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While a diversity of immunogens that elicit qualitatively different cellular immune responses are being assessed
in clinical human immunodeficiency virus vaccine trials, the consequences of those varied responses for viral control
remain poorly understood. In the present study, we evaluated the induction of virus-specific T-cell responses in
rhesus monkeys using a series of diverse vaccine vectors. We assessed both the magnitude and the functional profile
of the virus-specific CD8� T cells by measuring gamma interferon, interleukin-2, and tumor necrosis factor alpha
production. We found that the different vectors generated virus-specific T-cell responses of different magnitudes and
with different functional profiles. Heterologous prime-boost vaccine regimens induced particularly high-frequency
virus-specific T-cell responses with polyfunctional repertoires. Yet, immediately after a pathogenic simian-human
immunodeficiency virus (SHIV) challenge, no significant differences were observed between these cohorts of vac-
cinated monkeys in the magnitudes or the functional profiles of their virus-specific CD8� T cells. This finding
suggests that the high viral load shapes the functional repertoire of the cellular immune response during primary
infection. Nevertheless, in all vaccination regimens, higher frequency and more polyfunctional vaccine-elicited
virus-specific CD8� T-cell responses were associated with better viral control after SHIV challenge. These obser-
vations highlight the contributions of both the quality and the magnitude of vaccine-elicited cellular immune
responses in the control of immunodeficiency virus replication.

Evidence for the critical importance of cellular immunity in
the control of human immunodeficiency virus (HIV) replica-
tion has served as an impetus for creating an AIDS vaccine that
elicits potent CD8� cytotoxic T-lymphocyte (CTL) responses
(2, 20, 22). Studies of humans showing an association between
CTL responses and clinical status, as well as studies of nonhu-
man primate models demonstrating a critical requirement for
CD8� lymphocytes in the clearance of a primate lentivirus,
highlighted the importance of cellular immunity in HIV con-
trol. These findings provided an impetus for exploring a variety
of vaccine strategies for eliciting HIV-specific cellular immune
responses. In fact, HIV vaccine modalities that elicit high-
frequency cellular immune responses are now being assessed in
advanced human clinical efficacy trials (8, 9, 14).

While the evaluation of HIV vaccine candidates has, for the
most part, depended on quantifying the magnitude of vaccine-
elicited T-lymphocyte gamma interferon (IFN-�) responses,
emerging data are indicating that different vaccine modalities
can induce cellular immune responses that are qualitatively
very different (3–7, 12, 13, 16, 18, 23). Some vaccine modalities
bias T-lymphocyte responses to CD8� and others to CD4�

cells. Different vaccine platforms also induce T-lymphocyte
responses with very different functional profiles. The conse-
quences of these qualitative differences for viral control and

clinical disease progression following infection remain poorly
understood.

The present study was initiated to systematically explore the
qualitative differences in the cellular immune responses gen-
erated in rhesus monkeys using different vaccine modalities.
We had the opportunity to do this evaluation by comparing the
immune responses elicited with different vaccine vectors that
express the same gene inserts. We were also able to evaluate
the ramifications of these qualitative differences in vaccine-
induced T cells on lentiviral control and clinical disease pro-
gression in the vaccinated monkeys following primate lentivi-
rus challenge.

MATERIALS AND METHODS

Selection of rhesus monkeys. Heparinized blood samples were obtained from
Mamu-A*01� rhesus monkeys (Macaca mulatta). All animals were maintained in
accordance with the Guide for the Care and Use of Laboratory Animals (15) and
with the approval of the Institutional Animal Care and Use Committee of
Harvard Medical School and the National Institutes of Health.

Immunization and challenge of rhesus monkeys. Archived peripheral blood
lymphocytes (PBL) from 45 rhesus monkeys from previously reported studies
(10, 11, 17, 19, 21) were assigned to five experimental groups that received
different homologous or heterologous prime-boost immunizations. Plasmid
DNA, rAd5, and rPox vaccine vectors were constructed as previously described
and administered by intramuscular injection using a needle-free Biojector sys-
tem. The immunization and challenge schedules for each experimental group of
monkeys are summarized in Table 1. All experimentally vaccinated and 14
Mamu-A*01� control monkeys were challenged intravenously with 50 50% mon-
key infectious doses of pathogenic simian-human immunodeficiency virus SHIV-
89.6P from the same original virus stock.

CD4� T-lymphocyte counts and plasma viral RNA levels. Peripheral blood
CD4� T-lymphocyte counts were calculated by multiplying the total lymphocyte
count by the percentage of CD3� CD4� T cells determined by monoclonal
antibody (MAb) staining and flow cytometric analysis. Plasma viral RNA levels
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were measured by an ultrasensitive branched DNA amplification assay with a
detection limit of 125 copies per ml (Siemens Diagnostics, Berkeley, CA).

Antibodies. The antibodies used in this study were directly coupled with
fluorescein isothiocyanate, phycoerythrin (PE), PE-Texas Red, peridinium chlo-
rophyll protein-Cy5.5, PE-Cy7, AmCyan, Pacific Blue, allophycocyanin, Alexa
Fluor 700, and Quantum-Dot 605. All reagents were validated and titrated using
rhesus monkey PBL. The following MAbs were used: anti-tumor necrosis factor
alpha (TNF-�)–fluorescein isothiocyanate (MAb11; BD Biosciences, San Jose,
CA), anti-CD95–PE-Texas Red (DX2; BD Biosciences), anti-CD28–peridinium
chlorophyll protein-Cy5.5 (L293; BD Biosciences), anti-IFN-�–PE-Cy7 (B27;
BD Biosciences), anti-CD3–Pacific Blue (SP34-2; BD Biosciences), anti-inter-
leukin-2 (IL-2)–allophycocyanin (MQ1-17H12; BD Biosciences), anti-CD8�–
Alexa Fluor 700 (RPA-T8; BD Biosciences), and anti-CD4–Quantum-Dot 605
(unconjugated CD4 antibody was obtained from BD Biosciences; Quantum-Dot
605 was obtained from Invitrogen, Carlsbad, CA). A violet fluorescent reactive
dye (ViViD; Invitrogen) was also used as a viability marker to exclude dead cells
in the analysis.

PBL stimulation and intracellular cytokine staining. Purified PBL were iso-
lated from EDTA-anticoagulated blood and frozen in the vapor phase of liquid
nitrogen. The cells were later thawed and allowed to rest for 6 h at 37°C in a 5%
CO2 environment. The viability of these cells was �90%. Peripheral blood
mononuclear cells (PBMCs) were then incubated at 37°C in a 5% CO2 environ-
ment for 6 h in the presence of RPMI medium-10% fetal calf serum alone
(unstimulated), a pool of 15-mer Gag or Env peptides (2 �g/ml of each peptide;
AIDS Research and Reference Reagent Program, Division of AIDS, NIAID,
NIH, Germantown, MD), or staphylococcal enterotoxin B (5 �g/ml; Sigma-
Aldrich, St. Louis, MO) as a positive control. All cultures contained monensin
(GolgiStop; BD Biosciences) as well as 1 �g/ml anti-CD49d (BD Biosciences).
Anti-CD28 and anti-CD49d MAbs are usually used to costimulate T-cell activa-
tion in intracellular cytokine-staining assays. Since we included anti-CD28 anti-
body in our staining panel of MAbs, we excluded the anti-CD28 MAb in the
stimulation phase of the assay to avoid the downregulation of this molecule. The
cultured cells were stained with MAbs specific for cell surface molecules, includ-
ing CD3, CD4, CD8, CD28, and CD95. After fixing the cells with Cytofix/
Cytoperm solution (BD Biosciences), the cells were permeabilized and stained
with antibodies specific for IFN-�, TNF-�, and IL-2. The labeled cells were fixed
in 1% formaldehyde–phosphate-buffered saline.

The vaccine-induced cellular immune responses in the monkeys that received
DNA-DNA, rAd5-rAd5, DNA-rAd5, and DNA-rPox vaccine regimens were
assessed using a pool of 15-mer simian immunodeficiency virus SIVmac239 Gag
peptides. Because the monkeys that received rPox-rPox immunizations devel-
oped very low frequency Gag-specific T-cell responses (19), Env-specific T-cell
responses were evaluated using a pool of 20-mer HIV type 1 (HIV-1) 89.6P
(KB9) Env peptides in these animals.

Flow cytometric analysis. Samples were collected on a BD LSRII flow cytom-
eter (BD Biosciences) and analyzed using FlowJo software (Tree Star, Ashland,
OR). Approximately 500,000 to 1,000,000 events were collected per sample.
Doublets were excluded by forward scatter (FSC) area versus FSC height. Dead
cells were excluded by staining with amine reactive dye. CD4� and CD8� T cells
were determined by their expression of CD3, CD4, or CD8. A functional analysis
was done by plotting the expression of each cytokine molecule against another,
and a Boolean combination of single functional gates was generated using
FlowJo software. The frequency of cells producing IFN-�, TNF-�, and IL-2,
either individually or in any combination, was determined by FlowJo, formatted

in PESTLE, and analyzed using SPICE software (both the PESTLE and SPICE
software were provided by M. Roederer, NIH, Bethesda, MD). All values used
for the analysis are background subtracted. Responses were considered positive
when the percentage of total cytokine-producing cells was at least twice that of
the background, and the cutoff for a positive response was 0.05%.

Statistical analyses. Statistical analyses and graphical presentations were com-
puted with GraphPad Prism. The Kruskal-Wallis test for multiple groups (or its
equivalent Mann-Whitney test for two groups) was used to compare the naı̈ve
CD4� T lymphocytes, peak and plateau viral RNA levels, and cellular immune
responses of the different groups of experimental animals. Comparison of the
cytokine distributions between groups was performed using a one-sided permu-
tation test in SPICE.

RESULTS

Study design. Archived viably frozen PBL from previously
reported preclinical rhesus monkey vaccine studies of homol-
ogous and heterologous prime-boost immunization regimens
were studied (10, 11, 17, 19, 21). The immunization and chal-
lenge schedules for each experimental group of monkeys are
summarized in Table 1. In the homologous prime-boost exper-
imental groups, six monkeys received 1012 particles of rAd5 as
priming immunizations at weeks 0 and 8, followed by homol-
ogous rAd5 boosting at week 26. Six monkeys received 109

PFU of recombinant modified vaccinia virus Ankara (MVA) at
weeks 0 and 8, followed by a homologous boosting at weeks 26
and 43. Another four monkeys received 5 mg plasmid DNA
priming immunizations at weeks 0, 4, and 8, followed by a
boosting immunization with homologous DNA plasmid at
week 42. This group of experimental monkeys also received 5
mg inoculations of IL-2/immunoglobulin (Ig) plasmid on day 2
after both the week 0 and week 4 vaccinations. In the heter-
ologous DNA-rAd5 experimental group, 17 monkeys received
4-mg inoculations of plasmid DNA as a priming immunization
at weeks 0, 4, and 8, followed by a boosting immunization with
1012 particles of rAd5 at week 26. Twelve monkeys in the
heterologous DNA-rPox experimental group received 5-mg
inoculations of plasmid DNA as a priming immunization at
weeks 0, 4, and 8 followed by a boosting immunization with 109

PFU of recombinant MVA, Vac, or fowlpox virus at week 42.
Five milligrams of IL-2/Ig plasmid were also inoculated on day
2 after the week 0 and 4 vaccinations. At 12 weeks (DNA-
rAd5), 18 weeks (DNA-rPox, DNA-DNA), 21 weeks (rPox-
rPox), or 22 weeks (rAd5-rAd5) after the final immunizations,
all experimental and 14 control monkeys were challenged in-

TABLE 1. Immunization and challenge schedule

Group Priming immunization Boosting immunization SHIV-89.6P
challenge at wk Reference

rAd5-rAd5 (n � 6) rAd5 (1012 particles; wk 0 and 8) rAd5 (1012 particles; wk 26) 48

rPox-rPox (n � 6) rPox (109 PFU; wk 0 and 8) rPox (109 PFU; wk 26 and 43) 64 19

DNA-DNA (n � 4) DNA (5 mg; wk 0, 4, and 8); IL-2/Ig
plasmid (5 mg; wk 0 and 4)

DNA (5 mg; wk 42) 60 17

DNA-rAd5 (n � 17) DNA (4 mg; wk 0, 4, and 8) rAd5 (1012 particles; wk 26) 38 10

DNA-rPox (n � 12) DNA (5 mg; wk 0, 4, and 8); IL-2/Ig
plasmid (5 mg; wk 0 and 4)

rPox (109 PFU; wk 42) 60 17
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travenously with 50 50% monkey infectious doses of patho-
genic SHIV-89.6P from the same original virus stock.

Vaccine-elicited cellular immune responses. Since cellular
immune responses contribute to primate lentivirus contain-
ment, we sought to determine whether these different vaccine
strategies induce qualitatively or quantitatively different virus-
specific T-lymphocyte responses. PBL from the monkeys re-
ceiving homologous or heterologous vaccination regimens
were exposed to pools of overlapping peptides spanning the
SIV Gag or HIV-1 Env protein, and the fractions of CD4� or
CD8� T cells producing IFN-�, TNF-�, or IL-2 were deter-
mined by intracellular cytokine staining. The sum total of the
production of these three cytokines in response to these
pooled-peptide stimulations is shown in the top two rows of
Fig. 1.

Monkeys primed with rAd5 developed high-frequency, sus-
tained virus-specific CD8� T-cell responses. In contrast, mon-
keys primed with rPox developed low-frequency, transient vi-
rus-specific CD8� T-cell responses. Monkeys primed with
plasmid DNA developed low-frequency virus-specific T-cell
responses that included both CD4� and CD8� T cells, whereas
animals that received a DNA immunization augmented with
IL-2/Ig administration developed low-frequency virus-specific
T-cell responses that predominantly included CD4� T cells.

Homologous rAd5, rPox, or DNA boosting elicited no fur-
ther increase in the magnitude of the antigen-specific T-cell
responses. However, the monkeys that received DNA and IL-

2/Ig immunizations developed a dramatic expansion of their
virus-specific CD4� and CD8� T-cell responses following het-
erologous rPox boosting. A dramatic expansion of virus-spe-
cific T-cell responses, biased to CD8� T cells, was seen after
heterologous rAd5 boosting. Thus, a heterologous DNA
prime, rAd5, or rPox boost immunization elicited the highest-
frequency virus-specific T-cell responses.

Cellular immune responses following SHIV-89.6P chal-
lenge. Since early control of primate lentivirus replication is
mediated by the cellular immune response in the infected
individual (22), we were interested in determining whether
these different vaccination regimens affected the magnitude or
quality of the cellular immune responses that developed in
these monkeys following virus challenge (Fig. 1, bottom two
rows). Interestingly, the magnitudes of the virus-specific CD8�

T-cell responses of these groups of vaccinated monkeys were
indistinguishable 2 weeks after the challenge. The magnitudes
of the mean cytokine responses were 0.64% � 0.37% (rAd5-
rAd5), 0.70% � 0.16% (rPox-rPox), 1.04% � 0.59% (DNA-
DNA), 0.95% � 0.39% (DNA-rAd5), and 1.46% � 0.53%
(DNA-rPox). Further, these virus-specific CD8� T cells were
preserved 12 weeks following the SHIV-89.6P challenge. As
expected, the control monkeys generated only low-frequency
virus-specific CD8� T-cell responses following challenge, and
highly significant differences were found between the magni-
tudes of the responses in the control and vaccinated groups of

FIG. 1. Virus-specific cellular immune responses following vaccination and following SHIV-89.6P challenge. Six groups of Mamu-A*01� rhesus
monkeys were evaluated: (i) control, comprising the monkeys immunized with a sham vaccine; (ii) rAd5-rAd5, comprising the monkeys immunized
with a homologous rAd-rAd5 regimen; (iii) rPox-rPox, comprising the monkeys immunized with a homologous rPox-rPox regimen; (iv) DNA-
DNA, comprising the monkeys immunized with a homologous DNA-DNA immunization regimen; (v) DNA-rAd5, comprising the monkeys
immunized with a heterologous DNA-rAd5 regimen; and (vi) DNA-rPox, comprising the monkeys immunized with a heterologous DNA-rPox
regimen. All experimental and 14 Mamu-A*01� control monkeys were then challenged with SHIV-89.6P. PBL isolated at the indicated times
following vaccination or challenge were exposed to pools of overlapping peptides spanning the Gag or Env proteins, and the fractions of CD4�

or CD8� T cells producing IFN-�, TNF-�, or IL-2 were determined by intracellular cytokine staining. Data are presented as the mean frequencies
of the cytokine-producing CD4� or CD8� T cells from each group of monkeys � the standard errors of the means.
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monkeys both 2 weeks and 12 weeks following SHIV-89.6P
challenge (Kruskal-Wallis tests, P � 0.0001).

Functional profiles of virus-specific CD8� T cells elicited by
homologous or heterologous prime-boost vaccination. Recent
studies have suggested that the heterogeneity of the functional
capacities of virus-specific CD8� T cells may be important in
the control of disease progression in infected individuals (1).
We therefore used MAb staining and polychromatic flow cy-
tometry to assess the pooled-peptide-stimulated production of
three cytokines to characterize the quality of the virus-specific
T-cell responses elicited by the different vaccine strategies.
Virus-specific cytokine-producing CD8� T cells were divided
into seven distinct populations based on their production of
IFN-�, TNF-�, and IL-2, either individually or in any combi-
nation (Fig. 2). The profiles of the functional capacities of the
cells are shown by expressing each type of cytokine response as
a proportion of the total response. The mean values for the
animals in each experimentally vaccinated group are shown in
a series of pie charts (Fig. 3, top two rows).

The predominant populations of polyfunctional cells in the
vaccinated monkeys were those that produced both IFN-� and
TNF-�. IL-2 production was also detected in association with
these other cytokines, but cell populations with these functions
contributed less to the overall response. Monkeys primed with
rAd5 or DNA developed polyfunctional virus-specific CD8�

T-cell responses that were predominantly IFN-�� TNF-�� or
IL-2� TNF-��. Animals primed with rPox developed poly-
functional responses as well, but these responses were biased
toward the production of IFN-� alone (blue).

Homologous boosting following rAd5, rPox, or DNA prim-
ing did not alter the quality of the vaccine-elicited CD8� T-cell

responses. However, the monkeys that received DNA immu-
nizations demonstrated a dramatic expansion of their poly-
functional virus-specific CD8� T-cell responses following het-
erologous rAd5 or rPox boosting, with three-fourths of the
responses made up of either IFN-�� TNF-�� or IFN-��

TNF-�� IL-2� cells.
Cytokine profiles of virus-specific CD8� T cells following

SHIV-89.6P challenge. Interestingly, the cytokine profiles of
the virus-specific CD8� T cells of these groups of vaccinated
monkeys were indistinguishable 2 weeks after challenge, with
most cells being IL-2� IFN-�� TNF-�� (Fig. 3, bottom two
rows). Further, the cytokine profiles of these cells were for the
most part unchanged 12 weeks following SHIV-89.6P chal-
lenge. In contrast, IFN-� single-positive T cells dominated the
virus-specific CD8� T-cell responses of the control monkeys,
and highly significant differences were found between the con-
trol and vaccinated groups in the proportion of polyfunctional
virus-specific CD8� T cells that were observed following
SHIV-89.6P challenge (Kruskal-Wallis tests, P � 0.0001).

Plasma viral RNA levels and naı̈ve CD4� T lymphocytes
following SHIV-89.6P challenge. We then sought to determine
whether viral replication and the rate of disease progression
following SHIV-89.6P challenge differed in monkeys immu-
nized with these different vaccine regimens (Fig. 4). Plasma
viral RNA levels were maximal at day 14 after challenge in all
control and experimentally vaccinated monkeys. The experi-
mentally vaccinated monkeys had significantly lower peak
plasma viral RNA levels than did the control animals (Kruskal-
Wallis tests, P � 0.0001). However, the five groups of experi-
mentally vaccinated monkeys did not demonstrate significant
differences in their peak plasma viral RNA levels. The set-

FIG. 2. Gating strategy used to identify CD8� T lymphocytes and cytokine expression. The top row shows the gating strategy used to define
lymphocytes, based on FSC and side scatter (SSC), and CD8� T lymphocytes, based on the expression of CD3 and CD8. Dead cells were excluded
by amine reactive dye staining. The bottom row shows IFN-�, TNF-�, or IL-2 expression in CD8� T lymphocytes.
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point viral RNA levels were evaluated in all of the monkeys on
day 84 after challenge. The control monkeys had over 2-log-
higher plasma viral RNA levels on day 84 than the vaccinated
animals, and the difference in these levels between the control

and vaccinated monkeys was highly significant (Kruskal-Wallis
tests, P � 0.0001). However, no statistically significant differ-
ences were observed between the five experimental groups in
their set-point plasma viral RNA levels.

FIG. 3. Cytokine profiles of antigen-specific CD8� T cells following vaccination and following SHIV-89.6P challenge. PBL isolated from the
different cohorts of rhesus monkeys at the indicated times following vaccination and following virus challenge were exposed to pools of overlapping
peptides spanning the Gag or Env proteins, and cytokine production was measured by staining with MAbs and flow cytometric analysis. The
antigen-specific CD8� T cells were divided into seven distinct populations based on their production of IFN-�, TNF-�, and IL-2. The cytokine
profiles of these cells were determined by expressing each cytokine response as a proportion of the total antigen-specific cytokine-producing CD8�

T-cell response. Data were analyzed using SPICE software and are presented as the mean values from each experimental group in pie charts.

FIG. 4. Peripheral blood naı̈ve CD4� T lymphocytes and plasma viral RNA levels of different cohorts of control and vaccinated rhesus monkeys
following SHIV-89.6P challenge. The monkeys were immunized by a homologous rAd5-rAd5, rPox-rPox, or DNA-DNA or heterologous
DNA-rAd5 or DNA-rPox regimen and then challenged with SHIV-89.6P. PBL were evaluated for CD4� T-lymphocyte subsets on day 84 after
SHIV-89.6P challenge. Peripheral blood CD4� T lymphocytes were divided into naı̈ve, central memory (CM), and effector memory (EM)
subpopulations based on their expression of CD28 and CD95. The relative distribution of these CD4� T-cell subsets for each cohort of monkeys
is shown in the top row, and the mean absolute naı̈ve CD4� T-cell counts for each cohort of monkeys is shown in the middle row. A comparison
of the peak plasma virus RNA levels on day 14 and the plateau plasma virus RNA levels on day 84 after SHIV-89.6P challenge is shown in the
bottom row. Data are presented as the mean values for each group of monkeys � the standard errors of the means.
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Because naı̈ve CD4� T lymphocytes are selectively infected
and eliminated by the CXCR4-tropic virus SHIV-89.6P, we
also evaluated the peripheral blood naı̈ve CD4� T cells in the
challenged monkeys. The peripheral blood CD4� T lympho-
cytes were divided into naı̈ve, central memory, and effector
memory subpopulations based on their expression of CD28
and CD95. The relative representation of each CD4� T-cell
subset on day 84 after the challenge was assessed (Fig. 4, top
two rows). Naı̈ve CD4� T cells were preserved in the vacci-
nated animals. In contrast, this population of cells was selec-
tively depleted in the control animals. In fact, a highly signif-
icant difference was apparent in the percentages of circulating
naı̈ve CD4� T cells between the control and vaccinated mon-
keys (Kruskal-Wallis tests, P � 0.0007). As with the plasma
viral RNA levels, no significant differences were found in the
relative representation of peripheral blood naı̈ve CD4� T cells
between the five experimental groups of monkeys. Consistent
with the relative proportion of peripheral blood naı̈ve CD4� T
cells in these animals, absolute naı̈ve CD4� T cells were also
preserved in the vaccinated but not the control monkeys, and
no significant differences in the absolute naı̈ve CD4� T-cell
counts were observed between the groups of experimentally
vaccinated monkeys.

Magnitude and quality of vaccine-induced virus-specific
CD8� T-cell responses were associated with control of viral
replication following SHIV-89.6P challenge. While the extent
of protection against viral replication was indistinguishable
between the cohorts of animals receiving different experimen-
tal vaccine regimens, the variability in the quantity and quality

of the virus-specific CD8� T cells within each group of vacci-
nated monkeys may have obscured the contributions of these
aspects of the immune response to the control of virus. To
evaluate this possibility, we divided all 33 animals that received
experimental vaccines into two groups, low and high, on the
basis of the magnitudes of their peak and plateau plasma viral
RNA levels, and both the quantity and quality of their virus-
specific CD4� and CD8� T-cell responses after the boost im-
munizations were assessed (Fig. 5). Interestingly, high-magni-
tude (P � 0.02) and more polyfunctional (P � 0.04) vaccine-
elicited virus-specific CD8� T cells were detected in animals
that demonstrated low peak plasma viral RNA levels following
SHIV-89.6P challenge (Fig. 5A, top two panels). Furthermore,
high-magnitude (P � 0.01) vaccine-elicited virus-specific
CD8� T cells were also seen in the monkeys with low set-point
plasma viral RNA levels (Fig. 5B, top two panels). However,
no significant differences were observed between these two
groups of vaccinated monkeys in the magnitudes and func-
tional profiles of their vaccine-elicited virus-specific CD4� T
cells (Fig. 5, bottom panels). Thus, both the magnitudes and
functional profiles of the virus-specific CD8� T cells generated
by vaccination were associated with control of viral replication
following SHIV-89.6P challenge.

DISCUSSION

These studies demonstrate striking qualitative differences in
the lineages of the cellular responses elicited by each of the
evaluated vaccine modalities. The rAd5-induced responses

FIG. 5. Higher magnitude and more polyfunctional vaccine-elicited antigen-specific CD8� T-cell responses were associated with reduced
plasma viral RNA levels following SHIV-89.6P challenge. The 33 animals that received different vaccine regimens were divided into two groups,
low and high, based on the magnitude of their peak (A) or plateau (B) plasma viral RNA levels (VL). PBL isolated following the boost
immunization were exposed to pools of overlapping peptides spanning the Gag or Env proteins, and the fraction of CD8� or CD4� T cells
producing IFN-�, TNF-�, or IL-2 was determined by intracellular cytokine staining. In the bottom two panels, data are presented as the mean
values for each group of monkeys � the standard errors of the means. Differences in the magnitudes of the cytokine-producing CD8� or CD4�

T cells between the two experimental groups were analyzed using the Mann-Whitney test. In the top panels, functional profiles of the vaccine-
elicited antigen-specific CD8� T cells were analyzed using SPICE software.
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predominantly involved CD8� T lymphocytes, while the plas-
mid DNA-elicited cells were predominantly CD4� T lympho-
cytes. Although these biases did not change following homolo-
gous boosting, they changed substantially following heterologous
boosting, with the development of high-frequency, balanced re-
sponses.

We also evaluated the functional profiles of the virus-specific
CD8� T cells by measuring their IFN-�, IL-2, and TNF-�
production. The expression of several other molecules has
been used by other investigators to assess the function of T
cells, including 	-chemokines (macrophage inflammatory pro-
tein 1	 [MIP-1	]) and molecules that are associated with cy-
tolytic activity (CD107). Previous studies from our laboratory
and the laboratories of others have shown that as HIV/SIV-
induced disease progresses, HIV/SIV-specific CD8� T cells
first lose their ability to produce IL-2 and later TNF-�, while
their ability to produce IFN-� and MIP-1	 and their expres-
sion of CD107 can be preserved at the very late stages of
disease. We therefore decided not to evaluate CD107 and
MIP-1	 expression in the present study, and we used a rela-
tively limited set of anti-cytokine MAbs to evaluate the func-
tional profile of the virus-specific T cells.

Monkeys receiving rAd5, rPox, and plasmid DNA developed
virus-specific polyfunctional CD8� T-lymphocyte responses
following the initial administration of a single vaccine immuno-
gen, although there was some bias toward IFN-�-only produc-
tion in the rPox-immunized monkeys. This finding of an IFN-�
bias differs from recent reports of polyfunctionality in rPox-
induced cellular immune responses in humans (16). However,
importantly, when rAd5 or rPox vectors were employed as
boosting immunogens following plasmid DNA priming, the
profile of the CD8� T-lymphocyte response was mostly poly-
functional.

Although the different vaccination regimens generated qual-
itatively different virus-specific T-cell populations, those differ-
ences were lost following the virus challenge. While the T
lymphocytes of the control vaccinees made only low-frequency
virus-specific responses, both the CD8� and CD4� T-lympho-
cyte responses in all groups of experimentally vaccinated mon-
keys were robust. Further, the profile of cytokine production
by the virus-specific T lymphocytes in the control monkeys was
heavily biased toward cells that produce only IFN-�, while the
virus-specific T lymphocytes of all of the experimentally vacci-
nated monkeys following challenge were uniformly polyfunc-
tional. Most importantly, we observed no significant differ-
ences between any of the cohorts of vaccinated monkeys
following virus challenge in the magnitudes of their virus-
specific cellular immune responses, the biases of those re-
sponses to CD8� T lymphocytes, and the functional profiles of
those cells. This uniformity of virus-specific T lymphocytes in
the vaccinated monkeys likely reflects the overwhelming influ-
ence on lymphocyte differentiation of the high levels of viral
antigen present in these animals.

Consistent with these findings, we observed lower plasma
viral RNA levels and better preservation of naı̈ve CD4� T
lymphocytes in the vaccinated than in the control monkeys.
However, there was no significant difference in these clinical
parameters between the various groups of experimentally vac-
cinated monkeys. Thus, while the immunologic profiles of the
vaccine-elicited T lymphocytes differed considerably between

these groups of vaccinees, the critical cellular immune re-
sponses that were mounted following virus infection and the
clinical consequences of those infections were indistinguish-
able between the groups.

Interestingly, when all animals that received different vac-
cine immunizations were grouped together and divided into
two groups based on the magnitudes of their peak plasma viral
RNA levels, highly significant differences were observed in
both the quantity and quality of the vaccine-elicited virus-
specific CD8� T cells between these two groups. This finding
was not apparent when analyzing each cohort of monkeys
separately. These observations suggest that both the quantity
and quality of the vaccine-induced immunodeficiency virus-
specific CD8� T-cell responses were associated with control of
viral replication.

CD8� T cells mediate multiple effector functions during
acute HIV infection but become exhausted and lose their abil-
ity to produce some cytokines with the persistence of viral
antigenemia during chronic HIV infection. Although many
studies provide insights into how the functional capacity of the
HIV-specific CD8� T cells correlates with the clinical course of
disease progression, it remains unclear whether the mainte-
nance of CTLs with a “polyfunctional” profile in long-term
nonprogressors is an epiphenomenon associated with good
viral control or is the mechanism responsible for the good
clinical status. Although we found that both the magnitude and
polyfunctionality of the vaccine-elicited CD8� T-cell responses
were predictive of the viral set point after infection, it is still
possible that polyfunctionality is a consequence of vaccine take
in these monkeys.

Virus replication is contained by cellular immune responses
during the first days following infection. The magnitude of that
cellular response is modified by prechallenge vaccine-elicited
cellular immune responses. However, the findings in the
present study suggest that the comparable viral antigen load in
all cohorts of vaccinated monkeys during the primary infection
was associated with comparable functional repertoires of the
cellular immune responses generated in response to the infec-
tion. These findings likely explain why no significant differ-
ences were observed between the different cohorts of vacci-
nated monkeys in the magnitudes and the functional profiles of
their virus-specific CD8� T cells following viral infection.

There are certainly important caveats that must be acknowl-
edged when interpreting these findings. The available macaque
challenge systems do not perfectly model HIV-1 infection in
humans. More specifically, the CXCR4-tropic SHIV-89.6P
used in these challenge studies causes a disease that is very
different than that caused by CCR5-tropic strains of SIV and
HIV-1. SHIV-89.6P preferentially infects CXCR4� naı̈ve
CD4� T cells, whereas SIVmac251 and HIV-1 mainly target
activated memory CD4� T cells. In macaque models, T-cell-
based vaccines provide long-term protection against SHIV-
89.6P. However, the same live recombinant vaccines only pro-
vide short-term control of viral replication after a SIVmac251
challenge. Moreover, the recent STEP human clinical trial
suggests that the dramatic protection seen in the SHIV-89.6P
macaque model may not correlate with clinical protection
against HIV infection in humans. Nevertheless, the findings in
the present study raise the possibility that differences in both
the magnitude and quality of vaccine-elicited CD8� T cells
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generated by different vaccine modalities may be of impor-
tance for controlling virus replication.
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