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Abstract

Regulatory T cells contain a mix of CD4 and CD8 T cell subsets that can suppress immune activation and at the same
time suppress immune responses, thereby contributing to disease progression. Recent studies have shown that an
increased prevalence of CD8þFoxP3þ T regulatory cells was associated with immune suppression and diminished
viral control in simian immunodeficiency virus (SIV)-infected rhesus macaques. Preventing an increase in the
prevalence of CD8 T regulatory subsets is likely to lead to a better long-term outcome. Here we show that short-
term antiretroviral therapy initiated within 1 week after SIV infection was associated with lower viral set point and
immune activation after withdrawal of therapy as compared to untreated animals. Early short-term treated con-
troller animals were found to have better SIV-specific immune responses and a significantly lower prevalence of
immunosuppressive CD8þFoxP3þ T cells. Lower levels of CD8þFoxP3þ T cells coincided with preservation of
CD4þFoxP3þ T cells at homeostatic levels, and significantly correlated with lower immune activation, suggesting a
role for viral infection-driven immune activation in the expansion of CD8þFoxP3þ T cells. Interestingly, initiation of
continuous therapy later in infection did not reduce the increased prevalence of CD8þFoxP3þ T cells to homeostatic
levels. Taken together, our results suggest that early antiretroviral therapy preserves the integrity of the immune
system leading to a lower viral set point in controller animals, and prevents alterations in the homeostatic balance
between CD4þ and CD8þ T regulatory cells that could aid in better long-term outcome.

Introduction

Human immunodeficiency virus (HIV) infection is
characterized by chronic immune activation and loss of

viral control. Numerous mechanisms have been proposed for
this phenomenon such as active viral replication, dysfunc-
tional immune responses, and the dysregulation of the regu-
latory T cell network.

T regulatory cells are a heterogeneous mix of CD4 and CD8
T cell subsets. Most of the CD4 T regulatory cells are consid-
ered natural T regulatory cells, whereas CD8 T regulatory
cells are induced during specific disease states.1,2 Though
multiple subsets of CD4 and CD8 T regulatory cells have been
described, most T regulatory cells have been found to express
Forkhead transcription factor (FoxP3), which has been shown
to be essential for its regulatory function.3,4

Regulatory T cells are thought to play conflicting roles in
HIV infection. On the one hand, they potentially suppress
immune activation, yet at the same time they have been
shown to suppress immune responses.5–13 Higher frequen-
cies of CD4þ T regulatory cells have been positively asso-
ciated with lower viremia and higher CD4 T cell counts in
HIV-infected patients,14 whereas others have reported a loss
of CD4þ T regulatory cells during HIV and SIV infec-
tions.5,13,15–18 Unlike CD4þ T regulatory cells, studies have
shown that CD8þ T regulatory cells increase during HIV
and simian immunodeficiency virus (SIV) infections12,19–21

and to suppress immune responses that correlated with
diminished viral control12. The above studies suggest that
HIV/SIV infections are characterized by changes in T reg-
ulatory subsets, and these changes likely have an effect on
the course of viral infection.
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It is not clear if antiretroviral therapy (ART) corrects the
changes in CD4 and CD8 T cell subsets of regulatory cells that
are altered by HIV and SIV infections, and whether it has an
effect on outcome. Previous studies22–25 have shown that ART
initiated early during infection protects CD4 T cells in the
periphery, but little is known about the effect of early ART on
T regulatory cell subsets. Baker et al.26 showed that CD4þ T
regulatory cells were significantly decreased in untreated
HIV-infected individuals, whereas they remained unchanged
compared to pretreatment levels in subjects undergoing ART.
On the other hand, Gaardbo et al.27 showed that initiating
highly active antiretroviral therapy (HAART) had a minor
effect on the level of T regulatory cells in HIV-infected sub-
jects, and Kolte et al.28 reported that T regulatory cells were
elevated in HIV-infected patients who were under HAART
for over 5 years. The effect of ART on CD8 T regulatory cells
during HIV and SIV infections is not known.

The primary objective of our study was to evaluate if SIV
infection alters the dynamics of regulatory T cell subsets, and
if these alterations could be prevented with antiretroviral
therapy. To address this question we evaluated the preva-
lence of CD4þ and CD8þFoxP3þ T cell subsets in peripheral
blood and mesenteric lymph nodes (LN) of SIV-infected
rhesus macaques and compared them to previously re-
ported22 animals that received a short course of ART or ani-
mals that were on continuous ART. As early viral infection
has been associated with acute immune activation, we eval-
uated the expression of Ki-67 on CD8 T cells and correlated
them with CD4þ and CD8þFoxP3þ T cells to determine if
changes in T regulatory cell subsets were associated with
immune activation. Finally, we evaluated SIV-specific T and B
cell responses to determine if early ART was associated with
better immune responses.

Materials and Methods

Animals and infection

Colony-bred healthy rhesus macaques (Macaca mulatta) of
Indian origin housed at Advanced Bioscience Laboratories
Inc. (ABL), Kensington, MD were used in this study. Animals
were housed in accordance with American Association for
Accreditation of Laboratory Animal Care guidelines and were
seronegative for SIV, simian retrovirus, and simian T cell
leukemia virus type-1. All animal care and procedures were
reviewed and approved by the Institutional Animal Care and
Use Committee. All the animals were infected intravenously
with 100 animal infectious doses of uncloned pathogenic
SIVmac251 that were titrated in Indian origin rhesus
macaques. The animals were divided into three groups: Un-
treated (UT; n¼ 3), early Short-term ART (ST; n¼ 3), and Late-
continuous ART (LT; n¼ 3). The ST group of animals was
treated with PMPA (tenofovir) and FTC (emtricitabine) daily
for a short period of 8 weeks, starting at 1-week pi as pre-
viously reported,22 after which ART was discontinued,
whereas the LT group of animals received continuous PMPA
and FTC starting at week 13 pi until sacrifice. Both the drugs
were obtained from Gilead Sciences, Inc. (Foster City, CA)
and administered at 20(ST)–30(LT) mg/kg BW/day. The UT
groups of animals served as SIV-infected untreated controls.

One of the short-term treated animals was sacrificed at
week 32 pi for collection of tissues and was found to be
healthy without any gross abnormalities on pathological ex-

amination. All the other animals were sacrificed at various
time points post-1-year pi. Peripheral blood and plasma
samples collected at various time points and mesenteric
lymph nodes (LN) and peripheral blood collected were used
for analyses. Additionally, blood samples were obtained from
healthy uninfected animals (UI; n¼ 4) for comparison.

Peripheral blood mononuclear cells (PBMCs) were isolated
by density gradient centrifugation, whereas mesenteric LN
was processed as previously described.29 Plasma viral loads30

and cell-associated viral loads29 were determined by real-time
reverse transcriptase polymerase chain reaction (RT-PCR)
assay as previously described. The limit of detection for
plasma viral loads was 30 copies/ml of plasma and 1 copy/
cell for cell-associated viral loads.

Antibodies and flow cytometry

All antibodies used in this study were titrated using rhesus
macaque PBMCs. Isolated cells were used for ex vivo analysis
of SIV-env, and gag þ pol specific responses, and to evaluate
the expression of FoxP3 and Ki-67 in CD4þ and CD8þ T cell
subsets.

SIV-specific responses were determined using mesenteric LN
cells in an in vitro stimulation assay as per protocols described
previously. Briefly, cells were stimulated with pools of over-
lapping SIVmac239-env and gag þ pol peptides (2mg/ml)29 in
the presence of anti-CD28 (clone CD28.2), anti-CD49d (clone
9F10), and Brefeldin A (Golgiplug; BD Biosciences, San Diego,
CA). SIVmac239-env (catalog #6883), gag (catalog #6204), and
pol (catalog #6443) overlapping peptides were obtained from
the NIH AIDS Reference Reagent Program, Division of AIDS,
NIAID, NIH. Samples stimulated with anti-CD28 and anti-
CD49d, Golgiplug, and DMSO alone served as background
controls. After harvesting, cells were labeled with antihuman
CD8 (clone RPA-T8)-Alexa-700, CD4 (clone M-T477)-APC, and
the amine reactive dye ViViD31 (Invitrogen, Carlsbad, CA) to
exclude dead cells from analysis. After washing, cells were fixed
and permeabilized using the BD Biosciences fixation and per-
meabilization kit, and labeled intracellularly with CD3 (clone
SP34.2)-Cy7APC, interleukin (IL)-2 (clone MQ1-17H12)-PE, in-
terferon (IFN)-g (clone 4SB3)-FITC, and tumor necrosis factor
(TNF)-a (clone MAB11)-Cy7PE.

To evaluate FoxP3 expression, cells were labeled with anti-
CD4-APC and anti-CD8- Alexa-700 antibodies as above, fixed
and permeabilized using the eBiosciences fixation and per-
meabilization kit (eBiosciences; San Diego, CA), and labeled
with antihuman CD3-Cy7APC and FoxP3 (clone 206D)-PE. In
addition, cells were labeled with CD25 (clone 4E3)-FITC
(Miltenyi Biotech, Inc., Auburn, CA) to evaluate if FoxP3-
expressing T cells also expressed CD25. Ki-67 expression was
evaluated by labeling cells with anti-CD4-APC and CD8-
Alexa-700 antibodies as above, fixed, permeabilized, and
labeled with antihuman CD3-Cy7-APC and Ki-67 (clone
B56)-FITC.

For determining cell-associated viral loads, memory CD4 T
cells were sorted using a panel of CD3-Cy-7APC, CD4-APC,
CD8-Alexa700, CD95 (clone DX2)-FITC, and CD28-Cy-5PE
(BD Biosciences). Memory CD4 T cells were discriminated
based on the expression of CD28 and CD95 as described
previously.29–32

Labeled cells were fixed with 0.5% paraformaldehyde and
analyzed using a modified Becton Dickinson Aria Sorter.

764 GEORGE ET AL.



Approximately one million total events were collected for
analysis.

Genotyping for rhesus macaque MHC class I alleles

Genotyping for MHC class I alleles was performed by ABL,
Inc. and at the Laboratory of Molecular Microbiology, NIAID
(Bethesda, MD). Genomic DNA was extracted from frozen
PBMCs using the QIAamp DNA blood kit (Qiagen, Valencia,
CA) according to the manufacturer’s instructions. Con-
centration and quality of the recovered genomic DNA were
determined using a NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies, Inc., Wilmington DE) and an MHC-
A2 locus site-specific primer PCR assay (SSP-PCR) was per-
formed to assess for the absence of amplification inhibitors.33

Macaques carrying the Mamu-B*00801 allele (formerly
Mamu-B*08) in their genome were identified by using the
SSP-PCR assay described by Loffredo et al.34 Genotyping
for Mamu-B*0290101 (Mamu-B*29) and Mamu-B*07301 was
performed as described previously.35 Genotyping for Mamu-
A1*00101 (Mamu-A*01), Mamu-A1*00201 (Mamu-A*02),
Mamu-A1*00801 (Mamu-A*08), Mamu-A1*01101 (Mamu-
A*11), Mamu-B*00101 (Mamu-B*01), Mamu-B*00301
(Mamu-B*03), Mamu-B*00401 (Mamu-B*04), Mamu-B*0701
(Mamu-B*07), and Mamu-B*01701 (Mamu-B*17) was per-
formed as described previously.36

Antibody-dependent cellular cytotoxicity (ADCC) assay

The rapid fluorometric ADCC (RF-ADCC) assay was per-
formed as previously described.37–42 Briefly, H9 cells infected
with SIVmac251 were used as targets. The target cells were
dually labeled with the cytoplasmic dyes PKH-26 (Sigma
Aldrich) and CFSE (Molecular Probes), a dye that is rapidly
lost when cell membranes are damaged. Labeled targets were
resuspended in RPMI 1640 medium containing 10% fetal calf
serum (R-10) and allowed to react with heat-inactivated
(568C, 30 min) serially diluted plasma in a 96-well microtiter
plate for 10 min at room temperature.

Human PBMCs used as effector cells were added at a 50:1
effector/target ratio. The reaction mixture was incubated for
4 h at 378C in 5% CO2, after which the cells were fixed with
3.7% paraformaldehyde for flow cytometry. Controls in-
cluded unstained and single-stained target cells. Nongated
events (n¼ 25,000 in each duplicate well) were acquired
within 18 h using a FACSCalibur instrument (BD Biosciences).
Acquisition was done using CellQuest software and data
analysis was performed with WinMDI 2.9. The percent ADCC
cell killing is reported as the percentage of membrane-labeled
target cells having lost the viability dye, i.e., the percentage of
CFSE-negative cells within the PKH-26 high gate. ADCC
titers were defined as the reciprocal dilution at which the
percent ADCC killing was greater than the mean percent
killing of the negative control samples plus three standard
deviations.

Virus neutralization assay

Neutralizing antibody responses against primary isolates
of SIVmac251 were measured as previously described43 with
brief modifications. Neutralization was measured using
SIVmac251.30 Env pseudoviruses (Courtesy of James Whit-
ney, Michael Seaman, and Norman Letvin) to infect TZM-bl

cells as described previously.44,45 Briefly, 40ml of virus was
incubated for 30 min at 378C with 10 ml of serially diluted test
antibody in duplicate wells of a 96-well flat-bottom culture
plate. To keep assay conditions constant, sham medium alone
controls were used in place of antibody in specified control
wells.

The virus input was set at a multiplicity of infection of
*0.1, which generally results in 100,000 to 400,000 relative
light units in the luciferase assay. Neutralization curves were
fit by nonlinear regression using a four-parameter hill slope
equation programmed into JMP statistical software ( JMP 5.1;
SAS Institute Inc., Cary, NC). The 50% and 80% inhibitory
concentrations (IC50 and IC80) were reported as the concen-
tration of antibody required to inhibit infection by 50%, and
80%, respectively. Note that neutralizing antibody responses
were evaluated only in untreated and short-term-treated
animals.

Data analysis

Flow cytometric data were analyzed using FlowJo ver-
sion 8.6 (Tree Star, Inc., Ashland, OR). SIV-specific CD4 and
CD8 T cell responses were determined by excluding dead
cells, and are reported as background (costimulatory anti-
bodies alone) subtracted data. Due to the small sample size
per group, statistical analysis was performed using non-
parametric tests, with GraphPad Prism Version 4.0 software
(GraphPad Prism Software, Inc., San Diego, CA). Linear
regression analysis was performed to determine line of fit,
and correlations were derived using Pearson’s rank test. The
p< 0.5 was considered significant. Error bars represent
standard error.

Results

Short-term treatment lowered viral infection
and preserved CD4 T cells after removal of ART

Previous studies29 had shown that there were few CD4 T
cells that were infected prior to 1 week pi. We hypothesized
that initiation of ART at 1 week pi would lower viral loads by
reducing the pool of infected CD4 T cells. To address this
question, we evaluated the plasma and memory CD4 T cell-
associated viral loads in samples that were collected during
the late stages of disease from short-term treated animals and
compared them to untreated and late-continuous treated
animals.

Plasma viral loads (Fig. 1a) ranged from *6–7 logs/ml of
plasma in untreated animals. The short-term treated ani-
mals had plasma viral loads of *2–4 logs/ml of plasma,
whereas plasma viral loads were below the levels of de-
tection in the late-continuous treated group of animals.
Based on previous reports,23 the three short-term treated
animals that had lower viral loads were deemed controllers
(ST-controller).

The mean plasma viral loads were significantly different
( p¼ 0.0044) between the three groups of animals as deter-
mined by one-way ANOVA, suggesting that early ART sig-
nificantly lowered the viral set point in controller animals
after withdrawal of therapy.

To determine if the lower plasma viral loads in short-term
treated controller animals were due to the lower level of
infection in memory CD4 T cells, we quantified the level of
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SIV-gag copies in memory CD4 T cells from peripheral blood
at 9 and 13 weeks pi and during late stage of disease using a
highly quantitative qPCR assay29 for SIV-gag. We had pre-
viously shown that an infected memory CD4 T cell carried
approximately two copies of SIV-gag/cell.29

The mean cell-associated viral loads at week 9 pi, the time
point when ART was stopped in short-term treated controller
animals, was *896 copies/105 memory CD4 T cells, whereas
it was *25,171 copies and *5786 copies in the untreated and
late-continuous treated animals, respectively. At 13 weeks pi,
the mean cell-associated viral load was *890 copies/105

memory CD4 T cells in short-term treated controller animals,
whereas it was *28,006 copies and *5914 copies in the un-
treated and late-continuous treated animals, respectively. The
cell-associated viral loads (Fig. 1b) in short-term treated con-
troller animals were significantly less than those of the un-
treated and other animals. Interestingly, the late-continuous
treated group of animals was found to harbor significantly
higher cell-associated virus as compared to the short-term
treated controller animals, suggesting that by the time ART
was initiated at 13 weeks pi, a significantly higher pool of
latently infected cells had been established within the CD4 T
cell compartment. On the other hand, early ART restricted the
pool of infected cells in short-term treated controller animals,
which remained low until sacrifice.

Lower levels of infection were associated with a significant
preservation of CD4 T cells (Fig. 1c) in short-term treated
controller animals, presumably due to the lower destruction
of the memory CD4 T cell compartment associated with acute
infection as previously reported.22 Like the short-term treated
controller animals, the absolute number of CD4 T cells in the
late-continuous group of animals did not differ significantly
from preinfection levels. In contrast to the short-term treated
controller and late-continuous treated animals, there was a
significant loss of CD4 T cells in untreated animals; two out of
the three animals had absolute CD4 T cell counts that were
<200 cells/ml, indicative of simian AIDS.

Early ART preserves the homeostatic balance
between CD4 and CD8þFoxP3þ T cell subsets

Recent studies9,12,18,20 have suggested that perturbations in
prevalence of CD4 and CD8 T regulatory cells likely plays a
role in SIV pathogenesis. We hypothesized that early ART, by
containing early viral replication and CD4 T cell destruction
associated with acute infection, will prevent any major per-
turbations in regulatory T cell subsets. To address this ques-
tion, we evaluated the effect of SIV infection and ART on the
proportion and absolute numbers of CD4 and CD8þFoxP3þ

T subsets in peripheral blood and mesenteric LN in short-term
treated controller animals and compared them to other
groups. The gating strategy used is shown in Fig. 2a. As
shown previously,9,12 most FoxP3þ T cells were found to ex-
press CD25 (Fig. 2b) with >90% of CD4þ and CD8þFoxP3 T
cells expressing CD25 (n¼ 4; data not shown).

We first evaluated the proportions of total CD3þFoxP3þ T
cells in peripheral blood and mesenteric LN. Approximately
2% of peripheral blood CD3þ T cells from healthy animals
expressed FoxP3. There was a significant decrease in the
proportions of CD3þFoxP3þ T cells in untreated and short-
term treated controller animals (Fig. 2c) as compared to
uninfected animals. There was, however, no significant dif-
ference in the absolute numbers of peripheral blood
CD3þFoxP3þ T cells between groups (Fig. 2d). Mesenteric LN
was found to harbor similar proportions of CD3þFoxP3þ T
cells as in peripheral blood, which did not differ significantly
between the groups (Fig. 2c). Since we did not have mesen-
teric LN from uninfected animals, we restricted our analysis
to SIV-infected untreated and treated animals.

Next we investigated if SIV infection or treatment was
associated with alterations in the proportions of CD4 and
CD8þFoxP3þ T cell subsets. Our results showed that a
majority (>95%) of peripheral blood CD3þFoxP3þ T cells in

p = 0.0044

p = 0.0273

a

b

c

FIG. 1. Early antiretroviral therapy (ART) is associated
with significantly lower viral rebound in short-term con-
troller animals. (a) Plasma viral loads at various time points,
(b) cell-associated viral loads, and (c) CD4 T cell counts in
untreated (UT), short-term, treated controller (ST), and late-
continuous treated (LT) animals.
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FIG. 2. Early ART prevents the induction of higher numbers of CD8þFoxP3þ T cells. (a) Gating strategy used to determine
the prevalence of CD4 and CD8þFoxP3þ T cell subsets of CD3þFoxP3þ T cells and (b) FoxP3þ lymphocytes; CD3þCD4þ and
CD3þCD8þ T cells coexpress CD25. (c) Proportions and (d) absolute numbers of CD3þFoxP3þ T cells in uninfected (UI),
untreated (UT), short-term treated controller (ST), and late-continuous treated (LT) animals and (e) proportions and (f)
absolute numbers of CD4 and CD8þFoxP3þ T cell subsets in UI, UT, ST, and LT animals. (g) Ratio of
CD4þFoxP3þ:CD8þFoxP3þ T cells in PBMCs and mesenteric LN from UI, UT, ST, and LT animals and (h) correlation of CD4þ

and CD8þFoxP3þ T cells with plasma viral loads (n¼ 9). Note that proportions and absolute numbers in PBMCs are shown,
whereas only proportions for mesenteric lymph node (LN) are shown in (c–f).
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uninfected healthy animals were CD4þFoxP3þ T cell subsets,
with the rest being CD8þFoxP3þ T cells (Fig. 2e). SIV infection
was associated with a significant decrease in the frequency
(Fig. 2e) and absolute numbers (Fig. 2f) of peripheral blood
CD4þFoxP3þ T cells in untreated animals as compared to
uninfected animals. In contrast, CD4þFoxP3þ T cells in both
short-term and late-continuous treated animals did not dif-
fer significantly from those of uninfected healthy animals,
suggesting that ART is associated with preservation of
CD4þFoxP3þ T cells. As seen in peripheral blood, ART was
associated with significantly higher proportions of
CD4þFoxP3þ T cells in the mesenteric LN from both short-
term and late-continuous treated animals (Fig. 2e).

The decrease in CD4þFoxP3þ T cells in untreated animals
was accompanied by a significant increase in frequency
(Fig. 2e) and absolute numbers (Fig. 2f) of CD8þFoxP3þ T
cells in peripheral blood. In contrast, both short-term and
late-continuous treated animals had significantly lower
proportions and absolute numbers of CD8þFoxP3þ T cells
as compared to untreated animals, whereas they did not
differ from that seen in uninfected healthy animals. Inter-
estingly, however, late-continuous treated animals had sig-
nificantly higher proportions and absolute numbers of
CD8þFoxP3þ T cells than the short-term treated controller
and uninfected animals. This trend was evident even during
the early phase of infection (Supplementary Fig. S1; Sup-
plementary Data are available online at www.liebertonline
.com/aid).

In line with the above reported changes, the ratio of
CD4þFoxP3þ:CD8þFoxP3þ T cells (Fig. 2g) was significantly
decreased in untreated animals, whereas there was no signifi-
cant difference between uninfected animals and the short-term
treated controller group of animals. Late-continuous treated
animals had a significantly lower CD4þFoxP3þ:CD8þFoxP3þ

T cell ratio than uninfected and short-term treated controller
animals indicative of the higher proportions of CD8þFoxP3þ

T cells.
Similar to peripheral blood, mesenteric LN from untreated

animals had significantly higher proportions of CD8þFoxP3þ

T cells (Fig. 2e). Unlike blood, however, there was no signif-
icant difference in the proportions of CD8þFoxP3þ T cells
between short-term and late-continuous treated animals.

The higher proportions of CD4þFoxP3þ T cells in periph-
eral blood was found to have a significantly high negative
correlation (r¼�0.8142; p¼ 0.0038) with plasma viral loads
(Fig. 2h), suggesting that lower viral loads are associated with
higher levels CD4þFoxP3þ T cells. On the other hand,
CD8þFoxP3þ T cells had a significantly positive correlation
with plasma viral loads (r¼ 0.7104; p¼ 0.0160).

Higher proportions of CD4þFoxP3þ T cells negatively
correlate with immune activation

Next we evaluated if the lower viral loads seen in short-term
controller animals after withdrawal of therapy was likely due
to lower levels of immune activation. Numerous studies46

have shown that immune activation plays a major role in HIV
disease progression.

To determine if short-term ART reduced immune activation,
we measured Ki-67 expression on CD8 T cells in peripheral
blood from short-term treated controller animals, and com-
pared this to untreated and late-continuous treated animals.

Due to the unavailability of mesenteric LN samples, we re-
stricted our analysis to peripheral blood.

Our results showed that ART was associated with a sig-
nificant decrease in Ki-67 expression on CD8 T cells in both the
short-term controller and late-continuous group of animals as
compared to the untreated animals (Fig. 3a).

Previous studies9 have shown that CD4þFoxP3þ T regu-
latory cells contribute to lower immune activation in SIV-
infected rhesus macaques. To determine if the low level of
immune activation seen was associated with higher propor-
tions of CD4þFoxP3þT cells, we correlated CD8þKi-67þT cells
with CD4 and CD8þFoxP3þ T cells from peripheral blood
(Fig. 3b) and mesenteric LN (Fig. 3c). We found a signifi-
cantly high negative correlation between CD8þKi-67þ T cells
and CD4þFoxP3þ T cells in peripheral blood (r¼�0.9577;
p< 0.0001) and mesenteric LN (r¼�0.6548; p¼0.0278). On
the other hand, there was a significantly high positive cor-
relation between CD8þKi-67þ T cells and CD8þFoxP3þ T cells
in peripheral blood (r¼ 0.9856; p< 0.0001) and mesenteric LN
(r¼ 0.7080; p¼ 0.0164), indicating that the higher proportions
of CD8þFoxP3þ T cells seen in untreated animals were asso-
ciated with higher levels of immune activation seen in those
animals.

Early treatment is associated with better SIV-specific
immune responses

Recent studies12 have shown that CD8þFoxP3þ T cells
suppressed immune responses in SIV-infected rhesus ma-
caques. To determine if the significantly lower proportion of
CD8þFoxP3þ T cells in short-term treated controller animals
was associated with better immune responses, we evaluated
SIV-specific T and B cell responses in short-term treated
controller animals, and compared them to untreated and late-
continuous treated animals.

SIV-env and gag þ pol specific IL-2, IFN-g, and TNF-a re-
sponses in CD4 and CD8 T cells were determined in mesen-
teric LN using flow cytometry. Since limited PBMCs were
available, we used mesenteric LN from two animals in each
group for analyses. Representative dotplots showing the
gating strategy from one of the short-term treated controller
animals are shown in Fig. 4.

Both envelope and gag þ pol responses were detectable in
all of the animals (Fig. 5a). However, there were differences in
the functionality and magnitude of responses. Untreated an-
imals had predominantly CD8 T cell responses that were
largely monofunctional and characterized by IFN-g produc-
tion. Responses were marginally better in late-continuous
treated animals with evidence of IL-2-specific responses. On
the other hand, short-term treated controller animals dis-
played detectable CD4 responses against both envelope and
gag þ pol peptides, which were characterized by the pro-
duction of all three cytokines. The total SIV-specific CD4 T cell
responses were significantly better in short-term treated
controller animals as compared to the untreated and late-
continuous animals (Fig. 5b).

Like CD4 T cell responses, CD8 T cell responses in short-
term treated controller animals were better than either late-
continuous treated or untreated animals, though these
differences were not significant (Fig. 5b). The low level of
responses in the late-continuous treated group of animals,
even though they experienced significant repopulation of
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CD4 T cells, is likely due to the low antigenic load in these
animals after complete viral suppression with ART. Previous
studies47–50 have shown that ART started during primary
HIV infection preserves HIV-specific CD4 T cell responses
leading to lower viral rebound when therapy is interrupted.

As seen with T cells responses, two out of the three short-
term treated controller animals were found to have higher
ADCC titers (Fig. 5c) as compared to either untreated, short-
term treated noncontroller, and the late-continuous group of
animals, though this difference was not statistically signifi-
cant. Interestingly, the short-term treated animal (M934) that
had a low ADCC titer displayed high levels of neutralizing
antibody responses against primary SIVmac251 isolates
(Table 1).

Previous studies23 have suggested that protective MHC
class I alleles provide a basis for the lower viral loads in early
short-term treated controller animals. To determine whether
specific protective MHC class I alleles contributed to the lower
viral loads in short-term treated controller animals, we
genotyped all our animals for known protective Mamu-A and
Mamu-B MHC class I alleles (Table 2). Surprisingly, we ob-

served no specific association between the expression of
protective MHC class I alleles and lower viral loads seen in
short-term treated controller animals.

Discussion

Acute infection is characterized by a massive loss of CD4 T
cells, immune activation, and a significant amplification of
viral infection.22,29,51–57 T regulatory cells are thought to play a
major role in maintaining a state of homeostatic balance with
changes in their prevalence likely contributing to disease
pathogenesis.

Our results suggest that changes in prevalence of CD4 and
CD8 T regulatory T cells occurs very early during the course of
infection. Lending support to this argument is the signifi-
cantly higher proportions and absolute numbers of CD8
T regulatory cells in the untreated and late-continuous
treated group of animals. Though ART lowered propor-
tions and absolute numbers of CD8 T regulatory cells in the
late-continuous treated group of animals as compared to
untreated animals, their prevalence was significantly higher

Lymph nodePBMC

b

a

c

PBMC

FIG. 3. Early ART suppressed immune activation after removal of therapy. (a) Expression of Ki-67 on peripheral blood
CD3þCD8þ T cells at time of sacrifice in untreated (UT), short-term treated controller (ST), and late-continuous treated (LT)
animals. (b) Correlation of CD4þFoxP3þ T cells and CD8þFoxP3þ T cells from PBMCs and (c) mesenteric LN of UT, ST, and
LT animals with peripheral blood CD3þCD8þKi67þ T cells (n¼ 9).
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than short-term treated controller animals. On the other hand,
the prevalence of CD8 T regulatory cells in short-term treated
controller animals did not differ from that of healthy ani-
mals. The persistence of CD8 T regulatory cells in the late-
continuous treated group of animals suggests that by the time
ART was initiated at 13 weeks pi, significant numbers of CD8
T regulatory cells were already induced.

Studies12,20 have shown that CD8þFoxP3þ T cells are
highly immunosuppressive and correlate with diminished

viral control in SIV-infected rhesus macaques. In line with
these reports, untreated animals were found to display SIV-
specific immune responses that were largely monofunctional,
and predominantly CD8 T cell mediated. In contrast to un-
treated animals, short-term treated controller animals had
significantly higher level of polyfunctional SIV-specific CD4
and CD8 T cell responses. Likewise, the short-term treated
controller animals had better overall B cell responses as
compared to the other groups.

FIG. 4. Gating strategy used to evaluate SIV-specific CD4 and CD8 T cell responses. Mesenteric LN were stimulated with
SIV-env or gag þ pol in a 4-h stimulation assay, and stained with a panel of antibodies described in Materials and Methods.
Dead cells were excluded from analysis, and IL-2, IFN-g, and TNF-a production was determined.
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FIG. 5. Animals treated at 1-week pi generate polyfunctional CD4 and CD8 responses. (a) SIV-env and gag þ pol-specific
CD4 and CD8 T cell responses in mesenteric LN collected from untreated (UT; n¼ 2), short-term treated controller (ST; n¼ 2),
and late-continuous treated (LT; n¼ 2) animals. (b) Total SIV-env and gag þ pol specific CD4 and CD8 T cell responses in
mesenteric LN from two UT, ST, and LT animals. All the three SIV-specific cytokines responses against SIV-env, and gag þ
pol shown in (a) for each animal were added to derive the total response. (c) ADCC titers in plasma of UT, ST, LT, animals at
time 0 and week 28 postinfection. Note that only background subtracted data are shown.
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Better immune responses alongside a normal prevalence
of CD4 T regulatory cells posed a conundrum as CD4 T
regulatory cells have been shown to suppress HIV-specific
immune responses.58,59 Interestingly, however, Hartigan-
O’Connor et al.9 have shown that CD4 T regulatory cells
from rhesus macaques fail to suppress SIV-specific T cell
responses, whereas others14 have shown that HIVþ elite
controllers had low HIV-specific T cell activation with
normal T regulatory cell levels yet maintain strong, poly-
functional T cell responses. It is important to point out that
the proportions and absolute numbers of CD4 T regulatory
cells in short-term controller animals, though significantly
higher than untreated animals, were similar to the levels
seen in healthy uninfected animals. Both the proportions
and absolute numbers of total CD3þFoxP3þ T cells did not
differ between the groups.

Unlike the untreated animals, short-term treated controller
animals had significantly lower levels of immune activation
that correlated with higher prevalence of CD4 T regulatory
cells, suggesting a role for these cells in suppressing immune
activation as shown by Hartigan-O’Connor et al.9 Numerous
studies46 have shown that immune activation plays a major
role in increased viral replication and disease progression. It is
interesting to note that a decrease in the prevalence of CD4
T regulatory cells in untreated animals is accompanied by
increased immune activation. Taken together, these results
suggest that lower immune activation along with better im-
mune responses likely contribute to the lower viral rebound
in short-term treated controller animals.

It is difficult to determine why CD4þFoxP3þ T cells were
less immunosuppressive than CD8þFoxP3þ T cells at this
point. It is possible that the differences may be attributable to
the way these two subsets mediate their action; CD4þFoxP3þ

T cells likely suppress immune activation by secreting sup-
pressive cytokines such as TGF-b into the local microenvi-
ronment.60 On the other hand, CD8þFoxP3þ T cells likely
suppress immune responses by directly suppressing or killing
SIV-specific CD4 T cells. In line with this argument, untreated
animals had significantly lower levels of SIV-specific CD4 T
cell responses as compared to short-term treated controller
animals.

Previous studies61 have shown that HIV-specific CD8 T
cell dysfunction was associated with the loss of HIV-specific
CD4 T cells, and functional CD8 T cell responses could be
restored with autologous HIV-specific CD4 T cells. On the
other hand, Cantor et al.62 showed that certain subpopula-
tions of CD8 T cells specifically inhibited CD4 T helper re-
sponses, whereas Noble et al.63 showed that this inhibition
was mediated by the recognition of Qa-1, a nonclassical
MHC class 1 molecule, on target CD4 T cells by CD8 T
regulatory cells. In other disease states such as experimental
autoimmune encephalomyelitis, CD8 T regulatory cells have
been shown to directly lyse encephalitogenic CD4 T cells in
both human and mouse models.64,65 Others12 have demon-
strated that CD8þFoxP3þ T cells suppressed SIV-specific
immune responses that correlated with diminished viral
control in SIV-infected rhesus macaques. Garba et al.66

showed that HIV antigens could induce TGF-b-producing
CD8þ T regulatory cells that can suppress HIV-specific im-
mune responses, whereas Estes et al.67,68 demonstrated in-
creased levels of TGF-b during SIV infection.

The mechanisms for the decrease in CD4þFoxP3þ T cells in
untreated animals are not yet clear. It is possible that pe-
ripheral CD4þFoxP3þ T cells redistribute to secondary lym-
phoid organs such as the mucosa, or these cells may be
infected and destroyed during SIV infection. Studies have
shown that SIV and HIV infections are associated with an
increase in CD4þFoxP3þ T cells in the mucosa.6,69,70 On the
other hand, Moreno-Fernandez et al.71 showed that human
regulatory T cells are targets for HIV infection, whereas Allers
et al.72 showed that mucosal T regulatory cells are less sus-
ceptible to productive SIV infection, and are selectively spared
from SIV-mediated death. Though the exact mechanisms for
the loss of CD4þFoxP3þ T cells is not clear from our study, our
results suggest that their loss correlated with increased im-
mune activation and higher viral loads. In line with this ar-
gument, Baker et al.26 found that loss of CD4þ T regulatory
cells was associated with persistent viremia in HIV-infected
patients.

Table 1. Neutralizing Antibody Responses

Against Primary Isolates of SIVmac251

Animal Group Day 0 Week 32 (ID50) Week 32 (ID80)

M637 UT <5 185 <5
M936 UT <5 269 <5
M937 UT 8 2602 20
M931 ST-c <5 313 <5
M934 ST-c <5 1162 14
M938 ST-c <5 <10 <5

UT, untreated; ST-c, short-term treated controller.

Table 2. MHC Class I Alleles Expressed by Rhesus Macaques Used in This Study

Animal Group A*01 A*02 A*08 A*11 B*01 B*03 B*04 B*08 B*17 B*0290101 B*07 B*07301

M637 UT � þ � � � þ � � � � � �
M936 UT � þ � � þ � � þ � � � �
M937 UT � � þ � þ � � � þ � � �
M931 ST-c � þ þ � þ � � � � � � �
M934 ST-c � þ � � þ � � � � � � �
M938 ST-c � � � � � � � � � � � �
M926 LT � � � � � � � � � þ � �
M932 LT � þ � � � þ � � � � � �
M933 LT � � � � � � � � � þ � �

UT, untreated; ST-c, short-term treated controller; LT, late continuous treated.
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The lower viral rebound seen in the short-term treated
controller animals could be due to other factors such as the
lower pool of infected memory CD4 T cells. Though a smaller
pool of infected cells is likely to contribute to the lower viral
rebound, recent studies suggest that other factors may play a
role in the differential viral rebound seen in short-term treated
controller vs. noncontroller animals. Kubo et al.23 showed that
when ART was initiated at 48 h pi, and infection was com-
pletely suppressed to levels below detection, removal of ART
after 4 weeks was associated with a lower viral rebound in
three short-term controller rhesus macaques (*2–3 logs/ml
of plasma) and higher viral loads in three noncontroller ani-
mals (*5–6 logs/ml of plasma). Interestingly, all six animals
had very few infected memory CD4 T cells at the time of
initiation of ART and during 4 weeks of ART, *10�1 copies
of SIV/105 memory CD4 T cells, suggesting that both groups
of animals had equally low pools of latently infected cells. Yet
the removal of ART was associated with a differential re-
bound in viremia. Though, Kubo et al.23 found an association
between lower viral loads and expression of protective MHC
class I alleles such as Mamu-B*2901 and B*17, we did not find
any specific association in our study (Table 2).

In conclusion, our results demonstrate that suppression of
viral replication early during the course of infection signifi-
cantly influences the course of disease and viral set point.
Lower viral replication preserved the CD4 T helper com-
partment, decreased immune activation, and prevented the
emergence of immunosuppressive CD8þFoxP3þ T cells in
controller animals, thereby contributing to better immune
responses that likely play a role in the lower viral rebound
seen in short-term controller animals. Taken together, our
findings suggest that early therapy can lead to better long-
term outcome and viral control in HIV infection.
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