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Gag-Specific CD8� T Lymphocytes Recognize Infected Cells
before AIDS-Virus Integration and Viral Protein Expression1

Jonah B. Sacha,* Chungwon Chung,* Eva G. Rakasz,* Sean P. Spencer,* Anna K. Jonas,*
Alexander T. Bean,* Wonhee Lee,* Benjamin J. Burwitz,* Jason J. Stephany,*
John T. Loffredo,* David B. Allison,‡ Sama Adnan,§ Akihiko Hoji,§ Nancy A. Wilson,*
Thomas C. Friedrich,* Jeffrey D. Lifson,¶ Otto O. Yang,§ and David I. Watkins2*†

CD8� T cells are a key focus of vaccine development efforts for HIV. However, there is no clear consensus as to which of the nine
HIV proteins should be used for vaccination. The early proteins Tat, Rev, and Nef may be better CD8� T cell targets than the
late-expressed structural proteins Gag, Pol, and Env. In this study, we show that Gag-specific CD8� T cells recognize infected
CD4� T lymphocytes as early as 2 h postinfection, before proviral DNA integration, viral protein synthesis, and Nef-mediated
MHC class I down-regulation. Additionally, the number of Gag epitopes recognized by CD8� T cells was significantly associated
with lower viremia (p � 0.0017) in SIV-infected rhesus macaques. These results suggest that HIV vaccines should focus CD8� T
cell responses on Gag. The Journal of Immunology, 2007, 178: 2746–2754.

A cquired immunodeficiency syndrome (AIDS) is still
responsible for more deaths worldwide than any other
infectious disease, underscoring the urgent need to

find an effective vaccine. Unfortunately, traditional vaccine ap-
proaches have failed against HIV. Live attenuated vaccines risk
pathogenicity (1) and attempts to induce effective neutralizing
Abs have failed in phase III clinical trials (2, 3). Therefore,
research efforts have focused recently on developing vaccine
strategies that elicit effective CD8� T cell responses (4).

Ideally, such a CD8� T cell vaccine would induce responses
against conserved proteins expressed early during the replica-
tion cycle of the virus. The viral replication cycle concludes
with the production of virus at �24 h postinfection (5). For
optimal effectiveness, vaccine-induced CD8� T cells should
recognize infected cells early enough to prevent the release of
progeny virus. Therefore, it has been suggested that CD8� T
cells which recognize epitopes derived from the early proteins
Tat, Rev, and Nef might be more effective than CD8� T cells
directed against epitopes located in the late structural proteins
Gag, Pol, and Env (6 –10). The earlier an epitope is presented

by MHC class I (MHC-I)3 molecules on the surface of an in-
fected target cell, the more likely it is to serve as an effective
target for CD8� T cells. Furthermore, the viral protein Nef
down-regulates MHC-I molecules after it is produced between
6 and 12 h postinfection (11–13). This could diminish the ef-
fectiveness of CD8� T cells directed against proteins expressed
later in the viral replication cycle.

To address these possibilities, we assessed how soon after in-
fection CD8� T cells recognized epitopes derived from Tat, Gag,
and Env on the surface of infected CD4� T cells. Surprisingly,
CD8� T cells recognized Gag-derived epitopes by 2 h postinfec-
tion, before integration (14) and viral protein synthesis (13). Ad-
ditionally, epitopes derived from Env did not appear until 18 h
postinfection, close to the onset of progeny virus production. Thus,
our data suggest that a CD8� T cell-based HIV vaccine should
stimulate responses against Gag, a highly conserved viral protein.
Conversely, Env-specific CD8� T cells may not be effective be-
cause epitopes derived from this highly variable glycoprotein are
expressed too late in the viral replication cycle.

Materials and Methods
Animals

The animals in this study were Indian rhesus macaques (Macaca mulatta)
from the Wisconsin National Primate Research Center colony. They were
typed for MHC-I alleles Mamu-A*01, Mamu-A*02, and Mamu-B*17 by
sequence-specific PCR as described previously (15). The animals were
cared for according to the regulations and guidelines of the University of
Wisconsin Institutional Animal Care and Use Committee.

Cell isolation and culture

Target cells were generated from freshly isolated PBMC obtained from
SIV-naive Indian rhesus macaques using Ficoll-Paque PLUS (Amersham
Biosciences) density centrifugation. CD4� T cells were isolated using CD4
microbeads and LS columns purchased from Miltenyi Biotec and used
according to the manufacturer’s instructions. Targets were activated by
incubating overnight with staphylococcal enterotoxin B (SEB) (2.5 �g/ml)
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and Abs to CD28 (2.5 �g/ml), CD3 (2.5 �g/ml), and CD49d (2.5 �g/ml)
and cultivated in the presence of IL-2 (100 U/ml). CD4� targets were
consistently �95% CD3 and CD4 positive. Virus-specific CD8� T cell
clones were generated as described previously (7). Briefly, three rounds of
limiting dilution were performed on CD8-enriched PBMC from SIV-in-
fected macaques with repeated stimulations of autologous B-lymphoblas-
toid cells pulsed with the peptide of interest. Purity of clones was verified
by tetramer and/or intracellular cytokine staining (ICS). Cells were cul-
tured in R15-100 (RPMI 1640 medium containing 15% FCS and 100 U/ml
IL-2). IL-2 was obtained through the National Institutes of Health (NIH)
AIDS Research and Reference Reagent Program.

Generation of SIVmac239 and synchronized infections

SIVmac239 was generated (16) and purified (17) as described previously.
Briefly, Vero cells were transfected with plasmid DNA encoding proviral
sequences. CEMx174 cells were added to the Vero cultures, and the virus
was subsequently expanded on CEMx174 cells. Cell-free supernatant was
collected 2 days after peak syncytium formation. The virus was subse-
quently purified through a 20% sucrose cushion immediately before use in
the kinetic ICS (KICS) assay. ViroMag beads were obtained from OZ
Biosciences. SIVmac239 was magnetized with ViroMag beads and cells
synchronously infected according to the manufacturer’s instructions with a
multiplicity of infection �1. Briefly, target cells were incubated with the
magnetized virus for 15 min in the presence of a magnetic field, washed
once in PBS, washed once with 0.25 �g/ml trypsin EDTA (Sigma-
Aldrich), and then washed twice with PBS. Infected targets were then
incubated in R15-100 (RPMI 1640 medium containing 15% FCS and 100
U/ml IL-2). AT-2 inactivated SIVmac239 was a gift from J. Lifson (AIDS
Vaccine Program, SAIC-Frederick) and was produced from infected
SUPT1-CCR Cl 30 cells essentially as described (18). Cells treated with
tenofovir were incubated with 400 �M tenofovir for at least 2 h before
infection and throughout the experiment. Tenofovir disoproxil fumarate
was obtained through the NIH AIDS Research and Reference Reagent
Program.

Twenty-four hour virus elimination assay

A total of 1 � 105 synchronously infected CD4� T lymphocytes was
infected as described above and cocultured with CD8� T cell clones at an
E:T ratio of 1:1 in �150 �l of R15-100 at 37°C. At the specific time points,
the wells were harvested and stained for the expression of CD4 and CD8,
followed by ICS staining of Gag p27 using Fix and Perm (Caltag Labo-
ratories) according to the manufacturer’s protocol with fluorescently con-
jugated 55-2F12 Gag p27 Ab (NIH AIDS Research and Reference Reagent
Program) at �0.75 mg/ml. CD4 and CD8 Abs were purchased from BD
Biosciences. CD8� T cell clones used in this assay responded similarly to
B-lymphoblastoid cells pulsed with cognate Ag and suppressed viral rep-
lication in a longer 7-day viral suppression assay (19).

Statistics

Based on our past experience in analyzing viral load data, we expected the
data to be markedly non-normally distributed, heteroscedastic, and to be
restorable to approximate normality and approximate homoscedasticity via
a log transformation. In the current data set, we found exactly the same
thing. Therefore, the data were transformed via log (base 10) transforma-
tion. After transformation, we conducted independent group Student’s t
tests to evaluate whether there were statistically significant differences in
mean viral loads for several comparisons. In each case, we also continued
to evaluate the data for any potential heteroscedasticity and, if such het-
eroscedasticity was observed, used the Welch-corrected t test to calculate
p values evaluating the significance of differences in group means. For Gag
responses, there was no evidence of heteroscedasticity across the groups.
For Env there was a marginally statistically significant difference in vari-
ances ( p � 0.0478). In this case, either with or without using the Welch-
corrected t test for heterogeneity of variance, there was no statistically
significant difference between the means ( p � 0.7416) for the Welch-
corrected t test. For Gag, there was a statistically significant difference
between the means in terms of viral loads ( p � 0.0017).

ELISPOT

PBMC were used directly in IFN-� ELISPOT assays as described previously
(4). Briefly, 15-mer peptides from Gag or Env were added to 1 � 105 PBMC
per well and incubated for 16–18 h at 37°C in a 5% CO2 incubator. All tests
were performed in duplicate. Wells were imaged with an ELISPOT reader
(Autoimmun-Diagnostika), counted by ELISPOT Reader, version 3.1.1 (Au-
toimmun-Diagnostika), and analyzed as described previously (4). A response
was considered positive if the mean number of spot-forming cells of duplicate

sample wells exceeded background plus two SD and was �50 spot-forming
cells per 1 � 106 cells.

Intracellular cytokine staining assay

The ICS assay was performed as described previously (4) with some mod-
ification. Briefly, 1 � 105 synchronously infected CD4� targets were in-
cubated with 1 � 105 SIV-specific CD8� clones for 1.5 h at 37°C in 200
�l of R15–100 (RPMI 1640 medium containing 15% FCS and 100 U/ml
IL-2) with anti-CD28 and anti-CD49d. To prevent protein transport from
the Golgi apparatus, 10 �g of brefeldin A (BFA) per ml was added at the
specific time points postinfection indicated and the cells were incubated an
additional 5 h at 37°C. Cells were washed and stained for surface expres-
sion of CD4 and CD8 markers and fixed overnight in 1% paraformalde-
hyde at 4°C. The following day, cells were permeabilized in buffer con-
taining 0.1% saponin and stained for IFN-� and TNF-� before being
fixed in 1% paraformaldehyde for 2 h at 4°C. Events were collected on
a FACSCalibur flow cytometer (BD Biosciences) with CellQuest soft-
ware (BD Biosciences) and analyzed with FlowJo v.6.1.1 or above for
Macintosh (Tree Star). A positive result is defined as being at least
2-fold higher than the negative control, preferably with the mean flu-
orescent intensity at least in the second decade above the negative peak.

Results
CD4� T lymphocytes present Gag-derived epitopes early after
infection

To determine when SIV-derived epitopes are first presented to
CD8� T cells by MHC-I molecules on the surface of target cells,
we developed a novel KICS assay. This assay uses primary CD4�

T lymphocyte targets, SIV-specific CD8� T cell clones, and a
synchronized infection with SIVmac239 (Fig. 1). We stimulated
freshly isolated CD4� T lymphocytes overnight with SEB and
costimulatory Abs and then infected these cells with magnetized
SIVmac239 in the presence of a magnetic field for fifteen minutes
to synchronize adsorption (20). At various time points after infec-
tion, we treated the CD4� T lymphocytes with the Golgi transport
inhibitor BFA to block the transport of epitope-loaded MHC-I
molecules to the cell surface. To measure epitope presentation, we
incubated the synchronously infected CD4� T lymphocytes with
SIV-specific CD8� T cell clones and detected recognition of
MHC-I-bound epitopes by the secretion of the cytokines IFN-�
and TNF-� from the CD8� T cells.

We initially hypothesized that CD8� T cells would recognize
epitopes derived from the regulatory protein Tat early in the rep-
lication cycle. By contrast, we predicted that CD8� T cells di-
rected against epitopes in the structural proteins Gag and Env,
which are expressed later, would recognize infected cells after 18 h
of infection. Using CD8� T cell clones specific for Gag, Tat, and
Env (Table I), we examined the kinetics of epitope presentation
over the complete 24-h time course of the viral life cycle. Gag-
specific clones did indeed recognize infected targets late in the
viral replication cycle, between 18 and 24 h postinfection (Fig. 2,
A and B). Tat-specific clones recognized infected targets by 12 h
postinfection (Fig. 2C). Surprisingly, however, we saw MHC-I-
restricted recognition of the Gag-derived epitopes at 6 h postin-
fection, when no Env- or Tat-derived epitopes were detectable on
the surface of virus-infected cells (Fig. 2). In contrast, CD8� T
cells did not recognize Env-derived epitopes until late in the viral
replication cycle, between 18 and 24 h postinfection (Fig. 2D). We
saw no recognition of uninfected MHC-I-matched or infected
MHC-I-mismatched CD4� T lymphocytes at any point during the
replication cycle, indicating that cytokine secretion was both pep-
tide specific and MHC-I restricted (Fig. 2).

Because it appeared that Gag-specific CD8� T cells could al-
ready recognize infected cells by 6 h, we next explored even earlier
events in the time course of epitope presentation. Two different
Gag-specific CD8� T cell clones restricted by two different
MHC-I molecules recognized their cognate epitopes as early as 2 h

2747The Journal of Immunology
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postinfection, with recognition peaking at �6 h postinfection (Fig.
3, A and B). By contrast, CD8� T cell clones directed against
epitopes in Env and Tat failed to recognize infected cells during
the first 7 h of infection, although they recognized the same in-
fected cells at 24 h postinfection (Fig. 3, C and D, and data not
shown). As before, infected MHC-I-mismatched targets failed to
activate CD8� T cells. Additionally, this early Gag presentation
occurred in the context of two different MHC-I molecules and with
two different Gag proteins, Gag p27 and p17.

Gag epitopes presented early after infection are derived from
incoming virus

Virion-derived Gag and Env proteins have very different fates after
infection. Env proteins remain on the cell surface, (13), while the
viral genome is delivered into the cell in a ribonucleoprotein com-
plex composed largely of Gag. Therefore, we reasoned that CD8�

T cells specific for Gag might recognize infected cells early after
infection because the infected cells were presenting epitopes

FIGURE 1. KICS assay schematic.
A, PBMC-derived CD4� T cell targets
were activated by overnight stimulation
with SEB and CD28, CD3, and CD49d
Abs. B, Effector cells were generated by
three rounds of limiting dilution of a
2-wk in vitro-stimulated CD8� T cell
line. C, Activated CD4� target cells are
synchronously infected by a 15-min in-
cubation with magnetically activated
SIVmac239 (multiplicity of infection
�1) in the presence of a magnetic field.
Spinoculation (41) was used to verify
the results of some experiments. Identi-
cal results were obtained with both
methods (data not shown). D, Synchro-
nously infected CD4� target cells are
cocultured with SIV-specific clones
for 1.5 h and then for an additional
5 h in the presence of BFA at vari-
ous times postinfection. ICS is then
performed to detect activation of the
CD8� T cell clones via staining for
IFN-� and TNF-�.

Table I. SIV-specific CD8� T cells used in the KICS assay

Clone Name Protein Amino Acid Position Epitope MHC Restriction Sequence No. of Clones Used

Gag CM9 Gag p27 181–189 CM9 A*01 CTPYDINQM 3
Gag GY9 Gag p17 71–79 GY9 A*02 GSENLKSLY 2
Tat SL8 Tat 28–35 SL8 A*01 STPESANL 3
Env FW9 Env gp41 830–838 FW9 B*17 FHEAVQAVW 3

2748 EARLY RECOGNITION BY Gag-SPECIFIC CD8� T CELLS
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derived from the incoming, virion-derived Gag protein. If this
hypothesis were correct, early recognition of Gag-derived epitopes
would not require gene expression or even infectious virus, be-

cause virion-derived Gag would be sufficient to trigger CD8� T
cells. Indeed, pulsing target cells with noninfectious, 2,2-dithio-
dipyoidine (aldrithiol-2)-inactivated virus or treatment of infected

FIGURE 2. Presentation kinetics of SIV-derived CD8� T cell epitopes.
MHC-I-matched (f) and MHC-I-mismatched (large asterisk) CD4� T cell
targets were synchronously infected with SIVmac239 and cocultured at an
E:T of 1:1 with SIV-specific CD8� T cell clones specific for Gag CM9 (A),
Gag GY9 (B), Tat SL8 (C), or Env FW9 (D). Results are shown as a
percentage of the maximum cytokine staining of TNF-� and IFN-� de-
tected during the assay. Representative raw flow data is shown in Fig. 1D.
Uninfected, MHC-I-matched targets did not activate the CD8� T cell
clones (data not shown). Data shown are mean � SD for at least three
independent experiments.

FIGURE 3. Gag-specific CD8� T cells recognize infected cells by 2 h
postinfection. Synchronously infected MHC-I-matched (f) and MHC-I-
mismatched (large asterisk) CD4� T cell targets were cocultured at an E:T
of 1:1 with SIV-specific CD8� T cell clones specific for Gag CM9 (A), Gag
GY9 (B), Tat SL8 (C), or Env FW9 (D). Results are shown as a percentage
of the maximum cytokine secretion detected during the assay. For Tat- and
Env-specific CD8� T cells, the infected targets used for the first 7 h were
used as APCs at 24 h postinfection to obtain maximum responses. Data
shown are mean � SD for at least three independent experiments.

2749The Journal of Immunology
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cells with the reverse transcriptase inhibitor, tenofovir, elicited re-
sponses from Gag-specific CD8� T cells that peaked at 6 h postin-
fection and then decayed over time (Fig. 4, A and B). Using flow
cytometry, we did not detect synthesis of the viral proteins Nef or
Gag in cells treated with tenofovir or pulsed with AT-2-inactivated
virus, indicating viral protein synthesis was not occurring (data not
shown). Although de novo viral protein synthesis of Gag was
blocked, early recognition of Gag-derived epitopes was unaltered.
Additionally, pulsing with AT-2-inactivated virus or treating in-
fected cells with tenofovir abolished the later wave of biphasic
Gag presentation, indicating that early Gag recognition was due to
epitopes derived from the incoming virus. The second wave, be-
ginning at �18 h postinfection, was therefore likely dependent
upon de novo Gag synthesis. Although early Gag-specific recog-
nition still occurred in the absence of protein synthesis, Tat- and
Env-specific recognition were completely abrogated by these two
treatments (Fig. 4, C and D). Thus, CD8� T cells specific for these

two proteins recognized infected cells after de novo synthesis of
the protein containing their cognate epitope.

To investigate further the presentation of Gag epitopes derived
from incoming virions, we performed a dose-response analysis of
the virus inoculum. Increasing the input amounts of infecting virus
correlated with increased recognition of the infected CD4� T lym-
phocytes by Gag-specific CD8� T cells. Cells exposed to as little
as 3–15 femtograms of Gag p27 per cell, corresponding to �20–
100 virions per cell, stimulated Gag-specific CD8� T cells at 6 h
postinfection (Fig. 5). This threshold is likely attained in vivo,
especially in immune tissue compartments where there are con-
centrated, local bursts of infection (21).

Gag-specific CD8� T cells eliminate infected CD4� T cells
early after infection

Our previous assays measured cytokine secretion, but did not ad-
dress the ability of Gag-specific CD8� T cells to eliminate newly

FIGURE 4. Early presentation of Gag-derived CD8� T cell epitopes does not require de novo protein synthesis. CD4� T cell targets (f) were infected
with equal amounts of virus, as measured by Gag p27 content, of either AT2-inactivated SIVmac239 or infectious SIVmac239 in the presence of 400 �M
Tenofovir to inhibit reverse transcription and then cocultured with CD8� T cells specific for Gag CM9 (A), Gag GY9 (B), Tat SL8 (C), or Env FW9 (D).
Cells infected with infectious SIVmac239 were pretreated with 400 �M Tenofovir for at least 2 h before infection and cultured with 400 �M tenofovir
throughout the experiment to block reverse transcription and the KICS assay was performed as described. Data shown are mean � SD for at least three
independent experiments.

FIGURE 5. Titration of virus inoculum. Gag CM9-specific (A) or Gag GY9-specific (B) CD8� T cell clones were cocultured with CD4� T cell targets
synchronously infected with decreasing amounts of virus, as measured by Gag p27 content, at an E:T of 1:1 (at 6 h postinfection). Positive results are
underlined. Dot plots were generated by gating on live lymphocytes and CD8� T cells, and results are shown as percentages of IFN-�� and/or TNF-��

CD8� T cells. Results are representative of at least two independent experiments.
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infected CD4� T cells. Therefore, we next investigated the ability
of Gag-specific CD8� T cells to reduce the proportion of Gag p27
staining in infected CD4� T lymphocytes. To measure elimination
of infected cells, we monitored intracellular Gag p27 frequency
throughout the viral replication cycle after a synchronized
infection.

Immediately following infection, we detected Gag p27 in in-
fected cells (Fig. 6A). This was consistent with our observation
that virion-derived Gag is present in recently infected cells. At 18 h
postinfection, after production of the viral protein Nef, which
down-regulates MHC-I and CD4 (22), we detected Gag p27 in
CD4� and CD4� cells. Finally, by 24 h postinfection, two distinct
infected populations were apparent: CD4�Gag p27� cells and

CD4�Gag p27� cells. The CD4�Gag p27� cells are likely newly
infected cells where viral protein synthesis has not occurred. The
CD4�Gag p27� cells are infected cells, in which the provirus has
integrated and produced viral proteins.

The Gag-specific clone, Gag71–79GY9, eliminated many of the
infected cells by 6 h postinfection, reducing the frequency of Gag
p27�CD4� T cells at 6 h postinfection from 66% (no CD8� T cell
control) to 34.6% (Fig. 6B). Reduction of Gag p27� CD4� T cells
continued throughout the course of the experiment (Fig. 6, A and
B). In contrast, elimination of infected cells by Tat- or Env-specific
CD8� T cell clones was delayed, first occurring at 18 h postin-
fection (Fig. 6, C and D). When infected cells were cocultured with
Tat- or Env-specific clones, there was a diminution of Gag p27

FIGURE 6. Gag-specific CD8� T
cells eliminate infected cells early af-
ter infection. A Mamu-A*01�, Mamu-
A*02�, and Mamu-B*17� CD4� tar-
get cell line was synchronously infected
and cocultured at an E:T of 1:1 with ei-
ther no CD8� T cells (A), or with SIV-
specific CD8� T cell clones specific for
Gag GY9 (B), Tat SL8 (C), or Env
FW9 (D). E, To ensure that elimination
of infected cells was MHC-I-depen-
dent, a Mamu-A*01�, Mamu-A*02�,
and Mamu-B*17� CD4� target cell
line was synchronously infected and
cocultured for 24 h with the CD8� T
cell clones described above. Dot plots
were generated by gating on live, CD8�

cells. Data are representative of three
independent experiments.
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staining only in the CD4� cells. This agrees with our previous
observation that CD8� T cells specific for these proteins cannot
recognize infected cells until proviral integration (14) and viral
protein synthesis (13) has already occurred. Conversely, Gag-spe-
cific CD8� T cells reduced the frequency of Gag p27 in both the
CD4� and CD4� populations, indicating that Gag-specific CD8�

T cells could recognize and eliminate SIV-infected cells both be-
fore and after proviral integration (14) and viral protein synthesis
(13). Finally, the frequency of Gag p27� MHC-I-mismatched tar-
gets was unchanged (Fig. 6E), demonstrating that the CD8� T cell
clones were only responding to infected cells in an MHC-I-re-
stricted manner.

Impact of Gag-specific CD8� T cell responses on plasma viral
concentrations in vivo

To determine whether early recognition of Gag epitopes might
have an impact on CD8� T cell efficacy in vivo, we studied the
cellular immune responses and viral loads of 24 unvaccinated In-
dian rhesus macaques. These animals were all infected with the
molecularly cloned virus, SIVmac239. During the postacute phase,
6–32 wk postinfection, viral loads were monitored by quantitative
RT-PCR. CD8� T cell responses against Gag and Env were mea-
sured in IFN-� ELISPOT assays using overlapping 15 mers span-
ning the entire length of the Gag and Env proteins. We observed
no correlation between Env-specific responses and lower viral
loads in the postacute phase ( p � 0.74) (Fig. 7A). In contrast, a
reduction of viremia was significantly associated with multiple
CD8� T cell responses directed against Gag. Animals with three or
more responses to Gag had set-point viremia nearly one and a half
logs lower than animals with fewer responses ( p � 0.0017) (Fig.
7B). These findings agree with a similar study performed with a
large cohort of unvaccinated HIV-infected individuals in South
Africa (23). Finally, due to a paucity of CD8� T cell responses in

Tat, Rev, and Nef, it was not possible to perform the analysis using
these proteins.

Discussion
In this study, we show for the first time that SIV-infected CD4� T
lymphocytes present Gag-derived CD8� T cell epitopes early after
infection. We detected presentation by 2 h postinfection, before
proviral DNA integration (14) or viral protein synthesis (13).
These epitopes were therefore likely derived from the incoming
virus inoculum. Furthermore, we correlated the ability to mount
multiple Gag-specific CD8� T cell responses with reduction of
chronic phase viremia.

Gag-specific CD8� T cells may be more important in control-
ling viral replication than previously thought. This might be due to
the early presentation of Gag-derived epitopes. Although it is pos-
sible that our in vitro assays used more infectious SIV than would
be available during infection in vivo, the virus titration experiment
performed argues against this. The dose-response analysis of the
virus inoculum revealed a CD8� T cell triggering threshold in the
range of 20–100 virions per cell. One infected cell produces be-
tween 100 and 1,000 virus particles per day (24, 25), and only �1
in 10,000 virus particles is infectious (26, 27). It is therefore likely
that an uninfected CD4� T cell located in close proximity to an
infected cell in an immune tissue compartment could be infected
by sufficient virus to exceed the threshold required to trigger a
Gag-specific CD8� T cell.

Our observation that virion-derived epitopes are presented on
the cell surface within 2 h of infection is consistent with other
studies in which epitopes arrived at the plasma membrane in the
context of MHC-I molecules within 1 h of introduction into the
cytosol (28). Presentation of CD8� T cell epitopes derived from
the incoming virion has been shown previously with other viruses,
including adenovirus (29), influenza virus (30), and cytomegalo-
virus (31). This phenomenon is not, therefore, unique to retrovi-
ruses, but rather a consequence of viral protein penetration into the
cytosol where it is accessible to cellular Ag processing machinery.
Indeed, the proteosome has previously been shown to degrade Gag
from incoming HIV virions early in the replication cycle (32) and
plays a major role in generating antigenic peptides presented by
MHC-I molecules. Therefore, it is likely that the proteosome is
directly involved in the early presentation from virion-derived Gag
after infection. With �1500 copies of Gag p27 per virion (33), the
incoming virus inoculum provides abundant substrate for the Ag
processing machinery. Furthermore, CD8� T cells can recognize
even a few cell surface peptide/MHC-I complexes (34) and an effec-
tively recognized epitope from HIV-1 is presented at an average den-
sity of 14 copies per cell (35).

Early presentation of Gag-derived epitopes did not require de
novo protein synthesis. Cells treated with the reverse transcriptase
inhibitor tenofovir still efficiently triggered Gag-specific CD8� T
cells early after infection in the absence of detectable viral protein
synthesis. Furthermore, cells exposed to AT-2-inactivated SIV
virions, whose infectivity has been destroyed without affecting
their Env-mediated fusion ability (36), also triggered Gag-specific
CD8� T cells early after infection. These data confirm that the Gag
epitopes were derived from incoming virions.

Our data suggest that Env may not be a good target for vaccines
designed to induce CD8� T cell responses. Env proteins from the
incoming virus remain associated with the plasma membrane (13)
and are not accessible to the Ag-processing machinery. Env-spe-
cific CD8� T cells therefore cannot recognize infected cells until
de novo protein synthesis of the Env protein occurs, rather late in
the replication cycle. As a consequence, Env-specific CD8� T
cells cannot recognize or eliminate infected cells until well after

FIGURE 7. Multiple Gag-specific, not Env-specific, CD8� T cell re-
sponses are linked with lower viremia in SIVmac239-infected macaques.
Distribution of viral loads of 24 unvaccinated, SIV-infected rhesus ma-
caques during the postacute phase according to number of responses (‚,
zero to two responses, �, three or more responses) against the entire length
of Env (A) or Gag (B). Values of p were generated through independent
group Student’s t tests (n � 24).
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Nef-mediated down-regulation of MHC-I molecules (11–13) has
occurred and close to the onset of progeny virus production. This
tardy recognition and the variable nature of Env suggest that it
would be a poor viral protein for a vaccine target to induce cellular
immune responses.

Our in vitro data provide a potential mechanism to explain the
in vivo finding that there is an enhanced control of viral replication
associated with multiple Gag-specific responses. This might be due
to infected cells presenting Gag-derived CD8� T cell epitopes
early after viral entry. It is tempting to speculate that the kinetic
advantage gained by Gag- over Env-specific CD8� T cells is a key
contributing factor for this disparity in vivo. However, other fac-
tors such as the facility with which the Env protein can escape
from CD8� T cell responses and the high cost of Gag escape on
viral fitness (16, 37) likely also contribute significantly to this
observation.

Our data suggest that multiple Gag-specific responses are im-
portant in the control of SIV replication. Gag has already been
used in vaccine regimens with variable results. Adenovirus-deliv-
ered Gag induced responses that suppressed replication of the ar-
tificial SHIV89.6p challenge virus (38), but failed to affect disease
course after the more realistic SIVmac239 challenge (39). Inter-
estingly, however, Mamu-A*01� macaques vaccinated with ade-
novirus expressing Gag exerted transient control of SIVmac239
replication. These macaques all mounted a strong CD8� T cell
response against the immunodominant epitope Gag181–189CM9.
Similar experiments using a vaccine regimen using Sendai virus
expressing Gag resulted in MHC-I-dependent control of viral rep-
lication in five of eight vacinees (40). Therefore, it is possible that
a broad CD8� T cell response against several epitopes in Gag
might be more efficacious.

Gag-specific CD8� T cells recognize infected cells by 2 h
postinfection. After 6 h of infection, Gag-specific CD8� T cells
eliminate infected cells, both before and after proviral DNA inte-
gration (14) and viral protein synthesis (13). These findings dem-
onstrate that Gag-specific CD8� T cells do not require productive
infection of cells or even de novo protein synthesis to recognize
cells as infected and eliminate them. This raises the possibility that
Gag-specific CD8� T cells could be far more efficient than previ-
ously thought.
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