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Rapid depletion of memory CD4� T cells and delayed induction of neutralizing antibody (NAb) responses
are characteristics of human immunodeficiency virus (HIV) and simian immunodeficiency virus (SIV) infec-
tions. Although it was speculated that postinfection NAb induction could have only a limited suppressive effect
on primary HIV replication, a recent study has shown that a single passive NAb immunization of rhesus
macaques 1 week after SIV challenge can result in reduction of viral loads at the set point, indicating a possible
contribution of postinfection NAb responses to virus control. However, the mechanism accounting for this
NAb-triggered SIV control has remained unclear. Here, we report rapid induction of virus-specific polyfunc-
tional T-cell responses after the passive NAb immunization postinfection. Analysis of SIV Gag-specific re-
sponses of gamma interferon, tumor necrosis factor alpha, interleukin-2, macrophage inflammatory protein
1�, and CD107a revealed that the polyfunctionality of Gag-specific CD4� T cells, as defined by the multiplicity
of these responses, was markedly elevated in the acute phase in NAb-immunized animals. In the chronic phase,
despite the absence of detectable NAbs, virus control was maintained, accompanied by polyfunctional Gag-
specific T-cell responses. These results implicate virus-specific polyfunctional CD4� T-cell responses in this
NAb-triggered virus control, suggesting possible synergism between NAbs and T cells for control of HIV/SIV
replication.

Virus-specific CD4� and CD8� T-cell responses are crucial
for the control of pathogenic human immunodeficiency virus
type 1 (HIV-1) and simian immunodeficiency virus (SIV) in-
fections (5, 6, 20, 23, 30, 39, 40). However, CD4� T cells,
especially CCR5� memory CD4� T cells, are themselves tar-
gets for these viruses, which may be an obstacle to potent
virus-specific CD4� T-cell induction (10, 47, 52). Indeed, HIV-
1/SIV infection causes rapid, massive depletion of memory
CD4� T cells (26, 31), and host immune responses fail to
contain viral replication and allow persistent chronic infection,
although virus-specific CD8� T-cell responses exert suppres-
sive pressure on viral replication (15).

Recently, the importance of T-cell quality in virus contain-
ment has been high-lighted, and T-cell polyfunctionality, which
is defined by their multiplicity of antigen-specific cytokine pro-
duction, has been analyzed as an indicator of T-cell quality (4,
8, 11, 41). However, there has been no evidence indicating an
association of polyfunctional T-cell responses in the acute
phase with HIV-1/SIV control. Even in the chronic phase,
whether polyfunctional CD4� T-cell responses may be associ-

ated with virus control has been unclear, although an inverse
correlation between polyfunctional CD8� T-cell responses and
viral loads has been shown in HIV-1-infected individuals (4).

Another characteristic of HIV-1/SIV infections is the ab-
sence of potent neutralizing antibody (NAb) induction during
the acute phase (7). This is mainly due to the unusually neu-
tralization-resistant nature of the virus, such as masking of
target epitopes in viral envelope proteins (24). Whether this
lack of effective NAb response contributes to the failure to
control the virus, and whether NAb induction in the acute
phase can contribute to virus control, remains unclear. Previ-
ous studies documenting virus escape from NAb recognition
suggested that NAbs can also exert selective pressure on viral
replication to a certain extent (38, 45, 49), but it was speculated
that postinfection NAb induction could have only a limited
suppressive effect on primary HIV-1/SIV replication (34, 37).

By passive NAb immunization of rhesus macaques after SIV
challenge, we recently provided evidence indicating that the
presence of NAbs during the acute phase can result in SIV
control (50). In that study, passive NAb immunization 1 week
after SIVmac239 challenge resulted in transient detectable
NAb responses followed by reduction in set point viral loads
compared to unimmunized macaques. However, the mecha-
nism of this virus control has remained unclear. In the present
study, we found rapid appearance of polyfunctional Gag-spe-
cific CD4� T-cell responses after such passive NAb immuni-
zation postinfection. These animals maintained virus control
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for more than 1 year in the absence of detectable plasma
NAbs, which was accompanied by potent Gag-specific T-cell
responses. These results implicate virus-specific polyfunctional
CD4� T-cell responses in this NAb-triggered primary and
long-term SIV control.

MATERIALS AND METHODS

Animal experiments. We previously showed a reduction in set point viral loads

by passive NAb immunization of rhesus macaques (Macaca mulatta) 1 week after

SIVmac239 challenge (50). In the present study, we monitored these animals,

including one additional NAb-immunized macaque (R06-023), for more than 1

year. Thus, five NAb-immunized rhesus macaques and six unimmunized controls

were used in this study. Unimmunized macaque R02-021 was euthanized at week

32 because the animal showed loss of body weight, diarrhea, and general weak-

ness. NAb-immunized macaque R02-020 was euthanized at week 42 because of

a limitation on available cage numbers. Major histocompatibility complex class I

(MHC-I) haplotypes were determined by reference strand-mediated conforma-

tion analysis as described previously (2, 29). A group of rhesus macaques pos-

sessing the MHC-I haplotype 90-120-Ia with the potential to efficiently elicit

potent Gag-specific CD8� T-cell responses (21, 29) were not included in this

study. All animals were maintained in accordance with the guidelines for animal

experiments performed at the National Institute of Infectious Diseases (33).

For passive NAb immunization, immunoglobulin G (IgG) was purified from

plasma samples from SIVmac239-infected macaques with SIV-specific NAb re-

FIG. 1. Follow up of NAb-immunized macaques. (A) Plasma viral loads (SIV gag RNA copies/ml plasma) in six unimmunized macaques (black
lines) and five NAb-immunized animals (red lines) after SIVmac239 challenge. The plasma viral loads were measured as described previously (29).
The lower limit of detection was approximately 4 � 102 copies/ml. The MHC-I haplotypes are shown in parentheses following the macaque
numbers as follows: E, haplotype 90-010-Ie; D, 90-010-Id; G, 90-030-Ig; J, 90-088-Ij; and H, 90-030-Ih. Below are comparisons of plasma viral loads
in unimmunized (non-Tx) and NAb-immunized (NAb-Tx) macaques at weeks (wk) 1, 2, 8, 30, and 60. The bars indicate the geometric mean of
each group. The comparisons at weeks 8, 30, and 60 (indicated by asterisks) showed significant differences between two groups (P � 0.841 at week
1, P � 0.238 at week 2, P � 0.002 at week 8, P � 0.005 around week 30, and P � 0.001 around week 60 by t test). (B) Peripheral CD4� T-cell
counts (per �l) in unimmunized controls (black lines) and NAb-immunized macaques (red lines) after SIVmac239 challenge. The ratios of the
counts around week 60 to those at week 0 in NAb-immunized macaques were significantly higher than in unimmunized controls (P � 0.028 by t
test).
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sponses in the chronic phase, as described previously (50). The SIVmac239-

specific NAb titer of this IgG preparation (30 mg/ml) was 1:16 on MT-4 cells.

Animals were intravenously infused with 300 mg of IgG 1 week after challenge

with 1,000 50% tissue culture infective doses (TCID50) of SIVmac239 (22). Two

unimmunized controls, R02-021 and R06-038, received 300 mg of control IgG

prepared from noninfected rhesus macaques at week 1. Neutralizing titers were

measured as described previously (50). In brief, serial twofold dilutions of heat-

inactivated plasma in duplicate were incubated with 10 TCID50 of SIVmac239

for 45 min (5 �l of diluted sample was incubated with 5 �l of virus in each

mixture) and added to 5 � 104 MT-4 cells/well in 96-well plates. Progeny virus

FIG. 2. Gag-specific CD4� T-cell responses in the acute phase. PBMCs at week 2 postchallenge were stimulated with a recombinant SIV Gag
p55, and the specific induction of five marker cytokines (IFN-�, TNF-�, IL-2, MIP-1�, and CD107a) in CD4� T cells was examined. PBMCs from
macaque R02-004 were unavailable and therefore could not be included in this analysis. (A) Representative dot plots showing responses of IFN-�,
TNF-�, IL-2, MIP-1�, and CD107a in CD4� T cells in macaque R03-013 after Gag-specific stimulation. Gag-specific IFN-� responses were
undetectable at week 2 in this animal. (B) Frequencies of total Gag-specific CD4� T cells that showed Gag-specific induction of IFN-�, TNF-�,
IL-2, MIP-1�, or CD107a in total CD4� T cells. (C) Percentages of cells exhibiting Gag-specific induction of single or multiple marker cytokines
in total Gag-specific CD4� T cells. (Top) Mean percentages of Gag-specific CD4� T cells producing one (dark blue), two (light blue), three
(green), four (yellow), or five (red) marker cytokines in unimmunized (non-Tx) and NAb-immunized (NAb-Tx) macaques. (Bottom) Mean
percentages of individual Gag-specific CD4� T-cell subsets divided by the patterns of marker cytokine induction in unimmunized (blue bars) and
NAb-immunized (red bars) macaques. (D) Frequencies of polyfunctional Gag-specific CD4� T cells that showed Gag-specific induction of �3
marker cytokines in total CD4� T cells. On the left, the bars indicate the geometric mean of each group. The frequencies in NAb-immunized
macaques (n � 5) were significantly higher than in unimmunized controls (n � 5) (P � 0.008).
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production in day 12 culture supernatants was examined by enzyme-linked im-

munosorbent assays for detection of SIV p27 core antigen (Advanced BioScience

Laboratories, Inc., Kensington, MD) to determine the 100% neutralizing end-

point. The lower limit of titration was 1:2.

Analysis of polyfunctional Gag-specific T-cell responses. We analyzed Gag-

specific induction of gamma interferon (IFN-�), tumor necrosis factor alpha

(TNF-�), interleukin-2 (IL-2), macrophage inflammatory protein 1� (MIP-1�),

and CD107a in CD4� and CD8� T cells as described previously (1). Peripheral

blood mononuclear cells (PBMCs) were cultured for 6 h in the absence or the

presence of 10 �g/ml of a recombinant SIV Gag p55 (Protein Sciences, Meriden,

CT) for unstimulated controls or Gag-specific stimulation (12). They were incu-

bated with anti-human CD28 and anti-human CD49d antibodies (5 �g/ml) (BD,

Tokyo, Japan) for costimulation and with anti-human CD107a antibody (BD) for

immunostaining. Monensin (BD) and brefeldin A (Sigma-Aldrich, Tokyo,

Japan) were added to the culture for the final 5 h of stimulation. Then, immu-

nostaining was performed using a CytofixCytoperm kit (BD) and the following

monoclonal antibodies: fluorescein isothiocyanate-conjugated anti-human IFN-�

(BD), phycoerythrin (PE)-conjugated anti-human MIP-1� (BD), peridinin chlo-

rophyll protein-conjugated anti-human CD4 (BD), allophycocyanin (APC)-con-

jugated anti-human IL-2 (BD), PE-Cy7-conjugated anti-human TNF-� (BD),

APC-Cy7-conjugated anti-human CD3 (BD), energy-coupled dye-conjugated

anti-human CD69 (Beckman Coulter, Tokyo, Japan), biotin-conjugated anti-

human CD8 (BD), and anti-human CD107a (BD) conjugated with Pacific Blue

using a Zeon mouse IgG1 labeling kit (Invitrogen, Tokyo, Japan). Flow-cyto-

metric 10-color analysis of the induction of the five marker cytokines, IFN-�,

TNF-�, IL-2, MIP-1�, and CD107a, was performed using the FACSaria system

(BD); 3 � 105 to 5 � 105 lymphocyte events were analyzed. The data were

analyzed using FlowJo (version 8.2; TreeStar Inc., Ashland, OR) and FACSDiva

(BD) software. Analysis of polyfunctional phenotypes of T cells was carried out

using PESTLE (version 1.5.4) and SPICE (version 4.1.6) programs, which were

generously provided by Mario Roederer (National Institutes of Health, Be-

thesda, MD). Specific T-cell levels were calculated by subtracting nonspecific

T-cell frequencies from those after Gag-specific stimulation. Specific T-cell levels

of less than 0.01% were considered negative.

Analysis of proliferative Gag-specific CD4� T-cell responses. Gag-specific

CD4� T-cell proliferation was assessed by bromodeoxyuridine (BrdU) incorpo-

ration as described previously (9). In brief, PBMCs were cultured in the absence

or the presence of 10 �g/ml p55 for 6 days for unstimulated controls or Gag-

specific stimulation. Then, the cells were incubated for 2 h with 100 ng/ml BrdU

and immunostained using the following monoclonal antibodies: peridinin chlo-

rophyll protein-conjugated anti-human CD4, APC-conjugated anti-human CD95

(BD), APC-Cy7-conjugated anti-human CD3, and energy-coupled dye-conju-

gated anti-human CD28 (Beckman Coulter, Tokyo, Japan) for surface staining

and fluorescein isothiocyanate-labeled anti-human BrdU (BD) for intracellular

staining. As a positive control, PBMCs were stimulated with 1 �g/ml staphylo-

coccal enterotoxin B for 3 days. Flow-cytometric analysis was performed using

the FACSaria system, and the data were analyzed using FlowJo (version 8.2).

In vitro viral suppression assay. We examined SIVmac239 replication on

CD8-depleted PBMCs in the presence of CD8� cells positively selected from

PBMCs as described previously (46). In brief, PBMCs were separated into CD8�

cells and CD8	 cells by using Macs CD8 MicroBeads (Miltenyi Biotec, Tokyo,

Japan). For preparing target cells, the CD8	 cells negatively selected from

PBMCs obtained before challenge were infected with SIVmac239 at a multiplic-

ity of infection of 1:104 TCID50/cell and cultured in the presence of 2 �g/ml

phytohemagglutinin L (Roche Diagnostics) and 20 IU/ml recombinant human

IL-2 (Roche Diagnostics). Two days later, effector CD8� cells positively selected

from PBMCs obtained before challenge or at week 3 or 4 were added to the

target cells at an effector/target (E/T) ratio of 1:4. The culture supernatants were

harvested every other day. Reverse transcriptase activities in these supernatants

were measured to confirm the peak of viral production in the control culture of

target cells without CD8� cells around day 10 after SIV infection. SIV Gag

capsid protein p27 concentrations in the supernatants after 8 days of coculture

(i.e., at day 10 after SIV infection) were then measured by enzyme-linked im-

munosorbent assay. Results from macaques R01-011, R03-005, R02-021, and

R06-023 were excluded because mean p27 concentrations in the control cultures

without CD8� cells or in one of the duplicates were less than 50 ng/ml. The lower

limit of p27 detection was approximately 0.2 ng/ml.

Statistical analysis. Statistical analysis was performed with Prism software

version 4.03 with significance levels set at a P value of �0.050 (GraphPad

Software, Inc., San Diego, CA). Plasma viral loads and specific T-cell frequencies

were log transformed and compared between unimmunized controls and NAb-

immunized macaques by an unpaired two-tailed t test. Correlation was analyzed

by the Pearson test.

RESULTS

Long-term SIV control after passive NAb immunization

postinfection. In order to evaluate the long-term effect on SIV
replication of a single passive NAb immunization in the acute
phase, we monitored animals for more than 1 year after SIV-
mac239 challenge (Fig. 1). Five NAb-immunized rhesus ma-
caques and six unimmunized controls, including two animals
that received control antibodies at week 1, were followed up.
Of these, NAb-immunized macaque R03-011 and two unim-
munized controls, R01-011 and R06-038, shared the MHC-I
haplotype 90-010-Ie, and NAb-immunized R06-023 and unim-
munized R01-012 shared 90-010-Id. We previously reported
that a group of Burmese rhesus macaques possessing the
MHC-I haplotype 90-120-Ia mounted efficient Gag-specific
CD8� T-cell responses and showed vaccine-based SIV control
(21, 29), but those animals were not included in the present
study.

The plasma viral loads of both NAb-immunized and unim-
munized macaques were similar at week 1, just before NAb
administration (Fig. 1A). At week 2 postchallenge, i.e., 1 week
after NAb administration, the geometric mean of plasma viral
loads in NAb-immunized macaques was slightly lower than in
unimmunized controls, but this difference did not achieve sta-
tistical significance. At week 8, however, the difference became
significant, with lower plasma viral loads in NAb-immunized
animals (Fig. 1A). Thereafter, the NAb-immunized macaques
maintained significantly reduced viral loads for more than 1
year. In the chronic phase, plasma viral loads were less than
1 � 104 copies/ml in all five NAb-immunized macaques and
were even undetectable in three of them. NAb-immunized
macaque R03-011, possessing the MHC-I haplotype 90-010-Ie,
contained SIV replication with undetectable viremia, whereas
unimmunized macaques R01-011 and R06-038, which shared
this haplotype, had high viral loads. The NAb-immunized ma-
caque R06-023, with MHC-I haplotype 90-010-Id, contained
SIV replication, whereas unimmunized macaque R01-012,
which shared the same haplotype, failed to control viremia.
Peripheral CD4� T-cell counts were maintained in the NAb-
immunized macaques during the observation period (Fig. 1B).

We examined SIVmac239-specific neutralizing antibody re-
sponses by determining the end point plasma titers for inhib-
iting 10-TCID50 virus replication on MT-4 cells (data not
shown). In NAb-immunized macaques, NAb responses were

FIG. 3. Analysis of correlation between polyfunctional Gag-specific
CD4� T-cell frequencies (log) at week (wk) 2 and plasma viral loads
(log) at week 2 (left) or week 5 (right). Inverse correlation is shown on
the right (P � 0.011; R � 	0.792), but not on the left (P � 0.694; R �

	0.143).
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detected at day 10 postchallenge but became undetectable
within 1 week of passive NAb immunization, as described
previously (50), implying that the infused NAbs were rapidly
exhausted for virus clearance. None of the animals had detect-
able de novo NAb responses even around week 40 after chal-
lenge. In unimmunized controls, SIVmac239-specific NAb
responses were also undetectable, except in one animal, R01-
012, after week 30. Thus, passive NAb immunization 1 week
after SIV challenge resulted in a transient period of NAb

detection, followed by sustained virus control in the absence of
detectable NAb responses.

Polyfunctional Gag-specific CD4� T-cell responses in the

acute phase in passively NAb-immunized macaques. To inves-
tigate whether virus-specific T-cell responses were involved in
this NAb-triggered SIV control, we first analyzed SIV Gag-
specific CD4� T-cell responses in the acute phase. We stimu-
lated PBMCs obtained at week 2 with a recombinant SIV Gag
p55 protein and analyzed Gag-specific induction of IFN-�,

FIG. 4. Gag-specific CD4� T-cell responses in the chronic phase. PBMCs around week 30 postchallenge were stimulated with p55, and specific
induction of IFN-�, TNF-�, IL-2, MIP-1�, and CD107a in CD4� T cells was examined. (A) Frequencies of total Gag-specific CD4� T cells.
(B) Percentages of cells exhibiting Gag-specific induction of single or multiple marker cytokines in total Gag-specific CD4� T cells. See the legend
to Fig. 2 for symbols. (C) Frequencies of polyfunctional Gag-specific CD4� T cells exhibiting Gag-specific induction of �3 marker cytokines in total
CD4� T cells. The frequencies in NAb-immunized macaques (n � 5) were significantly higher than in unimmunized controls (n � 6) (P � 0.046).

FIG. 5. Gag-specific CD4� T-cell proliferative responses in the chronic phase. PBMCs around week 30 postchallenge were stimulated with p55,
and specific uptake of BrdU in CD4� T cells was examined. (A) Frequencies of Gag-specific BrdU� CD4� T cells in total CD4� T cells. The
frequencies in NAb-immunized macaques were significantly higher than in unimmunized controls (P � 0.042). (B) A representative density plot
(gated on CD3� lymphocytes) showing BrdU� CD4� T-cell induction after Gag stimulation (macaque R03-013). Most Gag-specific BrdU� CD4�

T cells gated in the left-hand plot were CD95� CD28� (indicated by red) in the right-hand plot gated on CD3� CD4� lymphocytes. FITC,
fluorescein isothiocyanate; PerCP, peridinin chlorophyll protein.
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TNF-�, IL-2, and MIP-1� and surface mobilization of CD107a
(a degranulation marker) in CD4� T cells (Fig. 2A) (14, 25,
41). The Gag-specific responses of each factor, IFN-�, TNF-�,
IL-2, MIP-1�, and CD107a, in CD4� T cells did not show
significant differences between unimmunized and NAb-immu-
nized animals (data not shown). We then analyzed these five
factors to assess the polyfunctionality of virus-specific T cells
and refer to them as marker cytokines in this study. No signif-
icant differences in the frequencies of total Gag-specific CD4�

T cells (i.e., CD4� T cells exhibiting Gag-specific induction of
one or more of the marker cytokines IFN-�, TNF-�, IL-2,
MIP-1�, and CD107a) were observed between the two groups
(Fig. 2B).

We examined the polyfunctionality of SIV Gag-specific
CD4� T cells, as defined by their multiplicity of marker cyto-

kines induced by Gag-specific stimulation (11, 41) (Fig. 2C).
The mean percentage of cells producing �3 marker cytokines
(Fig. 2C, sum of red, yellow, and green) in the Gag-specific
CD4� T-cell pool was more than 15% in NAb-immunized
macaques but less than 3% in unimmunized controls. The
frequencies of these polyfunctional Gag-specific CD4� T cells
within the CD4� T-cell pool were significantly higher in the
immunized animals, with a solid difference (P � 0.008 by t test)
(Fig. 2D). Indeed, all the NAb-immunized macaques had
higher frequencies of polyfunctional Gag-specific CD4� T cells
than any of the unimmunized controls, indicating that passive
NAb immunization 1 week after SIV challenge resulted in
rapid induction of Gag-specific CD4� T cells with higher poly-
functionality at week 2.

The polyfunctional Gag-specific CD4� T-cell frequencies at

FIG. 6. Gag-specific CD8� T-cell responses in the acute phase. PBMCs at week 2 were stimulated with p55, and specific induction of IFN-�,
TNF-�, IL-2, MIP-1�, and CD107a in CD8� T cells was examined. (A) Frequencies of total Gag-specific CD8� T cells. (B) Percentages of cells
exhibiting Gag-specific induction of single or multiple marker cytokines in total Gag-specific CD8� T cells. See the legend to Fig. 2 for symbols.
(C) Frequencies of Gag-specific CD8� T cells exhibiting Gag-specific induction of �3 marker cytokines (polyfunctional; left) or �4 marker
cytokines (highly polyfunctional; right) in total CD8� T cells.
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week 2 were inversely correlated with plasma viral loads at
week 5 (Fig. 3). The inverse correlation, however, was not
indicated with plasma viral loads at week 2. These results
implicate rapidly induced polyfunctional Gag-specific CD4�

T-cell responses in subsequent reduction of plasma viral loads
in NAb-immunized macaques.

Polyfunctional Gag-specific CD4� T-cell responses in the

chronic phase in NAb-immunized macaques. We then exam-
ined SIV Gag-specific CD4� T-cell responses in the chronic
phase. Around week 30 after challenge, total Gag-specific
CD4� T-cell frequencies in NAb-immunized animals were
similar to or, if anything, higher than those in unimmunized
controls (Fig. 4A). The Gag-specific responses of each marker
cytokine in CD4� T cells showed no significant difference
between the two groups (data not shown). The polyfunction-
alities of these Gag-specific CD4� T cells (the percentage of
cells producing �3 marker cytokines) within the total Gag-
specific CD4� T-cell population in both groups were similar
(Fig. 4B). However, the frequencies of these polyfunctional
Gag-specific CD4� T cells as a fraction of total CD4� T cells
in NAb-immunized macaques were higher than in unimmu-
nized controls (Fig. 4C).

We also examined the SIV Gag-specific proliferative re-
sponses of CD4� T cells around week 30 by measurement of
BrdU uptake after Gag-specific stimulation (Fig. 5A). This
revealed higher proliferative responses of Gag-specific CD4�

T cells in NAb-immunized macaques than in unimmunized
controls. Gag-specific CD4� T-cell proliferative responses
were detectable in all the NAb-immunized macaques but in
only three of six unimmunized controls. Most of the BrdU�

CD4� T cells after Gag-specific stimulation were of the central
memory (CD95� CD28�) phenotype (36) (Fig. 5B). These
results suggest that NAb-immunized macaques had potent
Gag-specific CD4� T cells with efficient proliferative ability in
the chronic phase.

CD8� cells with high anti-SIV efficacy in NAb-immunized

macaques. The above-mentioned results revealed higher fre-
quencies of polyfunctional Gag-specific CD4� T-cell responses
in NAb-immunized macaques. We next analyzed Gag-specific
CD8� T-cell responses in the acute phase (Fig. 6). At week 2,
total Gag-specific CD8� T-cell frequencies were similar, and
no clear difference in frequencies of Gag-specific CD8� T cells
producing �3 or �4 marker cytokines was detected between
the two groups.

We then examined, by in vitro viral-suppression assays (13,
27, 46, 51), whether the CD8� cells from these NAb-immu-
nized macaques had the potential to control SIV replication
more efficiently than those from the controls (Fig. 7). In this
assay, CD8	 target cells prepared by CD8-negative selection
from PBMCs were infected with SIVmac239 and cocultured
with effector CD8� cells prepared by CD8-positive selection
from PBMCs at week 3. We obtained results from four NAb-
immunized macaques and three unimmunized controls.

Three of four NAb-immunized macaques (R03-011, R03-
020, and R03-013) showed more than 100-fold reduction in
viral production at an E/T ratio of 1:4, although the remaining
animal (R02-020) failed to show strong anti-SIV efficacy in
vitro. Of the NAb-immunized animals, this individual R02-020
maintained the highest viral loads in the chronic phase. In
contrast to CD8� cells from the majority of immunized ani-

mals, CD8� cells from the unimmunized controls (R01-012,
R02-004, and R06-038) showed weak anti-SIV efficacy. In fact,
the reduction of virus production by CD8� cells from the
unimmunized macaques R01-012 and R06-038 was less than
100-fold even in coculture at an E/T ratio of 1:1 (data not
shown; not determined for R02-004). These results suggest
that passive NAb immunization may facilitate the induction of
potent CD8� cells possessing higher anti-SIV efficacy.

Polyfunctional Gag-specific CD8� T-cell responses in the

chronic phase in NAb-immunized macaques. We next exam-
ined SIV Gag-specific CD8� T-cell responses in the chronic
phase (Fig. 8). Around week 30 after challenge, the geometric
means of total Gag-specific CD8� T-cell frequencies in NAb-
immunized animals were higher than in unimmunized controls,
but this difference did not achieve statistical significance. In
particular, NAb-immunized macaques showed significantly
higher levels of Gag-specific IFN-� responses in CD8� T cells
(data not shown). There was no clear difference in polyfunc-
tional Gag-specific CD8� T-cell responses between the two
groups. However, highly polyfunctional Gag-specific CD8� T
cells producing �4 marker cytokines were detectable in all
NAb-immunized macaques, and the frequencies of these
highly polyfunctional Gag-specific CD8� T cells in the total
CD8� T-cell population were higher than in unimmunized
controls.

DISCUSSION

In our previous study (50), a single passive NAb immuniza-
tion of rhesus macaques 1 week after SIVmac239 challenge
resulted in significant reduction of set point viral loads. The
present study has shown that this NAb-triggered virus control
was maintained in the absence of detectable NAbs in the
chronic phase. Remarkably, virus-specific CD4� T-cell re-
sponses with higher polyfunctionality were rapidly induced in
NAb-immunized macaques. These results implicate more po-

FIG. 7. Anti-SIV efficacy in vitro of CD8� cells. PBMC-derived
CD8	 (target) cells infected with SIVmac239 were cultured alone (no
CD8) or cocultured with autologous PBMC-derived CD8� (effector)
cells obtained prechallenge (pre) or at week 3 postchallenge (wk 3) at
an E/T ratio of 1:4. The results were obtained from three unimmunized
controls and four NAb-immunized macaques. The ratios of p27 con-
centrations in the culture supernatants after 8 days of coculture with
pre-CD8� or week 3 CD8� cells to those without CD8� cells (CD8
negative) are shown. The coculture with either R03-011 week 3 CD8�,
R03-020 week 3 CD8�, and R03-013 week 3 CD8� cells showed
undetectable or marginal SIV p27 production after 8 days.
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tent induction of functional virus-specific CD4� T-cell re-
sponses in this NAb-triggered SIV control.

All the NAb-immunized macaques had higher frequencies
of polyfunctional Gag-specific CD4� T cells than any of the
unimmunized controls at week 2, although the two groups
possessed similar frequencies of total Gag-specific CD4� T
cells. This implies higher polyfunctionality of Gag-specific
CD4� T cells in the acute phase in NAb-immunized macaques
than in unimmunized controls. HIV-1 is known to preferen-
tially infect HIV-1-specific CD4� T cells (10); virus neutral-
ization may therefore protect virus-specific CD4� T cells from
SIV infection. However, it remains unclear whether NAbs
preferentially protect polyfunctional virus-specific CD4� T

cells. Our previous study suggested augmentation of the Fc-
mediated uptake of NAb-virion complexes into dendritic cells
following passive NAb immunization (50). This may enhance
antigen presentation and induction of polyfunctional virus-
specific CD4� T-cell responses in the acute phase. Thus, both
NAb-mediated effects, i.e., enhancement of antigen presenta-
tion and protection of virus-specific CD4� T cells from viral
infection, may contribute to the induction of polyfunctional
virus-specific CD4� T cells in the acute phase.

It is thought that potent virus-specific CD4� T-cell re-
sponses are important for the control of HIV-1/SIV replication
(39). Recent studies analyzing the quality of T-cell responses
suggested the possible involvement of polyfunctional CD4�

FIG. 8. Gag-specific CD8� T-cell responses in the chronic phase. PBMCs around week 30 postchallenge were stimulated with p55, and specific
induction of IFN-�, TNF-�, IL-2, MIP-1�, and CD107a in CD8� T cells was examined. (A) Frequencies of total Gag-specific CD8� T cells.
(B) Percentages of cells exhibiting Gag-specific induction of single or multiple marker cytokines in total Gag-specific CD8� T cells. See the legend
to Fig. 2 for symbols. (C) Frequencies of Gag-specific CD8� T cells exhibiting Gag-specific induction of �3 marker cytokines (polyfunctional; left)
or �4 marker cytokines (highly polyfunctional; right) in total CD8� T cells. The highly polyfunctional Gag-specific CD8� T-cell frequencies in
NAb-immunized macaques were significantly higher than in unimmunized controls (P � 0.023).
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T-cell responses in the control of some viral infections (8, 11,
41). However, there has been no clear evidence indicating
association of polyfunctional CD4� T-cell responses with HIV-
1/SIV control. These cells are themselves targets for viral in-
fection and killing (10), and most natural HIV-1/SIV infections
fail to show efficient induction of potent virus-specific CD4�

T-cell responses (52). In the present study, passive NAb im-
munization of rhesus macaques 1 week after SIV infection
resulted in the induction of significantly higher levels of poly-
functional Gag-specific CD4� T-cell responses in the acute
phase, followed by SIV control at the set point in the absence
of NAb responses. The polyfunctional Gag-specific CD4� T-
cell frequencies at week 2 were inversely correlated with
plasma viral loads, not at week 2, but at week 5. These results
indicate that NAbs may facilitate the development and reten-
tion of polyfunctional virus-specific CD4� T-cell responses in
the very early phase of HIV-1/SIV infection, contributing to
subsequent virus control directly or indirectly. Thus, this is the
first report documenting an association between polyfunctional
CD4� T-cell responses in the acute phase and subsequent SIV
control.

Previous studies of the chronic phase of HIV-1 infections
have indicated an association between strong HIV-1-specific
proliferative CD4� T-cell responses and HIV-1 control, as well
as their impairment in HIV-1 infection with uncontrolled vire-
mia (3, 17, 18, 32, 39). In the present study, compared to total
Gag-specific CD4� T-cell frequencies in the acute phase, those
in the chronic phase were reduced in unimmunized controls,
but NAb-immunized macaques maintained similar frequencies
in the chronic phase. This difference may reflect virus control
in NAb-immunized macaques and high plasma viremia in un-
immunized controls. Our analyses of polyfunctional and pro-
liferative responses suggest that these animals maintained
functional Gag-specific CD4� T-cell responses in the chronic
phase. This may be due to virus control and, conversely, may
contribute to sustained virus control.

It has been indicated that virus-specific CD4� T-cell re-
sponses facilitate induction of functional virus-specific CD8�

T-cell responses (19, 42, 44). Stimulation with peptides would
be optimal for analysis of CD8� T-cell responses, but in this
study, our first priority was to analyze CD4� T-cell responses,
and cell samples were used for the analysis of responses after
stimulation with a recombinant Gag p55 protein. Therefore,
we obtained results on polyfunctional CD8� T-cell responses
after p55-specific stimulation but did not have enough cell
samples for analyzing peptide-specific CD8� T-cell responses
in the acute phase. In the acute phase, no significant enhance-
ment of polyfunctional Gag-specific CD8� T-cell responses
was detected after passive NAb immunization, but this does
not exclude the possibility of functional CD8� T-cell induction
in NAb-immunized animals, which may be detected by optimal
analysis. Indeed, the viral suppression assay showed that CD8�

cells able to efficiently suppress SIV replication in vitro were
induced in the acute phase in those NAb-immunized macaques
that contained SIV replication in vivo. These highly effective
anti-SIV CD8� cell responses, which may be affected not only
by CD8� T-cell polyfunctionality, but also by several other
factors, are thus likely to be involved in NAb-triggered con-
tainment of SIV replication. Our analyses in the chronic phase
indicated higher frequencies of highly polyfunctional Gag-spe-

cific CD8� T-cell responses in NAb-immunized macaques,
consistent with the previously reported observation in HIV-1-
infected nonprogressors (4).

Taken together, the present study indicates that passive
NAb immunization of rhesus macaques in the acute phase may
be able to trigger rapid induction of polyfunctional Gag-spe-
cific CD4� T-cell responses, followed by sustained SIV control
in the absence of NAb responses in the chronic phase. These
results highlight the importance of the synergy between NAb
and T-cell responses in primary virus control, implying that the
absence of potent NAb responses in the acute phase of HIV-
1/SIV infection may be responsible for failure to control per-
sistent viral replication.

Finally, induction of potent NAb responses is believed to be
a promising strategy for AIDS vaccine development. While
prechallenge passive NAb immunization studies have previ-
ously indicated the possibility of sterile protection against im-
munodeficiency virus infection in macaques, several studies
have suggested difficulty in inducing high levels of NAb re-
sponses that are sufficient for sterile protection (16, 28, 35, 43,
48). Our results imply that prophylactic vaccination that elicits
NAb responses, even if it does not achieve sterile protection,
may contribute to HIV-1/SIV control by secondary NAb re-
sponses facilitating functional T-cell induction after viral ex-
posure. Thus, this study indicates a potential for HIV-1/SIV
control by synergy between NAb and T-cell responses, provid-
ing insights into the development of a prophylactic AIDS
vaccine.
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