of the control monkeys were
higher than in the SHIV-immunized monkeys (Fig. 5A); how-
ever, the responses in the control animals declined in strength
by day 14 p.c., while the responses significantly increased in
SHIV-immunized animals (P � 0.045; one-tailed unpaired t
test). After SIV challenge, the proportion of SHIV-immunized
macaques with SIV-specific T-cell responses in the cervix in-
creased (Fig. 5B). Thus, an increase in genital tract SIV-spe-
cific T cells occurred in SHIV-immunized monkeys after SIV
challenge; however, expansion of SIV-specific T cells was not
observed in other tissues.

Notably, at all time points examined, the polyfunctionality of
SIV-specific CD8� T cells in the cervix and vagina of the
SHIV-immunized animals was markedly higher than in control
animals (Fig. 5). While all four functions assessed were repre-

sented in the SIV-specific CD8� T cells in the vaginal mucosa
of the SHIV-immunized macaques, monofunctional CD107�

SIV-specific CD8� T cells were very common, particularly
after SIV challenge (Fig. 5). In the SIV control monkeys,
IFN-�-secreting cells predominated, and degranulation was
not evident in the SIV-specific T-cell population in the vagina
until 14 days p.c. In fact, at 7 days p.c., SHIV-immunized
macaques had significantly higher numbers of CD107� cells
than SIV control monkeys (P � 0.0084). In the cervix, the
SIV-specific CD8� T-cell responses of immunized macaques
consisted of a few degranulating cells among a large popula-
tion of IFN-�� T cells. In contrast, among the SIV-specific
CD8� T cells of the SIV control macaques, TNF-� was the
predominant function in the cervix (Fig. 5).

Finally, among the five CD8-depleted animals, only two had
a SIV Gag-specific CD8� T-cell response in the vagina at day
14 p.c., and no SIV-specific CD8� T-cell responses were de-
tected in the cervix of the CD8-depleted animals (Fig. 4B).

Additionally, at 3 days p.c., three of three SHIV-immunized
macaques had SIV-specific CD8� T-cell responses in the gen-
ital tract, but SIV-specific CD8� T cells were undetectable in
the genital tissues of three SIV control monkeys at day 3 p.c.
(data not shown). The main function of the T-cell response in

FIG. 5. Polyfunctional and cytotoxic CD8� T cells in the genital
tracts of SHIV-immunized macaques after challenge. The frequency
and functional capacity of SIV Gag-specific CD8� T cells after stim-
ulation with a p27-SIV peptide pool as described in Materials and
Methods are shown. The samples included vagina (A) and cervix (B) of
unimmunized SIV control monkeys or of SHIV89.6-immunized ma-
caques at days 0, 7, and 14 p.c. Below each pie chart, the percentage of
responders is shown with the fraction of the positive samples in pa-
rentheses. The empty circles indicate that there were no positive re-
sponses in those samples. See the Fig. 3 legend for an explanation of
the pie charts.
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the vaginas of the immunized animals at day 3 p.c. was cyto-
toxicity (CD107�). In the cervixes of the SHIV-immunized
macaques at 3 days p.c., IFN-� was the principal function of
SIV-specific CD8� T cells, but degranulation was also de-
tected, and 	25% of SIV-specific CD8� T cells were both
IFN-�� and CD107�. Furthermore, SEB stimulation demon-
strated very high cytotoxic potential in the T cells in the vaginas
of the SHIV-immunized macaques at 3 days p.c. compared to
the SIV control macaques (P � 0.003) (data not shown).

CD8� T-cell responses to immunodominant Gag epitopes
are highly polyfunctional in SHIV-immunized, Mamu-A*01�

macaques. Six months after SHIV89.6 infection, there were
strong CM9-specific CD8� T-cell responses in all tissues of a
Mamu-A*01� SHIV-immunized macaque (18). CM9 (CTPY
DINQM; Gag 181 to 189) is the immunodominant Gag
epitope restricted by this allele (3). On the day of challenge,
five of five SHIV-immunized Mamu-A*01� macaques had
highly polyfunctional T-cell responses to the CM9 peptide in
blood (Fig. 6A). With the exception of PBMC samples, the
number of functions displayed by the CM9-specific CD8� T

cells of these Mamu-A*01� SHIV-immunized macaques in-
creased in all tissues after SIV challenge. The increase in the
number of functions in the vaginal T cells was particularly
striking, as these CM9� CD8� T cells expressed more func-
tions than any other SIV Gag-specific response measured in
any sample collected in this study (Fig. 6B). However, IL-2
secretion was rare in vaginal antiviral T cells responding to
CM9. There was also a trend toward an increase in the fre-
quency of polyfunctional CM9-specific CD8� T cells in the
Gen and Ax LN of immunized macaques after SIV challenge
(Fig. 6A). Notably, at 14 days p.c., these LN responses had the
highest proportion of IL-2-secreting T cells of any SIV-specific
T-cell response measured (Fig. 3 and 6A).

By day 14 p.c., Mamu-A*01� SIV control monkeys also had
strong and consistent CM9-specific CD8� T-cell responses in
most tissues (Fig. 6). Thus, a CM9-specific CD8� T-cell re-
sponse could be detected in the Ax LN, but not in the Mes LN.
The magnitude of the CM9-specific response, the proportion
of Mamu-A*01� responding animals, the extent of anatomic
distribution, and the number of functions expressed by respond-
ing cells were clearly lower in the SIV control Mamu-A*01�

macaques than in the SHIV-immunized Mamu-A*01� ma-
caques.

Frequencies of CD8� T cells binding immunodominant SIV
MHC class I tetramers in tissues and blood after SIV chal-
lenge. In addition to the Gag CM9 tetramer, we determined
the frequency of T cells binding three previously defined
Mamu-A*01�-restricted epitopes (Gag VT10, Tat SL8, and
Env TL9) (44) and four Mamu-A*02�-restricted epitopes
(Gag GY9, Vif WY8, Nef YY9, and Env RY8) (29). Three of
four Mamu-A*01� immunized macaques had 0.15% � 0.06%
CM9� T cells and 0.15% � 0.05% SL8 tetramer� CD8� T
cells in blood on the day of challenge (data not shown), while
the one Mamu-A*02� immunized animal (out of four total)
with detectable tetramer-positive cells at day zero had 0.06%
YY9� CD8� T cells and 0.08% GY9 tetramer� CD8� T cells
in the PBMC (data not shown). After challenge of SHIV-
immunized monkeys, the frequencies of the individual epitope
tetramer-binding CD8� T cells in PBMC were similar for the
most common epitopes (CM9, SL8, YY9, and GY9), and these
frequencies were all much higher than in control animals (data
not shown). Only 1 (28850) of the six SHIV-immunized Mamu-
A*01� or Mamu-A*02� monkeys had an unequivocal expan-
sion of SIV-specific CD8� T cells in PBMC after SIV chal-
lenge (Fig. 7A). In fact, this animal had increased frequencies
of both CM9 and SL8 tetramer-binding CD8� T cells circulat-
ing at day 14 compared to day 0 p.c. Remarkably, at day 14 p.c.,
the other five SHIV-immunized Mamu-A*01� or Mamu-
A*02� monkeys had tetramer-specific CD8� T-cell frequen-
cies within the range found among the SHIV-immunized
Mamu-A*01� or Mamu-A*02� monkeys on the day of chal-
lenge (Fig. 7A).

Tetramer-binding CD8� T cells were frequently detected in
the LN of the immunized macaques after SIV challenge, and
the most common tetramer-binding cells were SL8� and
YY9� (Fig. 7B). Note that after SIV challenge, expansion of
the SL8 tetramer� CD8� T-cell population was observed in
the vagina of one Mamu-A*01� animal (28850) and in the Gen
LN of another Mamu-A*01� monkey (32427) (Fig. 7B). Ad-
ditionally, YY9 tetramer-binding T cells were remarkably in-

FIG. 6. Highly polyfunctional responses to an immunodominant
Gag epitope. The frequency and functional capacity of SIV Gag CM9�

CD8� T cells after stimulation with the CM9 SIV Gag peptide as
described in Materials and Methods are shown. Samples from Mamu
A01� SIV control monkeys and SHIV89.6-immunized monkeys at
days 0, 7, and 14 p.c. in PBMC and LN mononuclear cells (A) and
vagina and cervix (B) are included. For an explanation of the pie
charts, see the Fig. 4 legend.
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FIG. 7. Frequencies of CD8� T cells binding SIV peptide/MHC class I tetramers in blood and LN of the SHIV-immunized and SIV control
macaques before and after SIVmac239 vaginal challenge. (A) Percentages of the most frequent tetramer-binding cells at 0, 7, and 14 days p.c. in
blood of Mamu A*01� and/or Mamu A*02� SHIV-immunized (n � 6) and unimmunized (n � 2) macaques necropsied at 14 days p.c. The lines
connect the data points for the only SHIV-immunized monkey (28850) with an unequivocal expansion of tetramer-binding CD8� T cells in PBMC
after SIV challenge. (B and C) The most frequent epitopes binding Mamu A*01 and Mamu A*02 alelles are shown in the vagina and Gen, Ax,
and Mes LN at 0, 7, and 14 days p.c. of the immunized macaques (B) and at 7 and 14 days p.c. of the unimmunized macaques (C). The red symbols
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creased in the vagina of a Mamu-A*02� monkey (26960) that,
interestingly, had detectable viremia in plasma (Fig. 7B). In
contrast, only two SIV control monkeys at 14 days p.c. had
tetramer� CD8� T cells in LN tissues: a Mamu-A*01� mon-
key that had CM9 and SL8 tetramer� CD8� T cells in the
vagina, Gen LN, and Ax LN and a Mamu-A*02� monkey with
YY9 tetramer� CD8� T cells in Gen LN (Fig. 7C).

Thus, in agreement with the functional analyses of SIV-
specific T-cell responses by flow cytometry, expansion of tet-
ramer-specific CD8� T cells was limited to the vagina and Gen
LN. Furthermore, although five of six animals had detectable
tetramer-binding CD8� T cells in the Ax LN at 14 days p.c.,
there was no evidence that these populations had recently
expanded to a higher frequency than that found prior to
challenge (Fig. 7B). These findings were confirmed by in situ
tetramer staining, as CM9 tetramer� CD8� T cells and SL8
tetramer� CD8� T cells were abundantly localized in the
LN and genital mucosa of the immunized macaques, but not
in the SIV controls (Fig. 8).

Attenuated SHIV89.6 infection induces SIV Gag-specific
CD8� T-cell responses with reduced apoptotic susceptibility.
We have previously shown that increased expression of survival
signals in SIV-specific, polyfunctional CD8� T cells is associ-
ated with better control of SIVmac239 replication in SHIV-
immunized monkeys (17). To determine the balance between
proapoptotic and survival signals in the T cells of animals in
this study, the frequency of CD8� T cells expressing the pro-
survival molecule, Bcl-2, and the mediator of apoptosis,
caspase 3, was analyzed after stimulation with SIV Gag pep-
tide. In PBMC, SHIV-immunized and SIV control macaques
had similar ratios of CD8� T cells expressing survival (Bcl-2)
and proapoptotic (caspase 3) molecules on the day of chal-
lenge (data not shown). Within the Bcl-2� fraction of CD8� T
cells, we also determined the ratio of CD8� T cells that were
negative or positive for caspase 3 (Fig. 9). In PBMC, the SIV
control animals showed a trend toward a lower Bcl-2� caspase
3�/Bcl-2� caspase 3� CD8� T-cell ratio at 7 days p.c. com-
pared to the ratio on the day of challenge. However, at 14 days

represent the YY9 and GY9 SIV epitopes binding Mamu A*02, and the blue symbols represent the CM9 and SL8 SIV epitopes binding Mamu
A*01. The shaded areas of the graphs denote the frequency range of tetramer-binding CD8� T cells in blood or tissues of a single SHIV-immunized
monkey on the day of challenge. In panel A, the red symbols represent unimmunized monkeys (SIV controls) and the blue symbols represent
SHIV89.6-immunized monkeys. For the tissues, the number of epitopes for which specific tetramer-binding cells were detected divided by the
number of epitopes tested at each time point is shown in parentheses below the x axis.

FIG. 8. SL8 and CM9 tetramer� CD8� T cells are abundant in the tissues of SHIV-immunized, but not of SIV control, animals. Tetramer�

CD8� T cells were detected in situ on vagina and LN tissue samples. The representative images are from animals necropsied at 14 days
post-SIVmac239 challenge: unimmunized SIV control monkey 31391 and SHIV-immunized monkey 28850. Shown are SL8� tetramer� CD8� T
cells in the vagina (upper panels) and CM9� tetramer� CD8� T cells in Ax LN for 28850 and genital LN for 31391 (lower panels). In each image,
anti-CD8 staining is green and Mamu A*01/SL8 (upper panels) and Mamu A*01/CM9 (lower panels) tetramer staining is red, indicated by
arrowheads. The images are 400� confocal z series projections spanning 10 to 15 �m into the sections. Scale bar, 50 �m.
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p.c., there was a significant increase in this ratio in PBMC of
the SIV controls compared to the ratio at 7 days p.c. (Fig. 9A)
(P � 0.01). In PBMC at days 0 and 7 p.c., SHIV-immunized
macaques had a Bcl-2� caspase 3�/Bcl-2� caspase 3� CD8�

T-cell ratio similar to the day zero ratio in the SIV control
monkeys. However, at 14 days p.c., this ratio decreased signif-
icantly in the SHIV-immunized monkeys compared to 7 days
p.c. and to SIV controls at 14 days p.c. (P � 0.05 and P � 0.01,
respectively) (Fig. 9A).

In the Gen LN, the ratio of Bcl-2� caspase 3� to Bcl-2�

caspase 3� CD8� T cells was significantly lower in the SIV
control animals than in SHIV-immunized animals at 14 days
p.c. (P � 0.01) (Fig. 9B). Moreover, at 7 and 14 days p.c., SIV

controls had significantly lower ratios than the SHIV-immu-
nized monkeys in CD8� T cells from the vagina (Fig. 9C) and
cervix (data not shown). Thus, during the acute p.c. period, the
balance of survival to proapoptotic signaling in CD8� T cells in
the genital tract was significantly biased toward survival in the
SHIV-immunized monkeys, but this antiapoptotic bias was not
seen in the blood of the immunized monkeys.

DISCUSSION

Understanding the mechanisms that provide viral control
and containment in a rigorous animal model of heterosexual
HIV transmission would help to identify the immune responses
that HIV candidate vaccines should emulate. Here, we show
that in rhesus macaques immunized with an attenuated lenti-
virus, the protection from vaginal SIV challenge is primarily
mediated by CD8� T cells. The SIV-specific CD8� T-cell re-
sponse in mucosal tissues, at the time of and after SIV chal-
lenge, consisted largely of effector T cells with cytolytic poten-
tial. Strikingly, there was little evidence for widespread
expansion or proliferation of SIV-specific T cells in the blood
or tissues of immunized animals after vaginal SIV challenge. In
fact, of the six tissues examined, significant expansion of SIV-
specific T cells occurred only in the vagina. Thus, the presence
of SIV-specific CD8� T cells in the vagina on the day of vaginal
SIV challenge and a modest expansion of effector T cells were
sufficient to stop viral dissemination and uncontrolled SIV
replication p.c.

We recently reported that immunization with SHIV89.6 in-
duced and maintained SIV-specific CD4� and CD8� T cells in
the genital mucosa of female rhesus macaques (18) and that
the frequency of immunized monkeys with these responses was
correlated with the consistent protection of 60% of immunized
monkeys observed in this model (2, 34). Here, we found that
immunized animals maintained anti-SIV CD8� T-cell re-
sponses after pathogenic SIV challenge, and the most consis-
tent responses were found in the Gen LN and vagina. In the
SIV controls, detection of early responses was restricted to the
genital compartment, yet the number of functions, cytotoxicity,
and survival potential of the antiviral CD8� T cells were clearly
restricted in these unimmunized animals. Additionally, after
SHIV89.6 infection, we found a significant increase in the
absolute number of CD8� T cells in blood compared to pre-
infection levels, suggesting that immunization with SHIV89.6
induced a new pool of circulating T cells that was constantly
renewed by sustained, low levels of attenuated viral replication.
Confirmation of a critical role for CD8� T cells in SHIV-
induced protection comes from the fact that immunized mon-
keys depleted of CD8�� lymphocytes on the day of challenge
were unable to control SIV replication after challenge. Criti-
cally, since natural killer cells also express CD8�, we cannot
rule out the possibility that depletion of these innate immune
effector cells might contribute to uncontrolled viral replication.
However, a recent study showed that depletion of CD16�

lymphocytes, which contain CD8� and CD8� natural killer
cells, has no effect on SIV replication during acute infection
(12). Preliminary analyses of the frequency and the phenotype
of natural killer cells in the present study did not suggest their
participation in SHIV-mediated protection (data not shown);
however, the role of natural killer cells controlling SIV/HIV

FIG. 9. Increased survival potential of SIV Gag-stimulated CD8�

T cells in immunized macaques. The ratios of CD8� T cells expressing
only survival signals (Bcl-2� caspase 3�) to cells with proapoptotic
signals (Bcl-2� caspase 3�) are shown in the immunized and unimmu-
nized macaques on the day of challenge and 7 and 14 days post-
SIVmac challenge in peripheral blood (A), Gen LN (B), and vagina
(C). PBMC or LN mononuclear cells were stimulated for 6 h with a
Gag p27 peptide pool. The P values were determined by Kruskal-
Wallis and Dunn’s multiple-comparison post hoc tests.
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replication in acute infection is still unclear (7) and should be
assessed further.

Importantly, the presence and strength of a CD8� T-cell
response in the different tissues did not correlate with control
of viral replication. However, the quality of the CD8� T-cell
response, including the cytokine profile and survival capacity of
CD8� T cells, appears to be an important component of an
effective immune response against SIV. Significantly, protec-
tion was associated with the presence of CD8� T cells with lytic
function (CD107�) in the genital tract. Although SIV-specific
CD8� T cells were detected in the genital tracts of both groups
at day 14 p.c., polyfunctional and degranulating CD8� T cells
were limited to the immunized monkeys. In unimmunized SIV
controls, there was significantly less degranulation capacity in
the vaginal CD8� T cells than in the immunized macaques,
particularly at early time points. These findings suggest that
SHIV89.6-induced SIV Gag-specific CD8� T cells with lytic
function at the portal of entry are critical to SHIV89.6-medi-
ated protection from vaginal SIV challenge. Although cell sur-
face markers that distinguish memory CD8� T-cell subsets
were not measured here, the existence of IL-2-secreting Gag-
specific CD8� T cells in LN suggests that there are central-
memory CD8� T cells in the LN of SHIV-immunized monkeys
and that these cells are capable of continuously providing ef-
fector cytotoxic T lymphocytes to the genital mucosa. Impor-
tantly, in SHIV-immunized, Mamu-A*01� macaques, CM9�

CD8� T cells from the vaginal mucosa were CD107� before
(18) and after SIV challenge. This cytolytic effector T-cell
response in the mucosa was accompanied by polyfunctional
IL-2-secreting CM9� CD8� T cells in LN, suggesting that a
balance exists between a memory CD8� T-cell pool in LN and
effector-cytolytic CD8� T-cell populations in the vagina. In
contrast, in unimmunized Mamu-A*01� monkeys, there was a
delay in the detection of degranulating CD8� T cells in the
vagina, in agreement with a previous report (45). The presence
of CM9� CD8� T cells in tissues was confirmed by in situ
tetramer staining. Of note, the frequency of SL8 tetramer�

CD8� T cells in tissues of SHIV89.6-immunized macaques was
much higher than in the SIV control monkeys. CD8� T cells
that recognize the SL8 epitope in the regulatory protein Tat
have been reported to be more effective than CD8� T cells
recognizing CM9 at suppressing SIV replication in vitro and in
vivo during the acute phase of infection (28). Thus, at the time
of challenge, the SHIV-immunized macaques had highly func-
tional and lytic T-cell responses to immunodominant epitopes,
and these responses became more polyfunctional after chal-
lenge. In contrast, even at 14 days p.c., the Mamu-A*01� SIV
control animals had T-cell responses that were relatively
monofunctional with little evidence of cytolytic function.

Contrary to what is observed in most conventional HIV
vaccine strategies, we did not detect a strong anamnestic CD8�

T-cell response in the immunized macaques after SIVmac239
challenge. Thus, the frequencies of specific CD8� T cells in
most tissues were similar at 0, 7, and 14 days p.c. in the SHIV-
immunized macaques. In peripheral blood, the only tissue that
allowed a longitudinal sampling of the CD8� T-cell response
after SIV challenge, there was a decrease in the number of
Gag-specific CD8� T cells at 7 days p.c. in the animals that had
a positive response at day zero. Additionally, the SIV-specific
CD8� T-cell responses detected in blood in three of the SIV

controls at 14 days p.c. were of the same order of magnitude as
the responses in the SHIV-immunized responders. Only in the
vagina was there a significant increase in the number of SIV-
Gag-specific CD8� T cells from days 0 to 14 p.c. in the SHIV-
immunized animals. The expansion of SIV-specific T-cell re-
sponses in the vagina occurred without bystander T-cell
proliferation in the LN. Accordingly, SHIV-infected animals
had constant levels of Ki-67 expression throughout the p.c.
period, while expression of this marker increased in the CD8�

T cells of SIV controls consistent with expansion or recruit-
ment of specific CD8� T cells to the initial site of viral dissem-
ination after vaginal SIV inoculation (33). The lack of T-cell
proliferation in the immunized monkeys supports the conclu-
sion that an anamnestic T-cell response after vaginal SIV chal-
lenge was restricted in these monkeys.

Importantly, immune activation enhances SIV replication in
mucosal sites. Topical application of the toll-like receptor 7/8
agonist imiquimod to the vagina produces immune activation
in the vaginal mucosa, and this enhances vaginal SIV trans-
mission/replication (55). Administration of the proinflamma-
tory cytokine IL-15 in acute SIV infection increases plasma
vRNA levels at set point, despite the fact that the treatment
induces stronger SIV-specific T-cell responses (37). The most
direct evidence that immune activation drives viral replication
comes from recently completed studies in SIV-infected rhesus
macaques using a cytotoxic-T-lymphocyte antigen 4 (CTLA-4)
antagonist (10). CTLA-4 is a negative regulatory molecule
expressed on activated T cells and a subset of regulatory T
cells, and administration of a blocking anti-CTLA-4 MAb in
acute SIV infection leads to T-cell activation and enhanced
viral replication (10). Finally, it has been reported that CD8�

lymphocyte depletion of SIV-infected rhesus macaques in-
duces nonspecific activation of the CD4� T cells and transient
increases in viral target cells (52; L. J. Picker, personal com-
munication). Systemic immune activation may contribute to
SIV replication in CD8 lymphocyte-depleted monkeys; how-
ever, it seems unlikely that immune activation alone can ac-
count for the almost 8-log10-unit difference in plasma vRNA
levels in the CD8-depleted and CD8-intact immunized ma-
caques.

Traditionally, vaccines have been used to antigenically prime
the immune system so that during a subsequent encounter, a
rapid anamnestic immune response eliminates the pathogen.
Prime-boost SIV vaccine regimens with plasmid DNA and
viral vectors induce robust anamnestic T-cell responses follow-
ing pathogenic SIVmac challenge, including cytotoxic T lym-
phocytes, although control of viral replication is inconsistent
(15, 22, 32, 53). However, monkeys vaccinated with live, atten-
uated SIV do not produce a strong anamnestic T-cell response
following pathogenic-virus challenge (1, 25, 40, 48). There are
three nonexclusive mechanisms that could account for the dif-
ference in the vaccine-induced T-cell responses in monkeys
vaccinated with live, attenuated SIV or SHIV and those vac-
cinated with prime-boost strategies. (i) The “danger signal”
threshold for immune activation is raised by chronic SHIV89.6
infection, and lack of T-cell activation is part of broad immune
modulation. (ii) Rapid control of challenge virus replication by
CD8� effector T cells in the genital tract may limit the anti-
genic stimulation of memory T cells in the LN below a thresh-
old required to drive T-cell proliferation. (iii) The SIV-specific
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CD8� T-cell pool maintained by low-level SHIV89.6 replica-
tion has more effector than proliferative potential, as shown by
Genesca et al. (18), and thus cannot respond with a prolifer-
ative burst upon SIV challenge. The concept that a persistent,
attenuated viral vaccine that maintains a pool of CD8� effector
T cells capable of controlling but not eliminating the pathogen
is necessary for efficacy against persistent pathogens, like HIV
or SIV, was proposed by Zinkernagel (57). Primary antiviral
CD8� T cells undergo a poorly understood process of prolif-
eration and differentiation en route to becoming short-lived
terminal effector cells or long-lived memory T cells. The level
and duration of antigenic stimulation and the inflammatory
milieu are critical factors, in addition to CD4� T-cell helper
activity, in dermining the nature of the CD8� T-cell response.
Recently, it was observed that prolonged inflammation or stim-
ulation by the T-cell transcription factor T-bet results in a
predominantly short-lived effector CD8� T-cell population
rather than a long-lived memory population with proliferative
potential (19, 21, 24). Thus, the CD8� T-cell response that is
observed in SHIV89.6-vaccinated monkeys that are protected
from pathogenic SIVmac239 challenge is consistent with a
continuously antigen-driven effector T-cell population rather
than a strong memory T-cell pool associated with anamnestic
proliferation. The presence of central-memory T cells in the
draining LN and a balance between these cells and effector
CD8� T cells in the mucosa may be required to maintain an
effective, yet homeostatic, anti-SIV T-cell response.

Two SHIV-immunized monkeys had viremia on days 7 and
14 post-SIV challenge, compatible with failure to control
pathogenic SIV replication. Compared to the other SHIV-
immunized animals in this study, these two monkeys had no
detectable SIV-specific response in vaginal CD8� T cells, lack
of IL-2 secretion at 7 days p.c. by CD8� T cells in blood, and
a lower ratio of Bcl-2� caspase 3�/Bcl-2� caspase 3� CD8� T
cells. Thus, unprotected SHIV-immunized macaques might
have an impaired capacity to maintain an effective CD8� T-cell
response, leading to antigen-driven exhaustion of the specific
immune response. Antigen-driven defects in survival and mat-
uration of SIV-specific CD8� T cells have been shown to
appear during the first week of infection and are comparable to
similar defects in HIV-specific CD8� T cells (38).

In summary, this study demonstrates that CD8� T cells are
necessary mediators of the protection induced by previous
SHIV89.6 immunization in rhesus macaques challenged intra-
vaginally with SIVmac239 (2, 18, 34). CD8� lymphocyte de-
pletion on the day of challenge in SHIV-immunized macaques
consistently resulted in the highest levels of viral replication,
detected as early as 7 days p.c. This indicates that, in the
absence of antiviral CD8� effector T cells, the presence of
vaccine-induced, SIV-specific CD4� T cells in the genital tract
(18) might be counterproductive, providing more viral sub-
strate and increasing burst size. Effective anti-SIV CD8� T-cell
responses were characterized by cells with multiple functions,
but especially by the presence of T cells in the vagina that had
cytolytic potential. Further, the CD8� T cells in an effective
response have increased survival capacity and do not dramat-
ically proliferate upon antigenic stimulation. Thus, T-cell-
based vaccine strategies that can elicit mucosal effector CD8�

T-cell responses with minimal T-cell proliferation upon expo-

sure to HIV have the greatest potential for mimicking the
success of live, attenuated lentiviral vaccines.
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