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Abstract

Foxp3 plays a critical role in development of CD4� regulatory T lymphocytes (Tregs). It was originally pro-
posed as a specific marker for Tregs, but recent studies have shown that Foxp3 can be expressed in proliferat-
ing CD8� and CD4� T lymphocytes. We further investigated the association between Foxp3 expression and
proliferation of peripheral blood CD4� and CD8� T lymphocytes and focused on virus-specific memory CD8�

T lymphocytes. We found that resting peripheral blood bulk and cytomegalovirus- or HIV-1-specific CD8� T
lymphocytes do not normally express Foxp3. However, stimulation in vitro triggered these cells to express Foxp3
as well as CD25, and the addition of interleukin-2 possibly enhanced the expression of Foxp3. These data dem-
onstrate that proliferation itself is sufficient to induce the Treg-like phenotype. Given that others have demon-
strated Treg functional activity in such “induced Tregs,” these results suggest that virus-specific CD8� T lym-
phocytes have the capacity to acquire regulatory functions. Although the implications of Foxp3 expression in
virus-specific CD8� T lymphocytes in the immunologic control of persistent HIV-1 viremia remain to be de-
termined, our results are consistent with Foxp3 expression playing an essential role in regulation of cell pro-
liferation and functional outcomes for HIV-1-specific CD8� T lymphocytes.
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Introduction

THE EARLIEST ATTEMPTS to classify the functions of T lym-
phocytes in the 1980s originally distinguished CD4� T

lymphocytes as “helper” and CD8� T lymphocytes as “sup-
pressor,” but it rapidly became apparent that the latter
mostly represent lymphocytes with the capacity to serve as
HLA class I–restricted effector cells. Eventually, true immu-
nosuppressive regulatory T lymphocytes (Tregs) with clear
roles in autoimmunity and malignancy were identified in
mice1 and then humans.2 Interestingly, these were found to
be a subset of activated CD4� T lymphocytes expressing
CD25, although specific markers were elusive.

Foxp3 has been proposed as an additional specific marker
for Tregs within the CD4�CD25� T-lymphocyte population.
Foxp3 is a member of the forkhead/winged family of tran-
scription factors,3 and acting through NFAT (nuclear factor
of activated T lymphocytes) has been postulated to control
key genes to specifically drive Treg development.4,5 How-
ever, recent data have cast doubt on this initial hypothesis.
Foxp3 appears to be universally expressed in all proliferat-
ing T lymphocytes, including CD4� and CD8� subsets,6 and

does not necessarily confer a Treg phenotype when ex-
pressed in CD4� T lymphocytes.7,8

Given the generality of Foxp3 expression in proliferating
CD4� and CD8� T lymphocytes, the factors determining
Treg activity and the involvement of Foxp3 thus remain un-
clear. It is unknown whether CD8� T lymphocytes can be
regulatory. It has been suggested that a CD8�CD28� T-lym-
phocyte subset has regulatory functions.9 Regarding antigen-
specific CD8� T cells, it has been reported that some HIV-1-
specific CD8� T lymphocytes exert an immunosuppressive
effect through secretion of transforming growth factor-�10 or
interleukin (IL)-10.11 More recently, three studies have dem-
onstrated that proliferation of human CD8� T lymphocytes
after in vitro stimulation induces negative regulatory func-
tions associated with Foxp3 expression, albeit at lower lev-
els than natural CD4� Tregs in vivo.8,12,13 These studies raise
questions regarding the functional implications of Foxp3 ex-
pression in CD8� T lymphocytes and markers related to Treg
activity. Whether antigenic stimulation of CD8� T lympho-
cytes causes upregulation of Foxp3 in a manner that exerts
negative regulatory function in vivo is unknown. In this
study, we examine Foxp3 expression in proliferating bulk
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and antigen-specific CD8� T lymphocytes in vivo (compared
with classical CD4� Tregs) and the same cells stimulated in
vitro to assess the potential determinants of natural versus
induced Tregs.

Materials and Methods

Study participants and isolation of peripheral blood
mononuclear cells

Peripheral blood mononuclear cells (PBMCs) were iso-
lated from heparinized blood samples from 17 total study
participants (all of whom were enrolled in the Multicenter
AIDS Cohort Study) by Ficoll-Hypaque (Sigma, St. Louis,
MO) density gradients. Four participants were HIV-1-in-
fected individuals, and the remaining participants were HIV-
1-uninfected. The study was approved by the Institutional
Review Board at the University of California, Los Angeles.

Peptides

Peptides corresponding to epitopes from cytomegalovirus
(CMV) pp65 (A2CMV, NLVPMVATV, 493–503), HIV-1 p17
(SL9; SLYNTVATL, 77–85), HIV-1 p24 (KF11, KAFSPE-
VIPMF, 30–40, and IW9, ISPRTLNAW, 15–23) were pur-
chased from the Protein Chemistry Core facility at Univer-
sity of Illinois.

Cell culture

Cells were cultured in RPMI 1640 supplemented with 10%
heat-inactivated fetal bovine serum, L-glutamine, and peni-
cillin-streptomycin (Sigma). IL-2 was provided by the NIH
AIDS Reagent Repository. OKT3 and anti-human CD28
(clone CD28.2) monoclonal antibodies were obtained from
BD Biosciences.

Antibody and tetramer staining of PBMCs

The following fluorochrome-conjugated antibodies were
used: Foxp3-phycoerythrin (PE) (eBiosciences, San Diego,
CA), and Ki-67-fluorescein isothiocyanate, CD107a-PE,
CD25-PECy7, CD4-PerCP, CD3-allophycocyanin (APC), and
CD8-APCCy7 (BD Biosciences, San Jose, CA). PBMCs were
stained as described previously.14,15 Briefly, cells were
washed and resuspended in phosphate-buffered saline with
4%fetal calf serum (FCS) and 0.1% sodium azide and incu-
bated with a cocktail of monoclonal antibodies for 30 min at
4°C. For the MHC class I tetramer staining, 2–5 � 106 fresh
PBMCs were prestained with 1/50–1/200 dilution of the ap-
propriate tetramer in RPMI 1640 medium with 10% FCS at
37°C for 25 min. After the final wash, cells were fixed with
1% paraformaldehyde for analysis.

T-lymphocyte proliferation assay

PBMCs were labeled with 0.65 �M carboxyfluorescein di-
acetate succinimidyl ester (Invitrogen) in RPMI 1640 medium
(GIBCO, Grand Island, NY) for 8 min at 37°C. The cells were
immediately washed and plated in a 24-well plate. For bulk
stimulation, cells were stimulated with 1 �g/ml OKT3. For
antigen-specific stimulation, PBMCs were stimulated in the
presence of 2 �M peptides in the presence or absence of IL-2
(50 U/ml). Cells were incubated for 6 days and then were har-
vested and prepared for flow cytometric analysis.

Intracellular Foxp3 staining

Intracellular Foxp3 staining was performed by using the
Human Foxp3 Staining Kit (eBiosciences) and carried out ac-
cording to the manufacturer’s protocol.

Flow cytometry

A FACS Canto flow cytometer (Becton Dickinson) was cal-
ibrated for laser fluctuation/alignment and photomultipeer
tube voltage adjustment by using chicken red blood cells
(Biosure Inc., Grass Valley, CA) and Ultra Rainbow Calibra-
tion beads (Spherotech Inc., Libertyville, IL) prior to the sam-
ple acquisition. A six-color compensation matrix was created
by six singly stained PBMC samples. We used a compounded
gating scheme previously described14,16 with modifications.
For visualization of ex vivo stained cells, CD4� or CD8� T
lymphocytes were first gated on the CD3� population on a
CD3-APC and SS-Log plot, followed by a lymphocyte gate
on an FS and SSLog plot. After potential doublets were ex-
cluded based on a FS-A and FS-H plot, the CD4� and CD8�

population were gated separately on a CD4-PerCP versus
CD8-APCCy7 plot for determining CD25, Foxp3, and/or Ki-
67 expression. A similar gating strategy was used to visual-
ize Foxp3 and CD25 expression on the tetramer� population
except these cells were gated first on the CD8high population
on CD8-APCCy7 versus SS-Log, and the tetramer popula-
tion was visualized on tetramer-APC versus SSLog plot. A
minimum of 500 total tetramer�CD8high events were col-
lected for the fully stained sample, necessitating collection
of approximately 1–3 � 106 total events. Proper gating was
established by using tetramer and CD8-PECy7 doubly
stained cells in the presence of fluorescent-labeled isotype
controls. Data analysis and graphic representations were
done with FlowJo v.8.5.2 (TreeStar, Ashland, OR). This pro-
gram was also used to compare the fluorescence intensities
of the Foxp3�CD25� cells stimulated in the presence or ab-
sence of IL-2. For this, we used a probability binning algo-
rithm for the multivariate parameter to calculate the T(X)
value.17,18

Statistical analysis

Analysis of variance and the Tukey-Kramer honestly sta-
tistical difference (HSD) test were employed for determin-
ing statistical significance between and among group means.
Results are expressed as the mean � standard error of mean
unless otherwise noted. p � 0.05 was considered statistically
significant. Statistical analysis and graphical representation
were done using JMP v6.0.3 (JMP Sales, Cary, NC).

Results

Foxp3 and CD25 are coexpressed in about 5% of CD4�

and 0.2% of CD8�peripheral blood T lymphocytes

Peripheral blood CD4� and CD8� subsets of T lympho-
cytes were surveyed for Foxp3 and the activation marker
CD25, to characterize the usual distribution of Foxp3 in T
lymphocytes in vivo. In an evaluation of healthy (HIV-1-
uninfected) individuals, it was notable that a significant
subpopulation of the CD4� T-lymphocyte subset coex-
pressed Foxp3 and CD25 (presumed to reflect natural
Tregs), but that this phenotype was minimal or absent in
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the CD8� T-lymphocyte subset (Fig. 1A). Across all indi-
viduals, 5.3 � 0.3% of peripheral blood CD4� T lympho-
cytes coexpressed Foxp3 and CD25, while this phenotype
only represented 0.15 � 0.01% of the CD8� T-lymphocyte

subset (Fig. 1B). These results were similar to prior stud-
ies defining Tregs as CD4�CD25�Foxp3� T lymphocytes,
which noted few if any CD8� T lymphocytes with the
CD25�Foxp3� phenotype.
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FIG. 1. Only rare CD8� T lymphocytes express CD25 and Foxp3 within peripheral blood. Peripheral blood mononuclear
cells from 12 healthy (HIV-1-uninfected) subjects were analyzed for expression of Foxp3 and CD25 in CD4� and CD8� T-
lymphocyte subsets by flow cytometry. (A) Representative plots are shown (gated on CD4� and CD8� T-lymphocyte pop-
ulations). (B) Data from all 12 individuals are summarized.

FIG. 2. Foxp3 and CD25 expression does not correlate to prolifera-
tion in peripheral blood CD8� and CD4� T lymphocytes. Peripheral
blood mononuclear cells from 13 healthy (HIV-1-uninfected) subjects
were assessed for proliferative status (Ki-67 expression) and
CD25/Foxp3 expression in CD4� and CD8� T lymphocytes by flow
cytometry. Ki-67 expression was observed in 1.82 � 0.17% versus
1.67 � 0.15% of CD4� and CD8� T lymphocytes respectively (not
shown). (A, B) Representative plots are shown for CD4� (A) and CD8�

(B) T lymphocytes. The upper plots show Foxp3 versus Ki-67 expres-
sion, and the lower subplots show Foxp3 and CD25 expression on gated
Ki-67� and Ki-67� subpopulations (percentages indicate frequency
within total CD4� or CD8� T lymphocytes). (C) Data from all 13 sub-
jects are summarized.



Proliferation of peripheral blood T lymphocytes in healthy
individuals in vivo is not sufficient to induce Foxp3 and
CD25 expression

Given recent observations that Foxp3 can be upregulated
in activated/proliferating T lymphocytes after in vitro stim-
ulation,7,13 we evaluated the expression of Foxp3 and CD25
in relation to the proliferation status of CD4� and CD8� T
lymphocytes in the peripheral blood of healthy (HIV-1-un-

infected) individuals, using Ki-67 expression as a marker of
proliferation.19 The percentages of proliferating cells were
similar between CD4� and CD8� T lymphocytes (Fig. 2).

The proliferation status of T lymphocytes appeared unre-
lated to Foxp3 and CD25 expression for both CD4� and
CD8� T lymphocytes. Within the CD4� T-lymphocyte com-
partment, most Foxp3�CD25� cells were not proliferating,
and most proliferating cells did not express Foxp3 and CD25
(Fig. 2A). Foxp3�CD25�Ki-67� cells accounted for 4.3 �
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FIG. 3. Subsets of proliferating bulk CD4� and CD8� T lymphocytes express Foxp3 after anti-CD3 stimulation, with en-
hancement by added interleukin (IL)-2. Peripheral blood mononuclear cells from eight healthy (HIV-1-uninfected) subjects
were assessed for proliferation after stimulation with anti-CD3 antibody in the absence and presence of added IL-2. (A, B)
Representative plots are shown for each of the four conditions (Uns � unstimulated; Uns�IL-2 � unstimulated with added
50 U/ml IL-2; St � stimulated by anti-CD3 antibody; St�IL-2 � stimulated with added 50 U/ml IL-2). Proliferation was
determined by carboxyfluorescein succinyl ester dilution assessment by flow cytometry, with costaining of the CD4� (A)
and CD8� (B) T lymphocytes for CD25 and Foxp3. (C) The results are summarized for all eight subjects. (D) Foxp3 were
generally coexpressed in all analyses; a representative contour plot is shown to demonstrate coexpression.



0.3%, whereas Foxp3�CD25�Ki-67� cells accounted for only
0.4 � 0.04% of the total CD4� T-lymphocyte population (Fig.
2C). Thus, the vast majority of CD4� T lymphocytes that ap-
peared to have the natural Treg phenotype were not prolif-
erating. Within the CD8� T-lymphocyte compartment, the
rare Foxp3�CD25� cells were mostly not proliferating, and
most proliferating cells did not express Foxp3 and CD25 (Fig.
2B). Foxp3�CD25�Ki-67� and Foxp3�CD25�Ki-67� cells ac-
counted for 0.01 � 0.01% and 0.22 � 0.01% of the total CD8�

T-lymphocyte population, respectively (Fig. 2C).
These data suggested that proliferation of T lymphocytes

in peripheral blood under normal physiologic conditions in
vivo does not drive high levels of Foxp3 expression and that
the mechanism of proliferation-driven transcriptional regu-
lation for Foxp3 appears to require additional factors. Also,
the data demonstrated that the majority of classical CD4�

Tregs are not proliferating in vivo, and a rare subset of CD8�

T lymphocytes may have a similar phenotype.

In vitro stimulation and proliferation of bulk T lymphocytes
drives CD25 and Foxp3 expression, which is enhanced
by IL-2

It has been reported that driving T lymphocytes to prolif-
erate in vitro can induce expression of Foxp3,7,13 but the de-
terminants of this phenomenon are poorly understood in
light of our above observation that most proliferating cells
in vivo do not express Foxp3 (Fig. 2). Because IL-2 is believed
to upregulate Foxp3 expression through Stat5,20–22 we tested
whether IL-2 affects the expression of Foxp3 in peripheral
blood T lymphocytes during in vitro stimulation by CD3 sig-
naling, using cells from healthy (HIV-1-uninfected) donors.

Among CD4� T lymphocytes (Fig. 3A), a fraction of cells
corresponding to natural Tregs expressed Foxp3 in the un-
stimulated control (Figs. 3A and 3C), and upon stimulation,
a majority of these cells did not proliferate even in the pres-
ence of IL-2, consistent with our above observation that nat-
ural Tregs are not proliferating in vivo, and further suggest-
ing that they may lack proliferative capacity. In contrast, a
population of proliferating cells clearly demonstrated coex-
pression of CD25 and Foxp3 (Figs. 3A and 3C). Across sub-
jects, 28 � 3% and 32 � 4% of CD4� T lymphocytes prolif-
erated and expressed CD25 and Foxp3 in the absence and
presence of IL-2, respectively (Fig. 3C). This increase in the
presence of IL-2 was not statistically significant; however,
there was also a trend for increased intensity of Foxp3 ex-
pression with IL-2 (Fig. 3A).

Among the CD8� T lymphocytes (Fig. 3B), rare cells ex-
pressed Foxp3 in the unstimulated control cultures. A clear
subset proliferated after stimulation, and some of these ex-
pressed both CD25 and Foxp3. Similar to the CD4� T lym-
phocytes, after stimulation, 37 � 2% and 39 � 4% of the
CD8� T lymphocytes proliferated in the absence and pres-
ence of IL-2 (Fig. 3C). Again, there were trends for increased
percentage and intensity of Foxp3 expression the presence
of IL-2 (Fig. 3B), suggesting that the mechanism of prolifer-
ation-induced Foxp3 expression in CD8� T lymphocytes par-
allels that of CD4� T lymphocytes.

Overall, these results agreed with the findings of Pillai et
al.13 demonstrating similar percentages of upregulation of
Foxp3 in proliferating CD8� T lymphocytes in vitro and ad-
ditionally suggested that IL-2 enhances this phenomenon.

However, the observation that only a portion of proliferat-
ing T lymphocytes expressed Foxp3 raised the question of
whether a distinct subset of cells possessed this capacity.
Given the function of memory T lymphocytes to proliferate
more rapidly in response to stimulation than naïve T lym-
phocytes, this suggested that antigen-specific memory T
lymphocytes might have larger capacities to express Foxp3
upon stimulation.

Virus-specific memory CD8� T lymphocytes can express
CD25 and Foxp3 when stimulated to proliferate

To examine whether antigen-specific memory CD8� T
lymphocytes were the population that expressed Foxp3 upon
stimulation, peripheral blood virus-specific CD8� T lym-
phocytes from persons with chronic CMV and/or HIV-1 in-
fection were analyzed. In vivo, peripheral blood virus-spe-
cific CD8� T lymphocytes did not express Foxp3 (Fig. 4),
indicating that memory cells even in a persistent antigenic
stimulation (chronic HIV-1 infection) do not express de-
tectable levels of Foxp3. In contrast, epitope-specific stimu-
lation in vitro efficiently induced Foxp3 expression; nearly
all CMV and HIV-1 epitope-specific CD8� T lymphocytes
proliferated and expressed both CD25 and Foxp3 (Figs. 5A
and 5B). For the seven distinct epitope-specific CD8� T-lym-
phocyte populations examined, 83 � 3% of the proliferating
cells coexpressed these markers in the absence of added IL-
2, and the addition of IL-2 increased the percentage to 92 �
3% (Fig. 5C). Moreover, the intensity of Foxp3 expression in
the stimulated virus-specific cells was significantly elevated
by added IL-2 (Fig. 5D, T(ˆ) median 51, range 12–119).
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FIG. 4. Peripheral blood memory cytomegalovirus (CMV)-
and HIV-1-specific CD8� T lymphocytes do not express
Foxp3 in vivo despite the presence of ongoing viral infection.
Peripheral blood mononuclear cells from two HIV-1-infected
subjects were stained with peptide/MHC-I tetramers to
identify CD8� T lymphocytes directed against epitopes from
CMV or HIV-1 (KF11, IW9, SL9). Foxp3 expression is plot-
ted, and the percentages of Foxp3�tetramer� CD8� T lym-
phocytes are indicated.



These results indicated that antigen-specific memory
CD8� T lymphocytes (and possibly memory cells in general)
have the capacity to express Foxp3 during antigen-driven
proliferation under certain stimulatory conditions, particu-
larly in the presence of IL-2. Overall, these data suggested
that memory T lymphocytes are the major subpopulation
within the bulk PBMC population that can develop the in-
duced Treg-like CD25�Foxp3� phenotype upon stimulation.

Discussion

After the discovery of CD4� regulatory T lymphocytes,
there has been considerable interest in identifying specific
marker(s) both to have a tool for accurate quantitation in
pathogenesis studies as well as to better understand the bi-
ology of their action. Despite the initial optimism for the ac-
tivation marker CD25, and subsequently CD25 with Foxp3,
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FIG. 5. Virus-specific memory CD8� T lymphocytes efficiently express CD25 and Foxp3 when proliferating in response
to cognate epitopes in vitro, with enhancement by interleukin (IL)-2. Peripheral blood mononuclear cells from four persons
with HIV-1 and cytomegalovirus (CMV) infection and one with CMV infection were stimulated with peptide epitopes in
the absence or presence of added IL-2 and assessed for proliferation and expression of CD25 and Foxp3 as described in Fig-
ure 3. (A, B) Representative plots are shown for CMV (A) and HIV-1 (B) epitopes (seven tested). The results were similar
for CMV and HIV-1 epitopes across all individuals. (C) Data are summarized across all epitopes and subjects. (D) An over-
lay of dot plots depicting Foxp3 versus CD25 expression demonstrates the intensity of expression across different condi-
tions for the experiment plotted in panel A.



being specific markers for Tregs,23,24 it has become clear that
features governing development of these cells is complex
and cannot be defined solely by examining these two mark-
ers. It is clear, however, that Foxp3 contributes an important
role, given studies showing that this protein represses im-
portant genes for T-lymphocyte activation and proliferation
and activates genes involving regulatory function.4,5

Despite being a central player in the development of Treg
activity in CD4� T lymphocytes, the factors that determine
the impact of Foxp3 expression remain undefined. It is ap-
parent that perhaps all CD4� and CD8� T lymphocytes nor-
mally express Foxp3 in the setting of stimulation and/or pro-
liferation,8,12,13,25–27 suggesting that Foxp3 expression itself
does not commit T lymphocytes to a Treg phenotype. Inter-
estingly, however, transduced constitutively high expression
of Foxp3 in CD4� T lymphocytes in humans28 and transgenic
mice29 can drive these cells to acquire a fully functional Treg
phenotype. These data suggest that the timing and/or level
of Foxp3 expression may determine its impact on CD4� T-
lymphocyte function.

Data on the expression of Foxp3 in CD8� T lymphocytes
are more limited. In contrast to peripheral blood, significant
levels of CD8� T lymphocytes expressing CD25 and Foxp3
with regulatory functions resembling natural CD4 Tregs
have been observed in the human thymus in vivo.30 In vitro,
experimental stimulation of bulk CD8� T lymphocytes has
been observed to drive Foxp3 expression,8,12,13,25–27,31 al-
though the relationship of the Foxp3-expressing cells to
memory antigen-specific CD8� T lymphocytes has not been
described.

In the present study, we found that only rare peripheral
blood antigen-specific CD8� T lymphocytes expressed CD25
and Foxp3 (the classical natural Treg phenotype), even in the
setting of chronic persistent viral infection and antigenic
stimulation. In contrast, in vitro antigenic stimulation of
CMV- and HIV-1-specific CD8� T lymphocytes drove a ma-
jority of these cells to express Foxp3 and CD25, providing
the novel observation that virus-specific memory/effector
cells can adopt this Treg-like phenotype under certain con-
ditions. Thus memory T lymphocytes are likely to be the pre-
dominant subset of cells within bulk PBMCs that express
these markers during ex vivo stimulation and proliferation.
Interestingly, the enhancement of expression by IL-2 was
most pronounced in the proliferating virus-specific CD8� T
lymphocytes. This could be due to IL-2 enhancing prolifer-
ation/activation and indirectly promoting higher Foxp3 ex-
pression or, alternatively, directly enhancing foxp3 tran-
scription via activating Stat5.20–22

This apparent discrepancy between our observations that
CD8� T lymphocytes driven to proliferate by anti-CD3 stim-
ulation with IL-2 acquire a Treg-like phenotype, while cir-
culating recently proliferated CD8� T lymphocytes do not
have this phenotype, underscores the fact that the precise re-
quirements to induce Foxp3 expression by CD8� T lympho-
cytes in vivo are unclear. Despite the prominent upregula-
tion of CD25 and Foxp3 in response to in vitro stimulation,
few proliferating (Ki-67�) T lymphocytes in blood in vivo ex-
press these molecules. A potential explanation could be that
Foxp3 level falls more rapidly than Ki-67 during transition
from a proliferative state in the periphery to a quiescent
memory state in the circulation; proliferating CD8� and
CD4� T lymphocytes appear to transiently express Foxp3 af-

ter stimulation in vitro.8,13 Another explanation could be that
a quantitative or qualitative difference in stimulation deter-
mines Foxp3 expression and that memory cells in a highly
inflammatory milieu are driven to express Foxp3. Prelimi-
nary evaluations of lymphocytes from the gut mucosal com-
partment indeed observe significant levels of CD8� T lym-
phocytes that coexpress CD25 and FoxP3 (data not shown),
consistent with either of these hypotheses.

An interesting novel side observation is that the majority
of CD4� T lymphocytes with the natural Treg CD25�Foxp3�

phenotype are nonproliferative in vivo and in vitro. This sug-
gests that true Tregs differ in their mechanism of Foxp3 ex-
pression compared with proliferating memory T lympho-
cytes. Functional testing will be required to examine whether
proliferation versus nonproliferation is a distinguishing fac-
tor separating Treg from non-Treg CD4� T lymphocytes.

Although the functional implications of the observed
CD25 and Foxp3 expression on CMV- and HIV-1-specific
CD8� T lymphocytes are unknown, there are data to sug-
gest that these cells could have Treg functions. Others have
found that memory antigen-specific CD8� T lymphocytes
that are driven to proliferate in vitro acquire transient Treg
activity.12,13 Although this phenomenon has been observed
solely in vitro to date, there are potentially significant in vivo
ramifications. There are examples of “induced” or “adap-
tive” human CD8� Tregs32 that are proposed to play key
roles in pathogenic processes involving infection and organ
transplantation. For example, Epstein Barr virus–specific
CD8� T lymphocytes are believed to play a key role in damp-
ening antiviral immunity, leading to posttransplant lym-
phoproliferative diseases in organ transplant patients.33

Additionally, significant regulatory roles of CD8� Tregs
have been implicated in antiviral immune responses to per-
sistent simian immunodeficiency virus (SIV) infection. Dur-
ing acute SIV infection in African green monkeys, a period
of massive immune activation and CD8� T-lymphocyte ex-
pansion, a rapid rise in a number of putative CD8� Tregs
was observed.34 Although this observation suggests a pro-
tective role of the CD8� Tregs in progressive SIV infection,
a recent report by Karlsson et al.35 showed a significant as-
sociation between expansion of CD8� Tregs during acute SIV
infection in cynomologus macaques and rapid disease pro-
gression. These observations imply similar participation of
the CD8� Tregs in HIV-1 pathogenesis, and our data raise a
possibility that a majority of CD8� Tregs appearing during
acute infection are the induced Tregs. The induced Tregs
could largely consist of rapidly proliferating HIV-1-specific
CD8� T lymphocytes, and more importantly, their regula-
tory functions will be intensified significantly by the pres-
ence of IL-2. Further studies are needed to evaluate whether
this occurs in acute HIV-1 infection in humans and to define
the regulation and implications of Foxp3 expression in HIV-
1-specific CD8� T lymphocytes in vivo.
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