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Differences in clinical outcome of simian immunodeficiency virus (SIV) infection in disease-resistant African
sooty mangabeys (SM) and disease-susceptible Asian rhesus macaques (RM) prompted us to examine the role
of regulatory T cells (Tregs) in these two animal models. Results from a cross-sectional study revealed
maintenance of the frequency and absolute number of peripheral Tregs in chronically SIV-infected SM while
a significant loss occurred in chronically SIV-infected RM compared to uninfected animals. A longitudinal
study of experimentally SIV-infected animals revealed a transient increase in the frequency of Tregs from
baseline values following acute infection in RM, but no change in the frequency of Tregs occurred in SM during
this period. Further examination revealed a strong correlation between plasma viral load (VL) and the level of
Tregs in SIV-infected RM but not SM. A correlation was also noted in SIV-infected RM that control VL
spontaneously or in response to antiretroviral chemotherapy. In addition, immunofluorescent cell count assays
showed that while Treg-depleted peripheral blood mononuclear cells from RM led to a significant enhancement
of CD4™ and CD8" T-cell responses to select pools of SIV peptides, there was no detectable T-cell response to
the same pool of SIV peptides in Treg-depleted cells from SIV-infected SM. Our data collectively suggest that
while Tregs do appear to play a role in the control of viremia and the magnitude of the SIV-specific immune

response in RM, their role in disease resistance in SM remains unclear.

African primate sooty mangabeys (SM) (Cercocebus atys)
are a natural host of simian immunodeficiency virus (SIV) but
remain asymptomatic throughout the course of infection and
do not develop any detectable immunodeficiency or disease.
Despite high viremia, naturally or experimentally SIV-infected
SM maintain reasonable CD4 T-cell counts and an absence of
chronic activation of T cells (10, 33, 39). This symptom-free
characteristic of SM is in marked contrast to the CD4 T-cell
depletion and disease progression that occur in SIV-infected
Asian rhesus macaques (RM) (21, 38). In the latter species, the
initial CD8 T-cell-mediated antiviral response generated dur-
ing the acute phase, although beneficial, proves to be inade-
quate for viral control and clearance, resulting in chronic vire-
mia and a state of chronic immune activation (24, 34, 38). The
increased levels of activation-induced cell death and to various
levels bystander apoptosis exhibited by SIV-infected RM are
markedly attenuated or absent in SIV-infected SM (38, 39).
Since viral loads (VL) in SIV-infected SM reach levels that
lead to AIDS in the vast majority of similarly infected RM, the
development of disease in the latter species is believed to
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depend on the quality and/or quantity of the immune response
to viral infection rather than VL alone.

While both RM and SM develop readily detectable anti-
SIV-specific antibodies following infection, the magnitude of
CD4" and CD8" SIV-specific cellular immune responses in
SIV-infected SM is typically diminished and difficult to detect
in comparison to the elevated T-cell SIV-specific immune re-
sponse in SIV-infected RM (10, 38). It was reasoned that one
explanation for the limited virus-specific cellular immune re-
sponse exhibited by SIV-infected SM could be that this re-
sponse is secondary to the effect of more-potent and/or a
higher level of natural regulatory T cells (Tregs), a cell lineage
that has recently been revisited for its role in SIV/human
immunodeficiency virus (HIV) pathogenesis. Tregs typically
constitute a small percentage of circulating CD4™ T cells (2 to
5% in adult humans) (4, 20, 25, 35). Markers commonly asso-
ciated with the identification of Tregs include high cell surface
levels of the interleukin-2 receptor alpha (IL-2Ra) CD25 and
the transcription factor FoxP3 (4, 20, 35, 41, 48). Additional
markers include cytotoxic-T-lymphocyte-associated antigen 4,
GITR, low levels of the more recently identified Treg marker
IL-7 receptor CD127 (26, 27, 37, 43), and, more recently,
unique microRNA profiles (9). CD4" CD25"™ Tregs inhibit
proliferation of T cells primarily through contact-dependent
mechanisms, although cytokine (IL-10 and transforming
growth factor B [TGF-B])-mediated inhibition has also been
suggested previously (2, 5, 20, 25, 28, 31, 32).

Conflicting data regarding the role of Tregs in lentiviral
infection are not uncommon, with some studies suggesting that
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the level of Tregs is unaffected by infection and others showing
either an expansion or a decline in Tregs in SIV/HIV-infected
hosts (1, 3, 12, 22, 29, 30, 45, 47). This apparent disparity is in
part due to differences in the chosen marker(s) for Treg iden-
tification, the lack of optimized techniques utilized for Treg
quantification (cellular gene expression versus flow cytometry)
and data analysis (frequency versus absolute numbers [ABS]),
and the stage of infection at the time of sampling. To gain a
better understanding of Treg dynamics in SIV pathogenesis,
we performed a comprehensive study involving the phenotypic
analysis of Tregs from peripheral blood mononuclear cells
(PBMC:s) from uninfected and SIV-infected SM and RM dur-
ing the acute, early chronic, and late chronic stages of infec-
tion. The effect of antiretroviral therapy (ART) on Treg levels
in SIVmac-infected RM was also determined. In addition, a
characterization of Treg function in SIV-infected RM and SM
was performed. The basic aim of this study is twofold: first, to
determine the relationship, if any, between SIV infection and
the level and/or function of Tregs in RM and SM, and second,
to determine if this cell lineage plays a role in the SIV-specific
adaptive immune response and/or generalized immune activa-
tion that is muted in SIV-infected SM but readily exhibited by
SIV-infected RM. Our results suggest a decline in the number
of Tregs in SIV-infected RM and a correlation between Tregs
and levels of VL and controlled immune activation in this
species. However, the frequency and ABS of Tregs alone can-
not account for either VL or disease resistance in the SIV-
infected SM.

MATERIALS AND METHODS

Animals and infections. The healthy uninfected and the SIV-infected RM and
SM were housed at Yerkes Regional Primate Research Center (YRPRC) of
Emory University or at the Oregon National Primate Research Center (ONPRC) at
the University of Oregon. Their housing, care, diet, and maintenance conformed
to the guidelines of the Committee on the Care and Use of Laboratory Animals
of the Institute of Laboratory Animal Resources, National Research Council,
and the Health and Human Services guidelines Guide for the Care and Use of
Laboratory Animals (28a). The sources of the samples from the SIV-infected
animals were as follows.

(i) SM. The SIV-noninfected SM and SM that were naturally infected were of
comparable ages and were part of breeding colonies maintained at the YRPRC
field station. A group of SIV-negative SM were experimentally infected with SIV
(a viral stock of an isolate from a mangabey, FUo, that readily infects and
replicates in SM monkeys; courtesy of S. Staprans, Emory University) and were
housed in individual cages at the main station of the YRPRC. These monkeys
served as a source for the longitudinal SM study.

(ii) RM. RM involved in the longitudinal study consisted of two groups of
animals: one group was infected intravenously with 200 50% tissue culture
infective doses of SIVmac239, and the other was infected with 10,000 50% tissue
culture infective doses. A subset of the latter group of SIVmac239-infected RM
were treated with PMPA (9-(2-phosphonomethoxypropyl)adenine) (20 mg/kg of
body weight subcutaneously daily for 28 days after reaching the VL set point) and
were utilized to study the effects of antiviral therapy on Tregs. All uninfected and
SIV-infected RM used in the study were of comparable ages.

Specimen collection. PBMCs were isolated by standard Ficoll-Hypaque gra-
dient centrifugation from whole blood. White blood cell, platelet, and total
lymphocyte counts were determined using standard methods and used to calcu-
late absolute values. Lymph nodes and various tissues were obtained at necropsy
from five uninfected RM and four SIVmac239-infected RM that were sacrificed
due to end-stage AIDS. Single-cell suspensions of lymph node cells were ob-
tained by teasing the cells out of the respective nodes. Mucosal intraepithelial
and lamina propria lymphocytes were obtained after serial incubation in EDTA,
digestion with collagenase (Worthington type IV), and purification/enrichment
on discontinuous 30/60% Percoll gradients.
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Flow cytometry analysis. Multiple monoclonal antibodies (MAb) with speci-
ficity for human CD4, CD25, FoxP3, GITR, and CD127 were first screened in
multiple combinations with a variety of fixing conditions to identify those that
provided optimal data (similar to human Tregs) for the identification of RM and
SM Tregs. From the list of clones screened, the following antibody clones were
selected for the immunophenotyping studies of Tregs reported herein: CD4-
peridinin chlorophyll protein (clone L200), CD127-phycoerythrin (PE), CD95-
fluorescein isothiocyanate (FITC) (clone DX-2) (all purchased from BD Phar-
mingen, San Diego, CA), CD25-PE (clone 4E3; Miltenyi Biotec, Auburn, CA),
and FoxP3-allophycocyanin (clone PCH101 or 236A/E7; E-Bioscience, San
Diego, CA). Cells were first incubated with 1 pg/ml of anti-FcR antibody (clone
2.4G2; courtesy of R. Mittler, Emory University) for 15 min at 4°C, washed, and
then surface stained for 15 min at 4°C with predetermined optimal concentra-
tions of CD4-peridinin chlorophyll protein, CD95-FITC, and CD25-PE or
CD127-PE. Fixation and intracellular staining to detect FoxP3 were performed
according to an E-Biosciences protocol. Appropriate MAb isotype controls were
included. The study of cell activation markers included the use of MAb against
CD25 (Miltenyi Biotec), CD69 (clone FN50; BD Pharmingen), and HLA-DR
(clone L243; BD Pharmingen). Flow cytometric acquisition of at least 100,000
events from each sample was performed on a FACSCalibur flow cytometer.
Samples were also analyzed on an LSR II system by use of the following panel:
CD4-AmCyan (L200) and CD95-PECy7 (DX2), both from BD Biosciences;
CD25-biotin (4E3; Miltenyi); streptavidin-ECD (Beckman-Coulter, Miami, FL);
and FoxP3-PE (206D; BioLegend, San Diego, CA). Data acquisition and analysis
were done using CellQuest (BD Biosciences) and FlowJo (TreeStar, Ashland,
OR) software, respectively. Data reported herein represent results acquired
utilizing the FACSCalibur system.

Cell isolation and in vitro suppression/MLR assays. CD4* T cells were iso-
lated from PBMCs by negative selection using an RM CD4 T-cell enrichment kit
(StemCell Technologies, Inc.). Enriched cells were stained with CD25-PE (5
wl/million cells) for 15 min at 4°C. CD4* CD25" Treg cells were purified using
an anti-PE EasySep kit (StemCell Technologies, Inc.). Flow cytometry was per-
formed on aliquots to confirm the phenotype of the isolated responder cells
(CD4" CD257) and that of Tregs (CD4" CD25™). In vitro mixed lymphocyte
reaction (MLR) assays were performed to assess Treg function. Briefly, highly
enriched populations of responder CD4™ T cells depleted of CD25" T cells were
incubated in triplicate with a fixed number of a pool of allogeneic irradiated
stimulator cells in a 96-well plate in the absence and presence of graded numbers
of CD4" CD25" cells (autologous to the responder cells). The cultures were
incubated for 5 days at 37°C and 5% CO,. Sixteen hours prior to harvest, cells
were pulsed with 1 pCi/well *[H]thymidine. Cultures were harvested and the
mean uptake of >[H]thymidine determined using standard scintillation counting.
One unit of Treg function was defined as the number of Tregs that inhibited the
allo-MLR by 1/3. In addition, an allo-MLR precursor frequency was determined,
using highly enriched CD4" T cells with and without depletion of the CD4*
CD25" T cells. Various numbers of these responder cells were cocultured with
a fixed number of an irradiated mixed pool of stimulator cells, with each dilution
cocultured in 24 replicate wells. The number of wells showing significant prolif-
eration was defined as individual wells showing uptake of 3[H]thymidine, which
was 3 standard deviations (SD) above the mean value of the appropriate number
of responder cells cultured alone. The allo-reactive precursor frequencies were
estimated based on the “single hit” Poisson model as described by Strijbosch et
al. (40), who kindly supplied us with software for the analyses performed herein.

Determination of SIV antigen-specific CD4* and CD8" responses. Aliquots of
unfractionated or CD4"/CD25 *-depleted PBMCs from each monkey were cul-
tured for 2 h with eight individual pools of overlapping SIV Env peptides
(25-mers overlapping by 13) or eight individual pools of overlapping Gag pep-
tides (20-mers overlapping by 12) covering the entire SIV env and gag region
(based on the SIVmac239 sequence), followed by the addition of brefeldin A and
incubation overnight. Cells were then washed and surface stained for CD4 and
CD8 (CDS-FITC; BD Pharmingen) and then fixed/permeabilized and stained for
intracellular gamma interferon (IFN-vy) (allophycocyanin conjugated; BD Phar-
mingen). The frequency of IFN-y-producing CD4" or CD8" cells was deter-
mined by standard flow cytometric analysis.

Determination of VL. Plasma VL were determined by the Virology Core of the
Emory University CFAR by use of a competitive reverse transcriptase PCR
assay.

Statistical analysis. Data are represented as means = SD and were analyzed
by using the two-tailed Student ¢ test. A linear least-square regression model and
the Mann-Whitney test (two tailed) were used to derive a correlation between
VL and Tregs. A P value of <0.05 was considered to be statistically significant.
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FIG. 1. Expression of FoxP3 on CD4" T cells from humans and the nonhuman primates RM and SM. PBMCs from uninfected human
volunteers, RM, and SM were stained for cell surface expression of CD4 and CD25 or CD127. The stained cells were fixed and stained
intracellularly with anti-FoxP3. Shown are representative profiles for each species. The number in each quadrant indicates the frequency of gated

CD4" T cells that express the relevant marker. APC, allophycocyanin.

RESULTS

Expression of CD127" or CD25™ in combination with
FoxP3 enables Treg identification in both SM and RM. Recent
studies have demonstrated that the cell surface expression of
CD127" in combination with CD25" or in combination with
FoxP3 can be used to accurately identify Treg subsets in human
peripheral blood (26, 37). To determine if a similar method can
be applied to nonhuman primates, PBMCs were isolated from
uninfected SM (7 = 12) and RM (n = 12), and the CD25™
FoxP3* or CD127" FoxP3™ population within the total CD4™
T-cell population was measured. PBMCs from healthy adult
human volunteers (n = 3) were also analyzed for comparison.
As indicated by the representative flow cytometric profiles in
Fig. 1, the frequency of CD4" CD25" FoxP3™" cells was similar
to that of the CD4" CD127" FoxP3™" subset for each species.
On average, the percentage of CD4* CD25" FoxP3™" cells was
lower in RM (3.0% = 0.59%) than in humans (4.33% =
0.15%), and SM expressed the lowest frequency of Tregs
(1.9% = 0.47%). This difference in cell frequency was reflected
in the ABS of Tregs, with RM possessing about a twofold-
greater level of Tregs than SM (Table 1). This apparent spe-
cies-specific difference may be secondary to various levels of
cross-reactivity with the FoxP3 MADb, although staining with
two additional FoxP3-specific MAb clones generated similar
results. There was no significant difference in mean density of
FoxP3 expression in RM and SM (data not shown). Thus, it

appears that the conventional Treg markers CD25" and FoxP3
can be utilized to identify Tregs in RM and even SM, in
agreement with a recent study (42), and the data are also
supported by the results obtained by functional assays, such as

TABLE 1. Frequencies and ABS of Tregs within the total CD4™"
T-cell population and the memory and naive CD4* T-cell
subsets in uninfected (SIV ™) and SIV-infected (SIV™")

RM and SM from a cross-sectional study®

" . Primate species and Frequenc ABS of Tregs/pl
CD4" population S1IvV infec?ion status of q[‘regsy blood ek
Total SIV™ SM 1.9 = 0.47 28 =13
SIV*Y SM 1.66 = 0.45 18 =7
SIV™ RM 3+0.59 66 * 16
SIV" RM 2.88 £0.77 33 £19
Memory (CD95™") SIV™ SM 3.66 £ 1.41 19 =10
subset
SIV*Y SM 2.08 £ 0.89 17+8
SIV™ RM 4.76 = 1.02 41+ 14
SIV" RM 424 1.2 24 + 14
Naive (CD957) SIV™ SM 1.51 £0.98 12+8
subset
SIV*Y SM 1.24 £1.25 2+0.7
SIV™ RM 1.77 = 0.5 25 10
SIV" RM 1.1 £0.56 8§+6

“PBMCs from 12 SIV™ and 12 SIV" animals of each of the two primate
species RM and SM were analyzed.
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FIG. 2. Cross-sectional study of Treg levels in chronically SIV-infected SM and RM. (A) Representative flow cytometric profile illustrating the
FoxP3" populations within memory (CD95") and naive (CD957) CD4" subsets in RM (n = 12) and SM (n = 12). (B) Data obtained for
uninfected monkeys were used to determine the change in ABS for each Treg subset in SIV-infected SM and RM. (C) The frequencies of Tregs
(means * SD) in the axillary lymph nodes (AXLN), mesenteric lymph nodes (MesLN), and colon were determined for uninfected (n = 5) and

SIV-infected (n = 4) RM.

the in vitro suppression/MLR assays utilizing the CD4"
CD25" subset (see below).

The ABS of peripheral Tregs decrease significantly in RM
but not SM following SIV infection. To determine if the dis-
tinct clinical course and immune responses exhibited by SIV-
infected RM and SM are due to differences in the levels of

Tregs, a cross-sectional study was performed. PBMCs from 12
individual SIVmac239 chronically infected RM with relatively
high VL (>100,000 copies of viral RNA [VRNA]/ml of plasma)
and 12 naturally chronically SIV-infected (FUo viral isolate)
SM with similar VL were analyzed for frequencies and ABS of
Tregs. The frequencies of Tregs within the total CD4™ popu-
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lation and the CD4" memory and naive subsets were deter-
mined. The cell surface marker CD95 was used to distinguish
between memory (CD95™) and naive (CD957) subsets in RM
and SM, as previously described (6, 42), and results are illus-
trated in Fig. 2A. Since CD4 T-cell levels changed dramatically
over the course of infection, particularly in RM, it was rea-
soned that the data on frequency alone may not be an accurate
reflection of true physiological changes. Therefore, the mean
ABS of Tregs within each CD4™" subset was also calculated;
these data are summarized in Table 1. A feature common to
both species is that the predominant frequency and ABS of
Tregs appear in the memory CD4* T-cell subset (Table 1 and
Fig. 2A). Conversely, if considering the total CD25"" FoxP3™*
Treg fraction, memory and naive subsets are still distinguish-
able (flow cytometric profile not shown), with the majority of
Tregs possessing a memory phenotype. The frequencies of
CD95" CD25" FoxP3™" Tregs would typically range from 60 to
70% in both uninfected RM and SM (Table 1). The examina-
tion of CD127" FoxP3™" subsets revealed similar results (not
shown).

A comparative analysis of the frequencies of Tregs in unin-
fected versus chronically infected animals showed a minor de-
cline in frequency of Tregs in the total population and the
naive and memory subsets in both RM and SM. However, the
analysis of ABS revealed a notable change in the level of Tregs
exhibited by the chronically SIV-infected animals. As indicated
in Fig. 2B, SIV-infected SM exhibited a minimal change in
total Treg ABS (P = 0.10) while a clear significant decrease
was observed in chronically SIV-infected RM (P = 0.00026).
Although a decrease in the naive Treg subset was observed in
SIV-infected SM, normal levels of memory Treg levels were
maintained. However, in SIV-infected RM the naive and mem-
ory Treg subsets were threefold and twofold lower, respec-
tively, than the levels in healthy uninfected RM. The decrease
in ABS but not the frequency of Tregs in SIV-infected RM
suggests that the decrease is not specific to the Treg subset but
likely reflects the overall depletion of CD4™" T cells that occurs
over the course of SIV infection. A limited study of the fre-
quencies of Tregs in the axillary lymph nodes, mesenteric
lymph nodes, and colons from five uninfected and three SIV-
mac239-infected RM (obtained during autopsy) indicated that,
following SIV infection, a decrease in Tregs also occurs in
these major sites of infection, at least during the terminal
stages of the disease (Fig. 2C). Additional testing of samples
from other organs, such as the spleen and liver, and bronchoal-
veolar lavage specimens did not reveal any noticeable differ-
ence (data not shown). Thus, while the frequencies of periph-
eral Tregs remained relatively unchanged in both chronically
SIV-infected SM and RM, these values masked the substantial
decrease that occurred in the ABS of Tregs in SIV-infected
RM and the maintenance of such cells in SIV-infected SM.
Since the regulatory effect of Tregs depends largely on their
ratio to memory T cells, this factor was also considered for
uninfected and SIV-infected RM and SM. Results suggest a
slight decrease in total Tregimemory CD4" T-cell ratio in
SIV-infected RM (0.081 = 0.029 to 0.06 = 0.018; P = 0.061),
while the decrease in the ratio in SIV-infected SM appeared to
be statistically significant (0.056 = 0.025 to 0.021 = 0.012; P =
0.038). However, it is unclear if these are accurate represen-
tations of true cellular ratios, given the immense variability in
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FIG. 3. Longitudinal study of Tregs during the acute phase of SIV
infection in RM and SM. A total of 26 RM and three SM were
experimentally infected intravenously with SIVmac239 and SM SIV
isolate FUo, respectively, and the mean frequencies (=SD) of Tregs
within the total CD4" population and within the memory and naive
CD4" T-cell subsets were determined by flow cytometry at the indi-
cated time points from preinfection (pre) to 12 weeks (wk) p.i.

the numbers of CD4 T cells following infection, particularly
in the SM that were sampled.

SIV-infected RM but not SIV-infected SM exhibit an in-
creased Treg response during the acute phase of infection.
Since there was a marked decrease in the ABS of Tregs in
SIV-infected RM during the chronic-viremia period, it was
important to determine the kinetics by which such a decrease
occurs in this species and whether any changes could be ob-
served during the same acute-infection period in SM. A lon-
gitudinal study was performed in which a total of 26 RM and,
for comparison, three SM were monitored prior to and at
weekly time intervals during the acute viremia phase following
experimental infection with SIVmac239 or FUo viral isolates,
respectively. Both species exhibited a peak in VL (>10° copies/
ml) at ~2 weeks postinfection (p.i.), and the VL remained at
or near this level (10* to 10° copies/ml) over the next 10 weeks
of SIV infection (not shown). Figure 3A and B show the mean
frequencies of total Tregs within the CD4" T-cell population
and the mean frequencies of naive and memory CD4" T cells
that express the Treg phenotype in PBMC samples from SIV-
infected RM and SM. As shown, the SIVmac239-infected RM
showed a slight decrease in the frequency of total Tregs within
the first 2 weeks of infection, reflecting the rapid decline in
total CD4 T cells during this period of infection. This decline
was followed by an ~2-fold increase in the frequency of Tregs
at 3 weeks p.i., particularly within the memory subset; however,
this sharp rise was not reflected by an increase in ABS, sug-
gesting that a depletion of memory CD4 T cells other than
Tregs contributed to this observation. Indeed, there was a
larger decline in memory CD4™ T cells (not shown), resulting
in an overall doubling in the ratio of Tregs:CD4" T cells.
Similarly, there appeared to be another increase in the fre-



4450 PEREIRA ET AL.

J. VIROL.

E 1.00E407 PMPA
S 1.00E+06 - } Group |
‘E 1.00E+05
A < 1.00E+04 - } Group Il
£ 1.00E+03 -
= 1.00E+02 |
<2 1.00E+01 -
§1.00E+oo —
0 5 10 15 20 25 30 35
Weeks post-SIV infection
e Group | Group Il
o 8 8
g PMPA PMPA
F 6 . —_— 6 =
“g )
o 4 3% X 28 4 3
Q %
%2 ' \n/’ \.; 2 1
£ o SRR o
10 15 20 25 30 35 0 5 10 15 20 25 30 35
B 80
® PMPA 100 PMPA
560 80 1 —
40 281
(@] A
[an]
< 0 T T T T T T 0 : : : : : :
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Weeks post-infection ——»
°
3 80 R?=0.7291
S 6o ®  pvalue =0.0002
C 3 s
§ 40 - ¢
|_
5 20 - *
§ O T T
4 5 6 7

Log viral load (VRNA/mI serum)

FIG. 4. Longitudinal study of the levels of peripheral Tregs during acute and chronic SIV infection in RM. A total of 26 RM were
experimentally infected intravenously with SIVmac239. (A) Plasma VL and (B) frequencies and ABS of Tregs were determined over the course
of infection. Data shown are for eight such animals, four with high VL and four with low VL. This group of animals was administered the nucleoside
reverse transcriptase inhibitor PMPA at ~16 weeks p.i. (20 mg/kg daily for 30 days). (C) The correlation between VL and ABS of Tregs during

the chronic phase was determined.

quency of Tregs within the memory CD4" subset at 9 weeks
p.i., followed by a sharp decline in all Treg subsets. The fre-
quency (Fig. 3B) and ABS (not shown) of Tregs in SIV-in-
fected SM, on the other hand, remained generally unaltered
during the first 12 weeks of infection.

Plasma VL and immune activation inversely correlate with
the level of circulating Tregs in SIV-infected RM but not
SIV-infected SM. The longitudinal analysis of Tregs in SIV-
mac239-infected RM following the acute phase revealed a
recovery in the level of Tregs in a few of the animals, and a
closer examination of these observations suggested that this

resurgence in Tregs was related to a lower VL (Fig. 4). This
finding prompted us to examine the data on the frequency and
ABS of Tregs as a function of VL. The data were divided into
two groups of SIV-infected RM, with one group exhibiting
relatively high VL set points (>10°> vVRNA/ml serum) (group I)
and the other displaying low VL set points (<10° vRNA/ml
serum) (group II). Whereas similar trends were observed in
both groups during the first 4 weeks of infection, a progressive
decrease in the frequency and ABS of Tregs was observed for
group I (high VL) while the ABS of Tregs in group II (low VL)
began to recover after 4 weeks, with frequencies remaining
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near baseline. Analysis by the linear-regression method and
the Mann-Whitney test revealed a significant inverse correla-
tion between the VL and ABS of Tregs during the chronic
phase of infection (Fig. 4C) (* = 0.730, P = 0.0002). In
contrast, a similar comparison between VL and Tregs in 12
SIV-infected SM with low viremia and nine SIV-infected SM
with high viremia revealed no correlation (data not shown).
As expected, treatment of both groups of RM with the
nucleoside reverse transcriptase inhibitor PMPA (20 mg/kg)
daily for 4 weeks resulted in a decline in viremia; an accom-
panying increase in the frequency and ABS of Tregs was also
observed. This increase in Tregs was once again reflective of
total CD4 T-cell levels. However, the VL in group I soon
increased to high set point levels even before the completion of
treatment, leading to a continued decline in the level of Tregs,
while group II exhibited an increase in the frequency and ABS
of Tregs that was maintained even after viremia returned to a
lower set point. Analysis of Tregs in another group (group III)
of three chronically SIV-infected RM (RBq10, RMp10, and
RUn10) that spontaneously maintained low VL (less than 10°
VRNA/ml serum) in the absence of ART revealed similar re-
sults (Fig. 5). Shown for comparison are results for the SIV-
infected RM RHk10, which is representative of VL noncon-
trollers (n = 3) that were not provided ART. Data for this
particular animal are shown since it was infected at the same
time with the same inoculum as the other three VL controllers
included in this experiment. Analysis of Tregs in PBMC sam-
ples from these RM prior to and approximately 32 weeks after
SIV infection revealed that the loss of Tregs in VL noncon-
troller animals (AABS = —25) was significantly greater (P <
0.05) than that in the VL controllers (AABS = —5), with a
particularly pronounced decline in the memory Treg subset
(Fig. 5A). To determine if there was a correlation between this
marked difference in Tregs and the state of immune activation,
the expression levels of the activation markers CD25, CD69,
and HLA-DR on CD4" and CD8" T cells were assessed.
Indeed, the frequencies of activated CD4" and CD8" T cells

in VL controllers were on average significantly lower than
levels in the noncontrollers (Fig. 5B). These data indicate that
recovery and/or maintenance of Tregs was associated with low
plasma VL and low immune activation in chronically SIV-
infected RM.

Treg function is maintained in chronically SIV-infected RM
and SM. Although determining the frequency and VL of Tregs
during SIV infection sheds some light on their role in SIV
pathogenesis, it is equally important to assess the effect on SIV
infection on Treg function. Tregs are characterized by their
ability to suppress the activation and effector function of T cells
predominantly by a contact-dependent mechanism (28, 32). To
compare the inhibitory functions of Tregs in uninfected and
SIV-infected SM and RM, two different assays were per-
formed. In the first assay, CD25-depleted CD4" responder T
cells from uninfected RM (n = 9) and SM (n = 9) were
cocultured with a mixed pool of irradiated allogeneic PBMCs
from RM and SM, respectively, in the absence (control) or
presence of 1:1, 0.5:1, 0.25:1, and 0.125:1 autologous Tregs:
CD25-depleted CD4™ T cells. As seen in the representative
profiles in Fig. 6A, Tregs from each of the two species ap-
peared to decrease the allo-proliferative response. In efforts to
determine whether there were differences in Treg activity, rel-
ative units of Tregs were calculated from such data. Thus, the
number of Tregs that decreased the proliferative response by
33.3% was defined as 1 U of activity, which was then multiplied
to derive the units of activity per million Tregs. The calculated
Treg units of activity from one such data set were 9, 12, and 20
per million Tregs in three RM and 21, 31, and 38 per million
Tregs in three SM and are representative of the three inde-
pendent assays performed. These data suggest that there is
perhaps increased functional Treg activity in uninfected SM
compared to activity in uninfected RM; however, to confirm
this observation an additional functional assay to further com-
pare Tregs from uninfected and SIV-infected animals from the
two species was performed. A limiting dilution assay was
thus set up in which a fixed number of irradiated stimulators
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FIG. 6. In vitro MLR assay to demonstrate the effect of Tregs on cell proliferation in uninfected RM and SM. (A) Treg-depleted CD4*
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were cocultured with a decreasing number of responder cells
(PBMC:s with or without Tregs) from uninfected (» = 10) and
SIV-infected (n = 10) SM or RM with high VL. The minimum
frequency of cells capable of allo-MLR response (precursor
frequency) was determined. As illustrated by the representa-
tive data in Fig. 6B, CD25-depleted cell fractions from both
uninfected and SIV-infected SM exhibited similar increases in
MLR response, indicated by the ~60% decrease in precursor
frequency (note that a decrease in the precursor value denotes
an increased number of responding cells). A smaller decrease
in precursor frequency (~25%) was noted for uninfected RM.
However, no significant change was observed in PBMCs from
SIV-infected RM. Collectively, these data therefore suggest
that SM have increased functional Treg activity (compared to
that for RM), which is maintained following SIV infection;
however, not only do RM have a lower Treg functional activity
but this functional activity is diminished during chronic infec-
tion.

The demonstration of Treg function in these assays
prompted us to investigate the role of Tregs in the SIV-specific
immune response in SM and RM. The in vitro CD4* T-cell
response to SIV Env and Gag peptide pools was thus deter-
mined. PBMC samples from nine uninfected and 12 SIV-in-
fected SM and RM were depleted of Tregs, and by use of
immunofluorescent cell count the immune responses to eight
pools of SIV Env peptides or eight pools of SIV Gag peptides

were determined by measuring the frequencies of IFN-y-pro-
ducing CD4™" T cells. Representative data from one animal
from each of these two species are shown in Fig. 7. As ex-
pected, while CD4" T cells from both species exhibited a
minimal response to the Ova peptide (negative control), con-
canavalin A and tetanus toxoid induced an increased IFN-y
response, which was markedly increased by the depletion of
Tregs. The CD4™ T cells from the SIV-negative RM and SM,
also as expected, failed to show any IFN-y response when
tested against a panel of SIV env and gag peptide pools. Of
importance was the finding that select pools of SIV env and
gag peptides induced IFN-y production in PBMCs from the
SIV-infected RM (Fig. 7, top) and the frequency of responding
cells increased significantly (=2-fold) in the CD25-depleted
fractions (Fig. 7, top). In contrast, not only did the CD4" T
cells from the SIV-infected SM fail to respond, removal of the
CD4" CD25" T cells from an aliquot of the same PBMCs
prior to the assay consistently failed to show any detectable
increase in the responses (Fig. 7, bottom). Similar results were
obtained for the CD8™" T-cell response (data not shown). Thus,
the presence of Tregs in PBMCs from RM and SM clearly
regulates the magnitude of antigen-specific responses. How-
ever, while Tregs from SIV-infected RM dampened the virus-
specific T-cell response to select SIV peptides in vitro, the
removal of Tregs did not lead to any detectable SIV-specific
cellular responses in SIV-infected SM, making it difficult to
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T-cell responses (data not shown).

comment on the role of this cell lineage in the virus-specific
immune response in the SM species, at least with the pools of
peptides that were utilized in this assay.

DISCUSSION

Support for a role of Tregs in HIV disease progression has
kindled interest in defining whether such a role is also present
in the SIV-infected nonhuman primate models of AIDS. The
rationale here is that a more definitive assignment of a role for
this cell lineage in lentiviral infection can be made only by
using in vivo manipulative studies of this cell lineage, which is
not deemed practical with HIV-infected humans. This deter-
mined the purpose of the studies reported herein. Studies with
HIV-infected humans thus far have shown that a relative in-
crease in the frequency of Tregs appears to correlate with
lower plasma VL and slower disease progression (1, 11, 22, 30).
The hypothesis was that Tregs function to regulate the gener-
ation of activated CD4™ T cells, which indirectly leads to lower
target cells in which the virus could infect and replicate (15, 16,
46), contributing to lower VL and slower disease progression.
The main objective of the present study was to identify re-
agents that would identify Tregs in nonhuman primates, to
characterize and compare the levels and functions of Tregs in
uninfected and SIV-infected RM and SM, and to determine if
observed differences related to the polarized immune re-
sponses over the course of infection in these two species. While
it is well recognized that immune control is exerted by a num-
ber of Treg subsets (natural versus adaptive), such as Tr1, Th3,
Th17, and even CD8" Tregs, the focus of the studies reported

herein was the natural CD4™ CD25" FoxP3™ Tregs that gen-
erally develop in the thymus during the early stages of fetal and
neonatal T-cell development. It is important to note that the
peripheral expansion of FoxP3"-adaptive Tregs has also been
suggested previously (7, 8, 19, 36). The characterization of
Tregs described here is therefore likely to represent both nat-
ural and adaptive subsets of Tregs.

The examination of the kinetics of Tregs during the acute-
infection period in RM and SM revealed that divergent Treg
responses are exhibited early on by these two species, which
may be a critical factor influencing disease outcome. A de-
crease in the ABS of Tregs occurred during the acute phase in
SIV-infected RM, but a larger decline in memory CD4 T cells
within the first 3 weeks resulted in a larger Treg:CD4 ratio. A
similar trend occurred at 9 weeks p.i., presumably due to the
depletion and/or redistribution of memory CD4 T cells. This
overall premature Treg induction in SIV-infected RM, which is
in agreement with results from a recent study (13), may result
in the downregulation of effector T-cell responses at a time
when immune control and viral clearance are most important.
It may also contribute to an early exhaustion of the generative
potential and/or function of Tregs that would be crucial for the
prevention or regulation of chronic immune hyperactivation
that ultimately results from the persistent viral infection. There
was no change in the level of Tregs in SIV-infected SM during
the acute phase, and the absence of an early Treg response is
in contrast to the rapid immunosuppressive response exhibited
by African green monkeys, another natural host of SIV that
does not develop AIDS. However, the interpretation of data
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from this study is an issue at present since the study was based
on characterizing Tregs using the expression of FoxP3 at the
message but not the protein level (23). The Treg induction in
African green monkeys occurred even earlier than in RM, and
it was suggested that this immediate response, although too
early to prevent viral replication, may be adequate to prevent
chronic immune activation in later stages of infection. In SIV-
infected SM, the lack of an early pronounced Treg response
may conserve immunological resources necessary for an effec-
tive sustained Treg-mediated regulation over the course of
infection. It may also be possible that an early Treg induction
did occur during the first week of infection prior to our analysis
at the 7-day time point.

The analysis of Tregs in animals from the longitudinal study
revealed a progressive decline in this cell subset in SIV-in-
fected RM with high plasma VL, but no such decrease oc-
curred in SIV-infected SM. These results were consistent with
data from the cross-sectional study, and the decline in Tregs
was even more dramatic in the late chronic stage of infection,
with the frequency and ABS of Tregs as low as 1.40% = 1.15%
and 2.0% = 1.4%, respectively. This was also supported by the
marked decreases seen in the peripheral and gut-associated
lymph node tissues (Fig. 2C). This decline is not unexpected
given that the majority of Tregs possess a memory phenotype
and a high proportion of this subset expresses CCRS (L.
Picker, unpublished data), the coreceptor used by the virus for
cell entry. Thus, the depletion of Tregs over the course of
infection is a reflection of the decline in the overall memory
CD4 T-cell population, as described before (11, 17, 22). The
decline in Tregs could also be attributed to a decrease in CD28
expression following SIV infection (data not shown) since
CD28-mediated costimulatory signals have been implicated in
the thymic development and peripheral homeostasis of Tregs
(44). In contrast to the observed decline in peripheral Tregs in
SIV-infected RM, the ABS of Tregs in chronically SIV-in-
fected SM was generally unaltered. It would therefore appear
that the chronic immune hyperactivation characteristic of SIV-
infected RM might be partly due to the loss of Tregs. In
support of this hypothesis, a higher number of Tregs was as-
sociated with a lower level of immune activation in chronically
SIV-infected RM (Fig. 5). In addition to the observed rela-
tionship between Tregs and immune activation, an inverse
correlation between Tregs and plasma VL was noted to occur
during the chronic state of infection. SIV-infected RM with
high VL were found to exhibit higher levels of immune acti-
vation and lower numbers of Tregs. This elevated state of
activation would provide additional target cells that would
further sustain a high VL. Although the observed correlation
suggests that high levels of immune activation and VL are a
consequence of a decline in Tregs, the data also support the
notion that the decrease in Tregs is a consequence of the
overall decline in the general CD4 T-cell population due to
viral pathogenesis. Indeed, the ability of SIV-infected SM and
RM VL controllers to retain Tregs was reflected by the main-
tenance in total CD4 T cells, and a correlation between the
level of Tregs and total CD4 T cells was noted (not shown), in
agreement with a recent study involving SM (42). Thus, Tregs
may contribute to CD4 T-cell preservation due to its inhibitory
effect on immune activation. Conversely, the decline in Tregs
in RM VL noncontrollers as a result of viral pathogenesis may
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be a factor contributing to high levels of immune activation,
perpetuating the cycle of viral replication, cell activation, and
cell death. Although the data presented herein suggest a pos-
itive role for Tregs in SIV infection and/or disease progression,
a potential detrimental effect of Tregs via an influence on
crucial antiviral immune responses cannot be ruled out. The
key to the successful control of viral replication and/or disease
progression may perhaps be related to the infection stage at
which Tregs exert their regulatory effect, and of course the
contribution of other Treg subsets cannot be overlooked.
The decline in the number of Tregs in SIV-infected RM that
is suggested by our data does not rule out the effect of SIV-
mediated alteration or disruption of Treg function. To address
this issue, we first compared the suppressive activities of Tregs
isolated from uninfected and SIV-infected SM and RM. In
vitro MLR assays suggest that Tregs from uninfected SM gen-
erally exhibit a greater degree of suppression than those from
RM, and while this potency was maintained in SIV-infected
SM, there appeared to be a loss in Treg-mediated suppression
in SIV-infected RM. However, the modest enhancement in the
response of CD25-depleted cell fractions from SIV-infected
RM to select SIV peptide pools suggests that while this cell
subset is still functional it most likely plays a limited regulatory
role in SIV pathogenesis. Our results therefore suggest that it
may be the decline in the number of Tregs and not their loss in
function that contributes to the excessive SIV-specific immune
response in SIV-infected RM. Since no distinct in vitro re-
sponse to SIV peptides was observed for PBMCs from SIV-
infected SM, which is in agreement with results from a previ-
ous study (10), it is difficult to comment on the role of Tregs in
the SIV-specific immune response in this species. However,
responses to tetanus toxoid were clearly enhanced in the
CD25-depleted PBMC fraction, providing support to the no-
tion that the failure was not secondary to a technical issue. In
addition, it is important to keep in mind that the SIV peptides
being utilized to study the SIV-specific immune response in the
SM are based on the SIVmac239 sequence, which may be
represented poorly in SM. A more intense study of the effect of
SIV infection on Treg function in these animal models, using
in vivo depletion of this subset, is under way in our laboratory.
In summary, the present study involved the phenotypic and
functional characterization of Tregs from SM and RM and the
impact of SIV infection on these parameters. Results show a
decline in peripheral Tregs in SIV-infected RM, and the extent
of this depletion was found to inversely correlate with both
plasma VL and immune activation. In addition to affecting the
level of Tregs, SIV infection in RM appears to have a negative
impact on Treg function. Thus, while Tregs may contribute to
the control of immune activation and VL in RM, the observed
trends may simply be attributed to viral pathogenesis. There-
fore, the exact nature of this relationship remains to be eluci-
dated. In contrast, both the frequency and the function of
Tregs are maintained in SIV-infected SM, leaving their role in
disease resistance currently unresolved. Since the regulatory
impact of Tregs ultimately depends on their stoichiometry to
CD4" and perhaps total CD3™" effector T cells, a closer exam-
ination of the ratio of Tregs to these T-cell populations in both
the periphery and the major sites of infection would provide
additional insight into the role of Tregs in SIV pathogenesis.
The positive effect of ART on Tregs in SIV-infected RM that
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is suggested by our data is promising and encourages the de-
sign of therapeutic strategies to aid Treg development and/or
survival that would limit the immune system damage charac-
teristic of SIV/HIV infection. A recent study suggests that
cytotoxic-T-lymphocyte-associated antigen 4 blockade on
Tregs in conjunction with ART further reduces VRNA expres-
sion in tissues and that this was associated with an increase in
virus-specific effector immune responses (but not cell activa-
tion, which would favor viral replication) (18). Thus, in addi-
tion to increasing Treg levels by using ART, other immune
strategies can be employed. It is unclear if the increase in
peripheral Tregs observed during ART is a true expansion, a
result of T-cell redistribution, or both. The potent immuno-
suppressive cytokine TGF-B has previously been reported to
induce the expression of FoxP3 in CD4" CD25™ T cells, con-
ferring suppressive activity (8, 14) and possibly thus contribut-
ing to Treg development and/or survival. Although previous
studies have reported TGF- induction during the acute phase
of SIV infection (13, 23), it would be of interest to assess how
TGF-B profiles compare to Treg dynamics over the entire
course of infection, particularly in hosts that control VL and do
not progress to disease. Analysis of homing markers, such as
CCR7 and a,B,/B- integrins, may address the alternative issue
of Treg redistribution.
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