
JOURNAL OF VIROLOGY, Jan. 2010, p. 753–764 Vol. 84, No. 2
0022-538X/10/$12.00 doi:10.1128/JVI.01596-09
Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Effective Simian Immunodeficiency Virus-Specific CD8� T Cells Lack
an Easily Detectable, Shared Characteristic�

Lara Vojnov,1 Jason S. Reed,1 Kim L. Weisgrau,2 Eva G. Rakasz,1,2 John T. Loffredo,1
Shari M. Piaskowski,1 Jonah B. Sacha,1 Holly L. Kolar,1 Nancy A. Wilson,1

R. Paul Johnson,3 and David I. Watkins1,2*
Department of Pathology and Laboratory Medicine, University of Wisconsin—Madison, 555 Science Drive, Madison,

Wisconsin 537111; Wisconsin National Primate Research Center, Madison, Wisconsin 537152; and Division of
Immunology, Harvard Medical School, New England Primate Research Center,

One Pine Hill Drive, Southborough, Massachusetts 017723

Received 31 July 2009/Accepted 27 October 2009

The immune correlates of human/simian immunodeficiency virus control remain elusive. While CD8� T
lymphocytes likely play a major role in reducing peak viremia and maintaining viral control in the chronic
phase, the relative antiviral efficacy of individual virus-specific effector populations is unknown. Conventional
assays measure cytokine secretion of virus-specific CD8� T cells after cognate peptide recognition. Cytokine
secretion, however, does not always directly translate into antiviral efficacy. Recently developed suppression
assays assess the efficiency of virus-specific CD8� T cells to control viral replication, but these assays often use
cell lines or clones. We therefore designed a novel virus production assay to test the ability of freshly ex
vivo-sorted simian immunodeficiency virus (SIV)-specific CD8� T cells to suppress viral replication from
SIVmac239-infected CD4� T cells. Using this assay, we established an antiviral hierarchy when we compared
CD8� T cells specific for 12 different epitopes. Antiviral efficacy was unrelated to the disease status of each
animal, the protein from which the tested epitopes were derived, or the major histocompatibility complex
(MHC) class I restriction of the tested epitopes. Additionally, there was no correlation with the ability to
suppress viral replication and epitope avidity, epitope affinity, CD8� T-cell cytokine multifunctionality, the
percentage of central and effector memory cell populations, or the expression of PD-1. The ability of virus-
specific CD8� T cells to suppress viral replication therefore cannot be determined using conventional assays.
Our results suggest that a single definitive correlate of immune control may not exist; rather, a successful
CD8� T-cell response may be comprised of several factors.

CD8� T cells may play a critical role in blunting peak vire-
mia and controlling human immunodeficiency virus (HIV) and
simian immunodeficiency virus (SIV) replication. The tran-
sient depletion of CD8� cells in SIV-infected macaques results
in increased viral replication (26, 31, 51, 70). The emergence of
virus-specific CD8� T cells coincides with the reduction of
peak viremia (12, 39, 42, 63), and CD8� T-cell pressure selects
for escape mutants (6, 9, 13, 28, 29, 38, 60, 61, 85). Further-
more, particular major histocompatibility complex (MHC)
class I alleles are overrepresented in SIV- and HIV-infected
elite controllers (15, 29, 33, 34, 46, 56, 88).

Because it has been difficult to induce broadly neutralizing
antibodies (Abs), the AIDS vaccine field is currently focused
on developing a vaccine designed to elicit HIV-specific CD8�

T cells (8, 52, 53, 82). Investigators have tried to define the
immune correlates of HIV control. Neither the magnitude nor
the breadth of epitopes recognized by virus-specific CD8�

T-cell responses correlates with the control of viral replication
(1). The quality of the immune response may, however, con-
tribute to the antiviral efficacy of the effector cells. It has been
suggested that the number of cytokines that virus-specific

CD8� T cells secrete may correlate with viral control, since
HIV-infected nonprogressors appear to maintain CD8� T cells
that secrete several cytokines, compared to HIV-infected pro-
gressors (11, 27). An increased amount of perforin secretion
may also be related to the proliferation of HIV-specific CD8�

T cells in HIV-infected nonprogressors (55). While those stud-
ies offer insight into the different immune systems of progres-
sors and nonprogressors, they did not address the mechanism
of viral control. Previously, we found no association between
the ability of SIV-specific CD8� T-cell clones to suppress viral
replication in vitro and their ability to secrete gamma inter-
feron (IFN-�), tumor necrosis factor alpha (TNF-�), or inter-
leukin-2 (IL-2) (18).

Evidence suggests that some HIV/SIV proteins may be bet-
ter vaccine targets than others. CD8� T cells recognize
epitopes derived from Gag as early as 2 h postinfection,
whereas CD8� T cells specific for epitopes in Env recognize
infected cells only at 18 h postinfection (68). Additionally, a
previously reported study of HIV-infected individuals showed
that an increased breadth of Gag-specific responses was asso-
ciated with lower viral loads (35, 59, 65, 66). CD8� T-cell
responses specific for Env, Rev, Tat, Vif, Vpr, Vpu, and Nef
were associated with higher viral loads, with increased breadth
of Env in particular being significantly associated with a higher
chronic-phase viral set point.

None of the many sophisticated methods employed for an-
alyzing the characteristics of HIV- or SIV-specific immune
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responses clearly demarcate the critical qualities of an effective
antiviral response. In an attempt to address these questions, we
developed a new assay to measure the antiviral efficacy of
individual SIV-specific CD8� T-cell responses sorted directly
from fresh peripheral blood mononuclear cells (PBMC). Using
MHC class I tetramers specific for the epitope of interest, we
sorted freshly isolated virus-specific CD8� T cells and deter-
mined their ability to suppress virus production from SIV-
infected CD4� T cells. We then looked for a common charac-
teristic of efficacious epitope-specific CD8� T cells using
traditional methods.

MATERIALS AND METHODS

SIVmac239 virus stocks. SIVmac239 (GenBank accession no. M33262) was
generated as previously described (23). Briefly, Vero cells were transfected with
plasmid DNA encoding the SIV proviral sequences. One day after transfection,
CEMx174 cells were added to the Vero cultures. Virus was expanded on
CEMx174 cells, and cell-free supernatant was collected 2 days after peak syncy-
tium formation. Harvested virus was analyzed by Gag p27 enzyme-linked immu-
nosorbent assay (ZeptoMetrix Corporation) and quantitative reverse transcrip-
tion (RT)-PCR prior to use in ex vivo studies.

Animals and viral load analysis. Indian rhesus macaques (Macaca mulatta)
from the Wisconsin National Primate Research Center were cared for according
to the regulations and guidelines of the University of Wisconsin Institutional
Animal Care and Use Committee. Animals were typed for the MHC class I
alleles Mamu-A*01, Mamu-A*02, and Mamu-B*08 by sequence-specific PCR
(32, 46). Viral RNA (vRNA) was extracted using guanidine hydrochloride as
previously described (19, 23, 24) for EDTA-anticoagulated plasma and using an
M48 virus minikit (Qiagen) for virus production assay samples. Viral RNA from
both plasma and virus production assay supernatant was quantified with forward
primer SIV1552 (5�-GTCTGCGTCATCTGGTGCATTC-3�), reverse primer
SIV1635 (5�-CACTAGCTGTCTCTGCACTATGTGTTTTG-3�), and probe
5�–6-carboxyfluorescein–CTTCCTCAGTGTGTTTCACTTTCTCTTCTGCG
–6-carboxytetramethylrhodamine–3� using the SuperScript III Platinum one-step
quantitative RT-PCR kit (Invitrogen) as previously described (26).

Isolating ex vivo epitope-specific CD8� T cells. We obtained large blood draws
from infected animals with known CD8� tetramer-positive (tetramer�) re-
sponses. We depleted isolated PBMC of CD14� cells using nonhuman primate
CD14 microbeads and LS columns (Miltenyi Biotec). CD14� PBMC were re-
suspended at 40 � 106 cells/ml and stained with 25 �g/ml of either phycoerythrin
(PE)- or allophycocyanin (APC)-conjugated tetramer for 1 h at 37°C. Cells were
washed once and stained with either anti-PE or anti-APC (Miltenyi Biotec)
according to the manufacturer’s instructions. Cells were washed again and run
over Miltenyi Biotec LS magnetic columns. The bound cells were flushed out,
resuspended in 1 ml of complete RPMI medium (RPMI 1640 medium supple-
mented with 15% fetal bovine serum, 2 mM L-glutamine, and 50 �g/ml antimy-
cotic/antibiotic [all purchased from HyClone Laboratories, Inc.]) supplemented
with 100 U/ml of IL-2 (NIH AIDS Research and Reagent Program) for counting,
and incubated overnight at 37°C in a 48-well plate. We used epitope-specific
CD8� T cells that were sorted to at least 50% specificity as determined by
surface staining postsorting. The average percent specificity was 67%, with a
range from 50.2% to 92.7%. There was no correlation between the percent
specificity of each sort and viral suppression.

CD4� T-cell targets and infection. CD4� T-cell targets were generated, as
previously described (68), from SIV-naïve animals expressing Mamu-A*01,
Mamu-A*02, Mamu-B*08, or none of these alleles. Briefly, nonhuman primate
CD4 microbeads (Miltenyi Biotec) were used to positively select CD4� T cells.
Isolated cells were stimulated overnight with 2.5 �g/ml staphylococcal entero-
toxin B (SEB; Sigma), 2.5 �g/ml CD28 (clone L293; BD Biosciences), 2.5 �g/ml
CD49d (clone 9F10; BD Biosciences), and 2.5 �g/ml CD3 (clone SP34; BD
Biosciences) antibodies for 24 h and cultured in complete RPMI medium sup-
plemented with 100 U/ml of IL-2 until infected. The SIVmac239 clone used
throughout this study was competent at downregulating MHC class I as observed
by CD4 and Gag p27 staining (Fig. 1e and data not shown). SIVmac239 was
purified over a 20% sucrose cushion and magnetized with ViroMag beads (OZ
Biosciences) as previously described (67, 68). ViroMag-bound virus was layered
over activated CD4� T cells and placed onto a magnetic plate for 15 min. With
this technique, CD4� T cells were synchronously infected with a multiplicity of
infection of between 0.1 and 1. Cells were harvested and washed three times in
complete RPMI medium to remove unbound virus and resuspended at 1 � 106

cells/ml in complete RPMI medium supplemented with 100 U/ml of IL-2. Cells
treated with tenofovir (NIH AIDS Research and Reference Reagent Program)
were pretreated with 400 �M tenofovir for 2 h prior to infection and throughout
the experiment.

Virus production assay. We added 2.5 � 104 activated, SIV-infected CD4� T
cells per test. Ex vivo tetramer-sorted CD8� T cells were added at effector-to-
target ratios of 1:1, 1:2, 1:5, and 1:10. Complete RPMI medium with 100 U/ml of
IL-2 was added to bring the final volume to 400 �l per test. Assays were set up
in duplicate or triplicate when cell numbers allowed. Cells were incubated at
37°C in a 5% CO2 incubator for approximately 48 h. At that time, cells were
pelleted, and 300 �l of supernatant was removed and frozen for viral RNA
isolation and quantitative RT-PCR analysis as previously described (26). The
remaining cells were stained for CD8 peridinin chlorophyll protein (PerCP)
(clone SK1; BD Biosciences) and CD4 APC (clone L200; BD Biosciences)
surface expression and intracellularly stained with fluorescein isothiocyanate
(FITC)-conjugated anti-Gag p27 Ab (clone 55-2F12 from the NIH AIDS Re-
search and Reference Reagent Program) as previously described (68). The
percent maximum viral suppression for each epitope-specific CD8� T-cell pop-
ulation was calculated according to the following equation: (vRNA copies/ml
without cytotoxic T lymphocytes [CTL] � vRNA copies/ml with CTL)/vRNA
copies/ml without CTL � 100 � percent maximum viral suppression. Assays
were performed in duplicate or triplicate with two or more different CD4� T-cell
target populations from MHC class I-matched animals and repeated at least
once with CD8� T cells sorted in a second independent experiment at least 1
month apart. Independent experiments had an average standard deviation of less
than 11% maximum suppression. Incubation of epitope-specific CD8� T cells
with MHC class I-mismatched SIV-infected CD4� T cells consistently showed no
suppression of virus production (data not shown), indicating that the suppression
of matched cells is MHC class I restricted.

Immunological assays. Peptide avidity assays were performed using freshly
isolated PBMC in an IFN-� enzyme-linked immunospot (ELISPOT) assay
(Mabtech) as previously described (77). Briefly, 1 � 105 PBMC were stimulated
with 10-fold-diluted amounts of peptide ranging from 10 pM to 10 �M and
incubated at 37°C in a 5% CO2 incubator overnight. Plates were imaged using an
ELISPOT reader (Autoimmun-Diagnostika), counted with an ELISPOT
Reader, version 4.0 (Autoimmun-Diagnostika), and analyzed as previously de-
scribed (84). Functional avidity was calculated as the peptide concentration
required to elicit 50% of the maximal IFN-� response. Multifunctional intracel-
lular cytokine staining was performed as previously described (11, 73, 84).
Briefly, freshly isolated PBMC were incubated with 5 �M peptide and anti-CD28
(clone L293; BD Biosciences) and anti-CD49d (clone 9g; Pharmingen) antibod-
ies for 1.5 h at 37°C before the addition of 10 �g of brefeldin A per test. Cells
were incubated a further 5 h before being stained for the surface expression of
CD3-Alexa 700 (clone SP34; BD Biosciences), CD4-PerCP-Cy5.5 (L200; BD
Biosciences), and CD8-Pacific blue (clone RPA-T8; BD Biosciences) and fixed
overnight with 1% paraformaldehyde. The following day, cells were permeabil-
ized with 0.1% saponin buffer; intracellularly stained for CD69-PE-Texas Red
(clone TP1.55.3; Beckman Coulter), IFN-�–FITC (clone 4S.B3; BD Bio-
sciences), TNF-�–PE (clone MAb11; BD Biosciences), and IL-2–APC (clone
MQ1-17H12; BD Biosciences); and fixed with 1% paraformaldehyde. Pro-
grammed death 1 (PD-1) (clone EH12.2H7; Biolegend) and central and effector
memory stainings were performed with freshly isolated PBMC. Cells were
stained for the surface expression of the MHC class I tetramer of interest-PE and
CD3-Alexa 700, CD8-Pacific blue, CD28-PE-Cy5 (clone CD28.2; BD Bio-
sciences), and PD-1–APC antibodies.

Statistical analysis. Statistical correlations were determined by Mann-Whit-
ney tests using GraphPad Prism 4 for Macintosh (San Diego, CA).

RESULTS

Conventional assays fail to evaluate the antiviral efficacy of
epitope-specific CD8� T cells. To directly test and compare
the ability of epitope-specific CD8� T cells to suppress viral
replication, we developed a novel ex vivo viral suppression
assay using freshly sorted CD8� T-cell populations. We then
sought to find a correlate of the ability of these different cells
to suppress viral replication.

SIV-infected CD4� T cells begin to release virus at 20 h
postinfection. Before analyzing the antiviral efficacy of individ-
ual virus-specific CD8� T-cell populations, we wanted to de-
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FIG. 1. Viral life cycle timing and viral production assay schematic. (a) The length of the SIV life cycle was measured by analyzing viral RNA
copies per milliliter of cell supernatant each hour between 18 and 25 h postinfection. Each assay for each time point was performed in triplicate.
CD4� T-cell targets were used from at least four animals and repeated in three different experiments. Cells pretreated with tenofovir for 2 h prior
to infection and throughout the assay served as controls. (b) Effector cells were generated using MHC class I tetramers specific for the epitope
of interest. Cells were incubated with either anti-PE or anti-APC Miltenyi microbeads depending on the tetramer fluorochrome used and passed
through a Miltenyi magnetic column. (c) Activated, SIV-infected CD4� T cells were incubated with ex vivo-sorted, unstimulated, SIV-specific
CD8� T cells for 48 h. (d and e) Supernatant was then removed for analysis of viral RNA content by quantitative RT-PCR (d), and the remaining
cells were stained for CD4, CD8, and Gag p27 (e). qPCR, quantitative PCR.
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termine the length of the viral life cycle. To do this, we infected
activated CD4� T cells from four SIV-naïve animals. Tests
were set up in triplicate using 1.0 � 105 SIV-infected cells, and
these cells were incubated at 37°C for up to 25 h. Supernatant
was removed every hour from 18 to 25 h postinfection and
analyzed for viral RNA content by quantitative RT-PCR. Viral
RNA copies increased between 19 and 20 h postinfection,
indicating that virus was being released from the cells at this
time (Fig. 1a). Cells treated with tenofovir showed no increase
in levels of viral release by quantitative RT-PCR (Fig. 1a) or
Gag p27 staining (data not shown).

An antiviral hierarchy exists among 12 SIV epitopes. To
quantify the antiviral efficacy of SIV-specific CD8� T cells, we
isolated epitope-specific cells using MHC class I tetramers
(Fig. 1b). We depleted PBMC of CD14� cells prior to tetramer
sorting since monocytes and macrophages were stained by the
tetramer and would therefore be sorted with the CD8� tet-
ramer� cells. These ex vivo-sorted CD8� T cells were incu-
bated with activated SIV-infected CD4� T cells at effector-to-
target ratios ranging from 1:1 to 1:10 (Fig. 1c). Due to the
modest number of effector cells sorted, we used 2.5 � 104

SIV-infected CD4� T cells per test throughout our viral pro-
duction assay. We incubated the effector and target cells for
48 h to allow epitope-specific CD8� T cells that recognize their
cognate epitope late in the viral life cycle an opportunity to
recognize virus-infected cells. Also, incubating cells for 48 h
rather than 24 h resulted in greater differences between wells
that contained epitope-specific CD8� T cells and the control
wells that did not have any CD8� T cells (Fig. 2a). We there-
fore removed supernatant at 48 h postinfection and assayed
viral RNA concentrations (Fig. 1d). We stained the remaining
cells for the presence of intracellular Gag p27 (Fig. 1e). We
selected animals with a wide range of viral loads and MHC
class I alleles for these studies (Table 1). We sorted CD8� T
cells that were specific for 12 different MHC class I SIV
epitopes restricted by Mamu-A*01, -A*02, and -B*08 and
tested them for their antiviral efficacies (Table 2).

We previously used suppression assays to establish an anti-
viral hierarchy of SIV-specific CD8� T cells (18, 44). However,
these assays used cell lines (44) and clones (18) that were
cultured for long periods of time in IL-2 and required frequent
restimulations with irradiated B-lymphoblastoid cell lines
pulsed with high concentrations of peptide. For a more phys-
iologically relevant analysis of effector cell function, we used
freshly isolated ex vivo cells. We calculated the virus-suppres-
sive ability of each tetramer-sorted epitope-specific CD8� T-
cell population using the number of copies of viral RNA per
milliliter of supernatant at 48 h with and without effector cells:
(vRNA copies/ml without CTL � vRNA copies/ml with CTL)/
vRNA copies/ml without CTL � 100. Viral suppression was
calculated with tetramer-isolated CD8� T cells sorted to
greater than 50% epitope specificity as measured by postsort
tetramer stains. Some freshly isolated CD8� T-cell populations
were better than others at suppressing viral replication at an
effector-to-target cell ratio of 1:1 (Fig. 2b). CD8� T cells rec-
ognizing Mamu-A*02-restricted Nef159-167YY9 suppressed vi-
ral replication by more than 80%. As expected, Gag-specific
CD8� T cells effectively suppressed viral replication. Even
though Env-specific CD8� T-cell responses were previously
associated with higher HIV viral loads (35), CD8� T cells

recognizing three Mamu-B*08-restricted Env-specific epitopes
suppressed viral replication by 	50%. The inhibition of viral
production from infected CD4� T cells by epitope-specific
CD8� T cells was unrelated to the viral load of each animal at
the time of the assay (Fig. 2b and data not shown). Epitope-
specific CD8� T cells from elite controllers (viral load of

10e3 copies/ml plasma) did not always control viral replica-
tion, while epitope-specific CD8� T cells from progressors
(viral load of 	2 � 10e4 copies/ml plasma) often suppressed
viral replication as well as, if not better than, cells of the same
specificity from elite controllers or controllers. CD8� T cells
directed against all tested proteins still suppressed SIV-in-
fected CD4� T cells at low effector-to-target cell ratios (Fig. 2c
to f). Nef-specific CD8� T cells, in particular, suppressed virus
replication at effector-to-target cell ratios as low as 1:10.

Commonly used assays do not predict whether a particular
epitope-specific CD8� T cell will be efficacious. After deter-
mining the percent maximum viral suppression for each
epitope-specific CD8� T-cell population tested, we investi-
gated whether efficacious CD8� T cells had a common char-
acteristic. We first looked at each epitope’s affinity for its
respective restricted MHC class I allele. The 50% inhibitory
concentration (IC50) of each of the 12 epitopes studied (Table
2) (5, 23, 48, 49) was compared to the antiviral efficacy of
epitope-specific CD8� T cells (Fig. 3a). We found no evidence
for a correlation between the affinity with which an MHC class
I molecule bound its cognate epitope and viral suppression.
We next looked at each epitope’s ability to trigger cytokine
secretion from CD8� T cells. High-avidity epitope-specific
CD8� T cells require fewer MHC-epitope complexes on the
surface of a target cell to induce cytokine secretion. Previously
reported data suggested that antiviral efficacy can be corre-
lated with epitope avidity (7, 10, 54, 74). High-avidity CD8� T
cells may therefore have superior antiviral efficacy compared
with low-avidity CD8� T cells, perhaps due to more efficient
epitope processing, epitope transport to the cell surface, de-
layed epitope-MHC complex decay kinetics (58), or the ability
to induce killing with fewer MHC-epitope complexes on the
surface of infected cells. Additionally, Gag-specific CD8� T-
cell lines were previously shown to be more avid than Env-
specific CD8� T-cell lines (17). We used IFN-� ELISPOT with
PBMC responding to 10-fold dilutions of peptide to calculate
the 50% effective concentration (EC50) needed to induce half
the maximal cytokine secretion. Interestingly, there was no
correlation between T-cell avidity for its cognate epitope and
the ability of ex vivo-sorted epitope-specific CD8� T cells to
suppress viral replication (Fig. 3b).

It was previously suggested that proteins expressed early in
the HIV/SIV life cycle may be the most efficacious vaccine
immunogens (3, 68). CD8� T cells specific for epitopes derived
from the proteins translated early, Tat, Rev, and Nef, should
then suppress viral replication better than those CD8� T cells
specific for epitopes derived from the later proteins Gag, Pol,
Env, Vpr, Vpx, and Vif (3, 20, 36, 37, 62, 72, 78, 79). Surpris-
ingly, however, CD8� T cells specific for epitopes derived from
proteins whose viral transcripts are expressed late in the viral
life cycle still inhibited virus production (Fig. 3c). Interestingly,
however, recently reported data have shown that CD8� T cells
specific for Gag and Pol recognize infected cells prior to pro-
viral integration (68, 69). Our data suggest that CD8� T cells
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FIG. 2. Inhibition of viral production by ex vivo-sorted, unstimulated, SIV-specific CD8� T cells. (a) Viral RNA copies per milliliter of
supernatant from cultures containing SIV-infected CD4� T cells only (}), SIV-infected CD4� T cells and Gag181-189CM9-specific CD8� T cells
(�), and SIV-infected CD4� T cells and Env573-581KL9-specific CD8� T cells (Œ). Supernatant was removed at 0, 24, and 48 h postinfection in
duplicate or triplicate. (b) Antiviral hierarchy of SIV-specific CD8� T cells specific for 12 epitopes. All assays were performed at an effector-to-
target cell ratio of 1:1. Each data point represents the average percent maximum suppression capacity of one CD8� T-cell specificity from one
animal, with the black bar indicating the average percent maximum suppression of each specificity. Elite controllers (blue) have viral loads of 
10e3

viral copies/ml, controllers (red) have viral loads between 10e3 and 2 � 10e4 viral copies/ml, and progressors (black) have viral loads of 	2 � 10e4

viral copies/ml at the date of assay. (c to f) Percent maximum suppression capacity of SIV-specific CD8� T cells at various effector-to-target cells
ratios. Each data set is the average maximum suppression capacity of one CD8� T-cell specificity from one animal. (c) SIV-specific CD8� T cells
directed to Gag. }, Gag71-79GY9; �, Gag181-189CM9; Œ, Gag71-79GY9; �, Gag181-189CM9. (d) SIV-specific CD8� T cells directed to Nef. Œ,
Nef159-167YY9; F, Nef137�146RL10; }, Nef137-146Rl10; �, Nef137-146RL10. (e) SIV-specific CD8� T cells directed to Env. F, Env573-581KL9; Œ,
Env524-532KF9; {, Env573-581KL9; �, Env868-876RL9; }, Env573-581KL9; �, Env524-532KF9; �, Env620-628TL9. (f) SIV-specific CD8� T cells directed
toward Vif, Tat, or Rev. }, Vif123-131RL9; �, Tat28-35SL8; F, Vif172-179RL8; �, Tat28-35SL8; Œ, Rev12-20KL9.
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recognizing infected cells early in the viral life cycle, Gag and
Pol, are not superior in their antiviral function to CD8� T cells
recognizing infected cells late (Fig. 2a and data not shown).
Additionally, viral suppression does not correlate with the
MHC class I-restricting allele of each epitope (Fig. 3d). Little
difference in antiviral efficacy was seen among CD8� T cells
recognizing epitopes bound by Mamu-A*01, Mamu-A*02, or
Mamu-B*08.

Cytokine secretion does not correlate with SIV-specific
CD8� T-cell antiviral efficacy. PBMC from elite controllers

maintained functional CD8� T cells capable of degranulation
and cytokine and chemokine production compared with CD8�

T cells from HIV progressors (11, 27). We therefore explored
whether ex vivo, tetramer-sorted SIV-specific CD8� T cells
that suppress viral replication have a high percentage of CD8�

T cells that secrete a variety of cytokines. We stimulated fresh
PBMC prior to tetramer sorting with their cognate peptide and
analyzed their ability to secrete IFN-�, TNF-�, and IL-2 simul-
taneously by intracellular cytokine staining. Surprisingly,
CD8� T cells that produced only one cytokine suppressed viral

TABLE 1. MHC class I genotypes and SIV infection details for rhesus macaques used in this study

Animal MHC class I genotype(s) Vaccine Infection
strain

Wk p.i. at date
of assayf

Avg viral load set point
(vRNA copies/ml)g

rh2029 A*01, A*08 None 239B*08-8xd 
16 8.59 � 105

rh2062 A*02 None 239B*08-6xe 5 2.85 � 106

r90149 A*02, B*01 Delta nefa 239 	81 1.09 � 103

r95061 A*01, A*02, B*17, B*29 DNA/MVA CM9b 239 	433 
30
r95071 A*02, B*17, B*29 None 239 173 7.64 � 104

r96009 B*08 None 239B*08-8xd 	28 3.02 � 106

r96067 A*01, B*08 None 239 	30 1.16 � 102

r96141 A*01, A*11 None 239B*08-8xd 
16 7.16 � 102

r97042 B*08 None E660 53 9.47 � 106

r97113 A*01 DNA/Ad5 GRNTc 239 	170 1.65 � 105

r98016 A*02, B*08, B*17, B*29 None 239 	270 3.97 � 102

r98031 A*01, B*01 None 239 
9 3.87 � 106

r98037 A*01, B*01 Delta nefa 239 	53 2.69 � 102

r99006 A*01, B*08, B*17, B*29 None 3� 239h 	286 
30
r99039 A*01 None 239 
9 5.64 � 103

r00032 A*02, B*08 None 239 	75 9.16 � 103

r00047 A*02 Delta nefa 239 	90 2.20 � 104

r00078 A*08, B*08, B*29 None 239 	230 9.79 � 105

r01027 A*01, B*08 None 239 	80 3.95 � 104

r01080 A*01 DNA/Ad5 GRNTc 239 	160 1.94 � 103

r02019 A*08, B*08 None 239 	80 
30
r02120 A*02, B*01, B*08 None 239B*08-8xd 	23 2.22 � 106

r02129 A*01, B*01 None E660 66 8.21 � 105

a See reference 64.
b Vaccinated with DNA/MVA encoding Gag CM9 only (4).
c Vaccinated with DNA/Ad5 encoding Gag, Rev, Nef, and Tat (84).
d SIVmac239 containing mutations in 8 Mamu-B*08 epitopes (L. Valentine et al., unpublished data).
e SIVmac239 containing mutations in Mamu-B*08 Vif123-131RL9, Vif172-179RL8, Nef8-16RL9, Nef137-146RL10, and Nef246-254RL9.
f p.i., postinfection.
g Average chronic vRNA copies/ml from each assay time point.
h See reference 25.

TABLE 2. Ex vivo SIV-specific CD8� T cells used in the 48-h virus suppression assay

Epitope Protein Amino acid
positions Sequence MHC

restriction IC50 (nM)

SL8 Tat 28–35 STPESANL A*01 43a

RL10 Nef 137–146 RRHRILDIYL B*08 11b

YY9 Nef 159–167 YTSGPGIRY A*02 2.7c

KL9 Rev 12–20 KRLRLIHLL B*08 3.2b

KF9 Env gp41 524–532 KRGVFVLGF B*08 7.2b

KL9 Env gp41 573–581 KRQQELLRL B*08 12b

TL9 Env gp41 620–628 TVPWPNASL A*01 10d

RL9 Env gp41 868–876 RRIRQGLEL B*08 5.5b

GY9 Gag p17 matrix 71–79 GSENLKSLY A*02 4.9c

CM9 Gag p27 capsid 181–189 CTPYDINQM A*01 22a

RL9 Vif 123–131 RRAIRGEQL B*08 7.5b

RL8 Vif 172–179 RRDNRRGL B*08 152b

a See reference 23.
b See reference 48.
c See reference 49.
d See reference 5.
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production effectively (Fig. 4a). In contrast, epitope-specific
CD8� T cells that produced all three cytokines were not the
most effective suppressor cells (Fig. 4c). In almost all cases, 25
to 50% of activated, epitope-specific CD8� T cells secreted
two of the three tested cytokines; however, no significant cor-
relation existed between the suppressive efficacy of the various
CD8� T-cell populations and their secretion of two of three
cytokines (Fig. 4b). We also analyzed the quantity of activated,
epitope-specific CD8� T cells secreting each cytokine individ-
ually in response to cognate peptide. All epitope-specific
CD8� T cells secreted each cytokine tested to some extent
except for one Mamu-A*02-restricted Gag71-79GY9-specific
and one Mamu-B*08-restricted Env524-532KF9-specific CD8�

T-cell population. The highest proportion of activated CD8� T
cells secreted IFN-�, followed by TNF-� (Fig. 4d and e). Far
fewer activated CD8� T cells secreted IL-2 (Fig. 4f). Secretion
of any of the three tested cytokines by activated CD8� T cells
did not correlate with ex vivo epitope-specific CD8� T-cell
antiviral efficacy (Fig. 4d to f). Interestingly, therefore, cells
can suppress virus replication with a limited cytokine reper-
toire. Indeed, multifunctional cells secreting high percentages
of all three cytokines simultaneously were not associated with
strong suppression.

PD-1 expression on CD28� and CD28� memory CD8� T-
cell populations failed to correlate with viral suppression.
Recent data have shown that HIV-infected patients with low

viral set points have a higher percentage of central memory
CD8� T cells than patients with high viral set points. Patients
with high viral set points, on the other hand, tend to have
higher frequencies of effector memory CD8� T cells than those
with lower viral set points (14, 83). We therefore determined
the percentages of central (CD28�) and effector (CD28�)
memory CD8� T-cell populations from PBMC from the ap-
proximate date of the viral production assays. CD8� tetramer�

T cells had a higher percentage of effector memory CD8� T
cells than central memory CD8� T cells; however, the balance
between central and effector memory CD8� tetramer� T cells
did not predict antiviral efficacy (Fig. 5a and b). Those CD8�

tetramer� T cells with a greater proportion of central memory
CD8� T cells did not suppress viral replication more efficiently
than CD8� tetramer� T cells with a greater proportion of
effector memory CD8� T cells.

Programmed death 1 (PD-1) is upregulated on exhausted
virus-specific CD8� T cells during chronic HIV infection. Up-
regulation of PD-1 correlates with impaired effector function
and increased disease progression in both HIV-infected hu-
mans and SIV-infected macaques (21, 80, 89). Moreover,

FIG. 3. Correlation between percent maximum viral suppression
and epitope affinity, epitope avidity, mRNA expression kinetics, and
MHC class I-restricting alleles. Each data point represents the average
percent maximum suppression capacity of one CD8� T-cell specificity
at an effector-to-target cell ratio of 1:1 from one animal. (a) Peptide
binding to the restricting MHC molecule (50% inhibitory concentra-
tion [49]) was determined as described previously (5, 23, 48, 49). (b)
The effective concentration (EC50) to induce half the maximal TCR
activation and secrete IFN-� in response to 10-fold dilutions of cog-
nate peptide was calculated using an IFN-� ELISPOT assay with fresh
PBMC prior to tetramer sorting. (c) Early viral transcripts include Tat,
Rev, and Nef, while the viral transcripts expressed late in the SIV viral
life cycle are Gag, Pol, Env, Vpr, Vpx, and Vif. (d) The MHC class
I-restricting alleles for each epitope studied were defined previously (5,
45, 49). Statistical correlations were made using the Mann-Whitney
test.

γ

α

FIG. 4. Correlation between percent maximum viral suppression
and cytokine secretion. Each data point represents the average percent
maximum suppression capacity of one CD8� T-cell specificity at an
effector-to-target cell ratio of 1:1 from one animal. On the same day as
the ex vivo SIV-specific CD8� T-cell sort, PBMC were stained intra-
cellularly for their ability to secrete IFN-�, TNF-�, and IL-2 in re-
sponse to peptide stimulation. (a) Activated CD8� T cells producing
only one of the three cytokines following peptide stimulation. (b)
Activated CD8� T cells producing two of the three cytokines following
peptide stimulation. (c) Activated CD8� T cells producing all three
cytokines following peptide stimulation. (d to f) Total percentages of
activated CD8� T cells producing IFN-� (d), TNF-� (e), or IL-2 (f)
following peptide stimulation. Statistical correlations were made using
the Mann-Whitney test.
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blocking the engagement of PD-1 to its ligand restored virus-
specific CD8� T-cell function, survival, and proliferation; re-
duced viral loads; and increased rates of animal survival (81).
We therefore examined whether expression levels of PD-1 on
CD8� tetramer� T cells correlated with suppressive ability.
Unexpectedly, PD-1 expression on both CD28� and CD28�

memory CD8� T cells did not correlate with viral suppression
(Fig. 5c and d). CD8� tetramer� cells with high mean fluores-
cence intensities of PD-1 on their cell surface suppressed virus
production by more than 50%. There was also no correlation
between viral suppression and PD-1 expression on all CD8�

tetramer� T cells irrespective of central or effector memory
differentiation (data not shown).

DISCUSSION

We developed a novel viral suppression assay to test the
antiviral efficacy of ex vivo, tetramer-sorted, SIV-specific
CD8� T cells. Using this assay, we established an antiviral
hierarchy among 12 epitope-specific CD8� T cells. Suppres-
sion did not correlate with disease status, the protein from
which the epitopes were derived, or the MHC class I allele
restricting the epitopes. Epitope avidity, epitope affinity, viral
transcript expression kinetics, CD8� T-cell recognition kinet-
ics, CD8� T-cell cytokine secretion, the balance of central and
effector memory cells, or PD-1 expression on the surface of
memory epitope-specific CD8� T cells showed no correlation
with viral suppression. Standard laboratory assays such as
IFN-� ELISPOT assay and intracellular cytokine staining,

therefore, failed to predict whether epitope-specific CD8� T
cells might control viral replication.

Conventional assays do not directly measure the antiviral
efficacy of epitope-specific CD8� T cells. IFN-� ELISPOT
assays and intracellular cytokine staining measure the magni-
tude of cytokine secretion by peptide-stimulated epitope-spe-
cific CD8� T cells, while tetramer staining assays simply count
epitope-specific CD8� T cells. Proliferation assays test the
ability of CD8� T cells to proliferate in the presence of peptide
or infected cells. Finally, using B cells and large amounts of
peptide, chromium release assays indirectly measure the killing
ability of either bulk PBMC or epitope-specific cell lines or
clones. None of these assays directly measures the antiviral
efficacy of epitope-specific CD8� T cells. Previously developed
viral suppression assays to test the antiviral efficacies of
epitope-specific CD8� T cells were performed with CD8� T-
cell lines or clones (17, 18, 44, 47, 57, 75, 76, 86, 87). Both of
these cell types require culturing cells in IL-2 and frequent
restimulation using B-lymphoblastoid cell lines pulsed with
high concentrations of peptide. This may result in less physi-
ologically relevant cell populations.

We therefore developed a novel assay to isolate ex vivo
epitope-specific CD8� T cells from PBMC and test their an-
tiviral function in a more physiologically relevant setting.
These cells represent a heterogeneous, realistic population of
circulating cells in various stages of activation, proliferation,
and differentiation. In addition to using ex vivo-sorted epitope-
specific CD8� T cells, we shortened the viral suppression assay
to 48 h. Limited cell growth occurs in 48 h, removing the
possibility of one cell type outgrowing another. Longer assays
may skew the effector-to-target cell ratio and, potentially, the
suppression capacity of the SIV-specific CD8� T cells. A 48-h
assay is advantageous over a 24-h assay, as it allows those
SIV-specific CD8� T cells that recognize cognate epitopes late
in infection to make up for any initial time lag. Additionally, we
saw little difference in viral RNA content in the supernatant
containing epitope-specific CD8� T cells and the control lack-
ing any CD8� T cells in a 24-h assay. All ex vivo CD8� T-cell
populations in this study were sorted to at least 50% specificity
as measured by postsort tetramer staining. Although CD8� T
cells were sorted to less purity than cell lines or clones, the
antiviral hierarchy and lack of correlation still held true when
cells of only 	80% purity were analyzed (data not shown).
Finally, we detected little residual tetramer staining of the
sorted CD8� T cells after they were rested overnight (data not
shown). It is therefore unlikely that the tetramers interfered
with T-cell receptor (TCR) interactions with SIV-infected
CD4� T cells.

Although a hierarchy is seen among the 12 epitopes tested,
our new assay clearly shows that almost all epitope-specific
CD8� T cells have some capacity to suppress viral replication.
Data from previous studies suggested that Mamu-A*02-re-
stricted Nef159-167YY9-specific CD8� T cells were largely in-
effective at suppressing viral replication from SIV-infected ac-
tivated CD4� T cells (18, 44); however, our new assay revealed
that ex vivo-harvested Nef159-167YY9-specific CD8� T cells
suppressed viral replication efficiently. Additionally, we previ-
ously observed that Mamu-A*01-restricted Tat28-35SL8 CD8�

T-cell lines had enhanced antiviral efficacy compared to that of
Mamu-A*01-restricted Gag181-189CM9 CD8� T-cell lines (18,

FIG. 5. Correlation between percent maximum viral suppression
and central/effector memory CD8� T-cell populations and their ex-
pression of PD-1. Each data point represents the average percent
maximum suppression capacity of one CD8� T-cell specificity at an
effector-to-target cell ratio of 1:1 from one animal. (a and b) Percent-
age of CD3� CD8� tetramer� T cells that are central memory
(CD28�) (a) or effector memory (CD28�) (b) cells. (c) Mean fluores-
cence intensity (MFI) of PD-1 on CD3� CD8� tetramer� CD28�

central memory T cells. (d) Mean fluorescence intensity of PD-1 on
CD3� CD8� tetramer� CD28� effector memory T cells. Statistical
correlations were made using the Mann-Whitney test.
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47). Ex vivo viral suppression assays, however, revealed a more
comparable antiviral profile for these two particular epitope-
specific CD8� T-cell populations. Long-term culture of the
CD8� T-cell lines could account for this difference, as they
may become exhausted or undergo phenotypic changes in vitro
after multiple stimulations and may therefore exhibit varied
antiviral efficacies.

Gag-specific CD8� T cells have been implicated in the con-
trol of viral replication (30, 35, 68, 71). Indeed, the vaccination
of rhesus macaques with Gag-encoded DNA and Ad5 vectors
afforded a short-term reduction of viral loads after SIVmac239
infection (16, 43). The addition of Tat, Rev, and Nef to this
vaccine regimen further augmented the observed viral control
(84). Additionally, increased breadth of Gag-specific CD8�

T-cell responses was significantly associated with lower viral
loads in a cohort of 578 HIV-infected individuals (35), and the
frequency of Gag-specific CD8� T-cell responses inversely cor-
related with viral load in HIV-infected children (30). In this
study, the two tested Gag-specific CD8� T-cell responses sup-
pressed viral replication ex vivo by 	70% on average.

Env-specific CD8� T cells suppressed virus production sim-
ilarly to Gag-specific CD8� T cells, indicating that these cells
may also contribute to the control of viral replication. Al-
though increased breadth of Env-specific CD8� T-cell re-
sponses correlated with increased viral loads in HIV-infected
patients (35), Env-specific CD8� T cells can suppress viral
replication ex vivo. Sequence diversity and rapid viral escape
in Env might reduce antiviral function in vivo. Our data
suggest that effective antiviral CD8� T cells can recognize
epitopes from several SIV proteins including Env, Tat, Nef,
Rev, and Vif.

Control of SIV infection by elite controller rhesus macaques
is not mediated by Gag-specific CD8� T-cell responses alone.
Nearly all SIV-infected rhesus macaque elite controllers ex-
press Mamu-B*17 and/or Mamu-B*08 (46). Of the five com-
mon Mamu-B*17-restricted CD8� T-cell responses and 14
Mamu-B*08-restricted CD8� T-cell responses discovered thus
far, only one infrequently observed response is directed against
Gag (45, 48, 50). Additionally, reduction of recrudescent virus
after CD8� depletion in elite controller rhesus macaques was
mediated by subdominant CD8� T-cell responses, few of
which were Gag specific (26). Although Gag-specific CD8� T
cells suppressed viral replication ex vivo and are important in
the control of HIV infection, control of SIV infection in rhesus
macaques may be mediated by CD8� T cells directed against a
variety of epitopes derived from multiple proteins.

The efficacy with which an epitope-specific CD8� T cell kills
an SIV-infected CD4� T cell does not depend on how tightly
the processed epitope binds to its respective MHC class I
molecule. Additionally, the amount of cognate exogenous pep-
tide required on the surface of presenting cells to induce TCR
activation is not correlated with viral suppression. Some groups
have shown a relationship between peptide avidity and antivi-
ral efficacy (7, 54, 74). Using CD8� T-cell clones specific for
HLA-B*27-Gag KK10, Almeida et al. previously found that
the peptide avidity of each clone correlated with the patient’s
viral load (7). This finding corroborates earlier data illustrating
that high-avidity CD8� T cells not only have superior antiviral
efficacy compared with low-avidity CD8� T cells but also lyse
target cells more rapidly (2, 22, 74). It was also shown that

although Gag-specific CD8� T cells were significantly more
avid than Env-specific CD8� T cells, there was no correlation
between the ability to inhibit virus and epitope avidity (17).
Cell lines or clones were used in those studies rather than fresh
PBMC. The avidity of cultured cells can, however, be affected
by the quantity of peptide used to restimulate cell lines (2, 40,
41). Additionally, measuring epitope avidity with high concen-
trations of exogenous peptide bypasses viral protein expres-
sion, epitope processing in the proteasome, and epitope trans-
port to the cell surface, all important events within an infected
cell (10). Determining the functional avidity of epitopes using
virally infected cells may therefore be a better way to look for
a correlation between avidity and CD8� T-cell suppression.
The lack of any significant correlation between peptide avidity
and CD8� T-cell antiviral efficacy in our studies suggests that
low-avidity CD8� T cells can still inhibit viral release. Even
though low-avidity CD8� T cells may require more peptide
antigen on the surface of the target cells to trigger cytokine
secretion, this lag in time appears to have little effect on the
suppressive capacities of these cells.

The multifunctionality of epitope-specific CD8� T cells may
be a key contributor to CD8� T-cell antiviral efficacy. Elite
controllers maintain highly functional CD8� T cells capable of
concurrently secreting IFN-�, TNF-�, IL-2, and macrophage
inflammatory protein 1� (MIP-1�) and cell surface expression
of CD107a compared with CD8� T cells from progressors (11,
27). This implies that a successful CD8� T-cell response con-
sists of antiviral cells that can secrete several cytokines. Anal-
ysis of the cytokine profile of CD8� T cells revealed that ex
vivo, CD8� T cells do not need to secrete several cytokines
simultaneously in order to suppress viral production from SIV-
infected CD4� T cells. Additionally, secretion of a particular
cytokine did not correlate with suppression. When greater than
50% of the epitope-specific CD8� T cells secreted a single
cytokine, that cell population still maintained suppressive func-
tion. While epitope-specific CD8� T-cell multifunctionality
may improve the overall anti-HIV immune response, it may
not necessarily correlate directly with reduction of viral repli-
cation from virus-infected CD4� T cells.

Several studies implicated the upregulation of PD-1 on the
surface of CD8� T cells as an indicator for poor effector
function and increased viral loads (21, 80, 89). Our data
showed no correlation between the mean fluorescence inten-
sity of PD-1 on epitope-specific memory CD8� T cells and
antiviral efficacy. This is congruent with a previous study look-
ing at mRNA levels of PD-1 in Gag- and Env-specific CD8�

T-cell lines (17). Although PD-1 expression on HIV-specific
CD8� T cells and the total CD8� T-cell population signifi-
cantly correlates with viral load and inversely correlates with
the CD4 count of HIV-infected patients (21), it had little effect
on the epitope-specific CD8� T cell’s ability to suppress viral
replication in our 48-h assay.

Although we established an antiviral hierarchy among 12
epitope-specific CD8� T-cell populations using a novel viral
suppression assay with freshly sorted cells, we found no clear
correlate of immune control. Viral suppression could not be
predicted by any of the conventional assays, including epitope
avidity, expression or recognition kinetics, and cytokine secre-
tion. CD8� T-cell proliferation and perforin and granzyme
secretion may correlate with viral suppression and will be the
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focus of future studies. In vivo, epitope-specific CD8� T cells
may work in concert with each other and with other arms of the
immune system to control viral replication. The focus to find
one particular correlate of immune protection may oversim-
plify the complex interplay of the anti-HIV immune response.
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E. Dunphy, M. E. Liebl, C. Emerson, N. Wilson, K. J. Kunstman, X. Wang,
D. B. Allison, A. L. Hughes, R. C. Desrosiers, J. D. Altman, S. M. Wolinsky,
A. Sette, and D. I. Watkins. 2000. Tat-specific cytotoxic T lymphocytes select
for SIV escape variants during resolution of primary viraemia. Nature 407:
386–390.

7. Almeida, J. R., D. A. Price, L. Papagno, Z. A. Arkoub, D. Sauce, E. Bornstein,
T. E. Asher, A. Samri, A. Schnuriger, I. Theodorou, D. Costagliola, C.
Rouzioux, H. Agut, A. G. Marcelin, D. Douek, B. Autran, and V. Appay. 2007.
Superior control of HIV-1 replication by CD8� T cells is reflected by their
avidity, polyfunctionality, and clonal turnover. J. Exp. Med. 204:2473–2485.

8. Appay, V., D. C. Douek, and D. A. Price. 2008. CD8� T cell efficacy in
vaccination and disease. Nat. Med. 14:623–628.

9. Barouch, D. H., J. Kunstman, M. J. Kuroda, J. E. Schmitz, S. Santra, F. W.
Peyerl, G. R. Krivulka, K. Beaudry, M. A. Lifton, D. A. Gorgone, D. C.
Montefiori, M. G. Lewis, S. M. Wolinsky, and N. L. Letvin. 2002. Eventual
AIDS vaccine failure in a rhesus monkey by viral escape from cytotoxic T
lymphocytes. Nature 415:335–339.

10. Bennett, M. S., H. L. Ng, M. Dagarag, A. Ali, and O. O. Yang. 2007.
Epitope-dependent avidity thresholds for cytotoxic T-lymphocyte clearance
of virus-infected cells. J. Virol. 81:4973–4980.

11. Betts, M. R., M. C. Nason, S. M. West, S. C. De Rosa, S. A. Migueles, J.
Abraham, M. M. Lederman, J. M. Benito, P. A. Goepfert, M. Connors, M.

Roederer, and R. A. Koup. 2006. HIV nonprogressors preferentially main-
tain highly functional HIV-specific CD8� T cells. Blood 107:4781–4789.

12. Borrow, P., H. Lewicki, B. H. Hahn, G. M. Shaw, and M. B. Oldstone. 1994.
Virus-specific CD8� cytotoxic T-lymphocyte activity associated with control
of viremia in primary human immunodeficiency virus type 1 infection. J. Vi-
rol. 68:6103–6110.

13. Borrow, P., H. Lewicki, X. Wei, M. S. Horwitz, N. Peffer, H. Meyers, J. A.
Nelson, J. E. Gairin, B. H. Hahn, M. B. Oldstone, and G. M. Shaw. 1997.
Antiviral pressure exerted by HIV-1-specific cytotoxic T lymphocytes (CTLs)
during primary infection demonstrated by rapid selection of CTL escape
virus. Nat. Med. 3:205–211.

14. Burgers, W. A., C. Riou, M. Mlotshwa, P. Maenetje, D. de Assis Rosa, J.
Brenchley, K. Mlisana, D. C. Douek, R. Koup, M. Roederer, G. de Bruyn,
S. A. Karim, C. Williamson, C. M. Gray, and the CAPRISA 002 Acute
Infection Study Team. 2009. Association of HIV-specific and total CD8� T
memory phenotypes in subtype C HIV-1 infection with viral set point. J. Im-
munol. 182:4751–4761.

15. Carrington, M., G. W. Nelson, M. P. Martin, T. Kissner, D. Vlahov, J. J.
Goedert, R. Kaslow, S. Buchbinder, K. Hoots, and S. J. O’Brien. 1999. HLA
and HIV-1: heterozygote advantage and B*35-Cw*04 disadvantage. Science
283:1748–1752.

16. Casimiro, D. R., F. Wang, W. A. Schleif, X. Liang, Z. Q. Zhang, T. W. Tobery,
M. E. Davies, A. B. McDermott, D. H. O’Connor, A. Fridman, A. Bagchi,
L. G. Tussey, A. J. Bett, A. C. Finnefrock, T. M. Fu, A. Tang, K. A. Wilson,
M. Chen, H. C. Perry, G. J. Heidecker, D. C. Freed, A. Carella, K. S. Punt,
K. J. Sykes, L. Huang, V. I. Ausensi, M. Bachinsky, U. Sadasivan-Nair, D. I.
Watkins, E. A. Emini, and J. W. Shiver. 2005. Attenuation of simian immu-
nodeficiency virus SIVmac239 infection by prophylactic immunization with
DNA and recombinant adenoviral vaccine vectors expressing Gag. J. Virol.
79:15547–15555.

17. Chen, H., A. Piechocka-Trocha, T. Miura, M. A. Brockman, B. D. Julg, B. M.
Baker, A. C. Rothchild, B. L. Block, A. Schneidewind, T. Koibuchi, F.
Pereyra, T. M. Allen, and B. D. Walker. 2009. Differential neutralization of
human immunodeficiency virus (HIV) replication in autologous CD4 T cells
by HIV-specific cytotoxic T lymphocytes. J. Virol. 83:3138–3149.

18. Chung, C., W. Lee, J. T. Loffredo, B. Burwitz, T. C. Friedrich, J. P. Giraldo
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Napoé, S. V. Capuano, N. A. Wilson, and D. I. Watkins. 2007. Subdominant
CD8� T-cell responses are involved in durable control of AIDS virus rep-
lication. J. Virol. 81:3465–3476.
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