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CD4+CD25+ regulatory T (TR) cells have been described in both humans and mice. In mice, TR are thymically derived,
and lack of TR leads to organ-specific autoimmunity. Recently, the forkhead/winged helix transcription factor, FoxP3, has
been shown to be important for the function of TR cells in mice. In this study, human TR cells were examined and, in
results similar to those of studies done in mice, expression of FoxP3 was found exclusively in CD4+CD25+ T cells and
correlated with the suppressive activity of these cells. In contrast to the mouse studies, activation of human CD4+CD25–

T cells led to expression of FoxP3. Expression of FoxP3 in activated human CD4+CD25+ cells also correlated with
suppression of proliferation by these cells in freshly isolated CD4+CD25– T cells from the same donor. This suppression
was cell-contact dependent and cytokine independent. Thus, in humans, during activation of CD4+CD25– T cells in an
immune response, two populations of cells may arise, effector CD4+CD25+ and regulatory CD4+CD25+ T cells, with
expression of FoxP3 correlated with regulatory activity. These data also raise the possibility that a failure to generate
peripheral TR cells properly may contribute to autoimmune disease and suggest a possible therapeutic role for FoxP3 in
the treatment of such diseases.
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Introduction
Immunological tolerance has developed to allow
organisms to differentiate between self and nonself. T
cell tolerance is achieved primarily through the elimi-
nation of potentially autoreactive clones in the thymus
through a mechanism known as negative selection (1,
2). The clones that escape central tolerance in the thy-
mus are rendered anergic in the periphery upon
encounter with an antigen under suboptimal condi-
tions (2). In spite of these two mechanisms for main-
taining tolerance, autoreactive T cells can be readily
detected in normal individuals. Recently, a regulatory
T (TR) cell population has been identified and shown
to actively suppress immune responses (3–5). These TR

cells, characterized by the expression of the cell surface
markers CD4 and CD25, inhibit the activation of
autoreactive T cells in an antigen-specific, cell-con-
tact–dependent manner (6). In rodents, these cells have

been shown to develop in the thymus, possibly as a con-
sequence of escape from negative selection (7, 8).

The molecular basis for the development and func-
tion of TR cells remains unclear. Work in mice with tar-
geted mutations suggests a role for CTL-associated
antigen-4 (CTLA-4) in the process, in that CTLA-4–null
mice lack functional TR cells (9). However, the disease
present in CTLA-4–deficient mice is much more severe
than that seen in mice lacking TR cells (10, 11). Simi-
larly, TGF-β has been implicated in the function of TR

cells based on the phenotype of TGF-β–null mice (12,
13). However, work in both rodents and humans has
failed to uncover a role for this cytokine in the regula-
tory activity of TR cells (14).

Mice carrying the X-linked scurfy mutation develop a
lymphoproliferative disease similar to that seen in
CTLA-4–null mice (15, 16). These mice display multi-
organ autoimmune disease and lack conventional
CD4+CD25+ TR cells (17, 18). FoxP3, the gene mutated
in these mice, encodes a member of the forkhead/winged
helix family and acts as a transcriptional repressor (19).
In mice, FoxP3 has been shown to be expressed exclu-
sively in CD4+CD25+ TR cells and is not induced upon
activation of CD25– T cells. However, when FoxP3 is
introduced via retrovirus or enforced transgene expres-
sion, naive CD4+CD25– T cells are converted to TR (20).
Thus, in mice, FoxP3 is both necessary and sufficient for
the development and function of CD4+CD25+ TR cells.

Regulatory CD4+CD25+ T cells in humans represent
between 1% and 3% of total CD4+ T cells. In this report,
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we show that human CD4+CD25+ TR cells express
FoxP3, whereas CD25– T cells do not. Expression of
FoxP3 in CD4+T cells correlates with their ability to func-
tion as TR cells. Interestingly, CD4+CD25+ T cells, gener-
ated as a consequence of stimulation of CD4+CD25–

human T cells, also express FoxP3 and acquire TR func-
tion. Thus, the regulation of human FoxP3 expression
and function differs from that seen in mice and suggests
that de novo generation of TR cells is a natural conse-
quence of immune responses in humans.

Methods
Isolation of human cells. To isolate CD4+CD25+ T cells,
human peripheral blood was obtained from normal
healthy donors, and PBMCs were prepared by centrifu-
gation over Ficoll-Hypaque gradients. CD4+ T cells were
purified by depletion of cells expressing CD8, CD11b,
CD16, CD19, CD36, and CD56 with the CD4+ No-
touch T cell isolation kit (Miltenyi Biotec, Auburn, Cal-
ifornia, USA). CD4+ T cells were then labeled with 200
µl each of CyChrome conjugated anti-CD4 (RPA-T4,
Pharmingen, San Diego, California, USA) and phyco-
erythrin-conjugated (PE-conjugated) anti-CD25 (M-
A251, Pharmingen) for 20 minutes at 4°C. Cells were
washed, and the highest 1–2% of CD25+ or CD25– cells
were sorted via a FACSVantage (Becton Dickinson, San
Jose, California, USA). Cells with high forward scatter
were excluded in order to eliminate activated cells. 
2 × 108 PBMCs typically yielded 2 × 105 CD25+ cells with
greater than 99% purity. Accessory cells were obtained
by isolating the positive fraction of the CD4+ No-touch
magnetic sort after depleting CD8+ T cells with CD8
microbeads (Miltenyi Biotec). Accessory cells were irra-
diated with 5,000 rads. Human PBMCs were obtained
after informed consent in accordance with procedures
approved by the human ethics committee of the
Benaroya Research Institute.

Cell stimulation assays. CD4+CD25+, CD4+CD25–

(2.5 × 103 per well), or both (2.5 × 103 each per well)
were cultured with irradiated accessory cells (2.5 × 104

per well). For polyclonal activation, cells were cultured
with 5 µg/ml soluble anti-CD3 (UCHT1; Pharmingen)
and 5 µg/ml soluble anti-CD28 (CD28.2; Pharmin-
gen). The ability of CD25+ cells to suppress prolifera-
tion of CD25– cells was determined by 3H thymidine
incorporation. For thymidine incorporation assays,
half of the culture supernatant was removed (100 µl),
then 1 µCi 3H thymidine was added during the final 16
hours of a 6- to 7-day assay, and proliferation was
measured by scintillation counting.

Generation of CD25+ regulatory cells. In order to gener-
ate CD25+ regulatory cells from CD25– cells, CD4+ cells
were isolated from normal blood as described above,
and then CD25– cells were isolated by negative selection
with CD25 microbeads (Miltenyi Biotec). Purity was
determined to be greater than 99% CD25–, and cells
were activated with 5 µg/ml plate-bound anti-CD3
(UCHT1; Pharmingen) and 1 µg/ml soluble anti-CD28.
Cells were removed from the plate-bound antibody

after 24 hours. Cells were cultured for 3 or 10 days
and sorted based on expression of CD25 and Annex-
in V via a FACSVantage (Becton Dickinson). Annexin
V staining was performed at 37°C in the dark by
adding 15 µl of FITC-conjugated Annexin V to cells
resuspended in 500-µl annexin binding buffer (10
mM HEPES/NaOH (pH7.4) 140 mM NaCl, 2.5 mM
CaCl2). Cells were then Western blotted or assayed for
suppressive activity by culturing, CD25+AnnexinV–

(2.5 × 103 per well) or CD25–AnnexinV– (2.5 × 103 per
well), or both, CD25+AnnexinV–/CD25–AnnexinV– at a
1:1 ratio (2.5 × 103 per well, each). For the suppression
assay, cells were activated with 5 µg/ml each soluble
anti-CD3 and anti-CD28 along with T cell–depleted
accessory cells. Proliferation was measured by 3H
thymidine incorporation. During the final 16 hours of
a 5- to 6-day assay, 3H-thymidine was added and pro-
liferation was measured by scintillation counting. For
transwell experiments, cells were cultured in 24-well
plates, with or without a 4-µm transwell separating
CD4+CD25+ (50,000 cells per well) cells from
CD4+CD25– (50,000 cells per well). To test the depend-
ence of suppression on cytokines, 10 µg/ ml anti-IL-10
(JES3-19F1, Pharmingen), anti-TGF-B1,2,3 (1D11; R&D
Systems, Minneapolis, Minnesota, USA) or an isotype-
matched control (R35-95; MOPC-21, Pharmingen)
were added to the suppression assay. The ability of
these Abs to neutralize IL-10 and TGF-β at this con-
centration was determined in separate experiments. In
these experiments, TGF-β caused reduced proliferation
of CD4+ peripheral blood leukocyte (PBL) and IL-10
prevented the upregulation of MHC class II on T cells.

Analysis of FoxP3 expression. For immunoblots, isolated
T cell populations were directly lysed in Laemmli sample
buffer, separated on 10% SDS-PAGE gels, and trans-
ferred to nitrocellulose filters. Filters were blocked in tris-
buffered saline with 0.1% TWEEN 20 plus 5% freeze-
dried milk for 4 hours, incubated with polyclonal rabbit
anti-human FoxP3 (1:2,000) overnight at 4°C in the
same buffer and developed as described (19). Western
blots were stripped and reprobed with extracellular sig-
nal-regulated kinase (ERK) 1 or 2 to control for loading.
Control cells were 293T cells transfected with a human
FoxP3 cDNA clone.

For quantitative real-time PCR (QPCR) analysis, RNA
was extracted using an RNeasy Mini Kit (Qiagen, Valen-
cia, California, USA) according to the manufacturer’s
instructions, and cDNA was prepared with 2.5 µM ran-
dom hexamers (Applied Biosystems Inc., Foster City,
California, USA). Message levels were quantified by
real-time PCR using the ABI 7000 Sequence Detection
System (Applied Biosystems Inc.). Amplification was
carried out in a total volume of 25 µl for 40 to 50 cycles
of 15 seconds at 95°C, 1 minute at 60°C, and product
was detected using SYBR Green I dye (Molecular
Probes Inc., Eugene, Oregon, USA). Samples were run
in triplicate, and their relative expression was deter-
mined by normalizing expression of each target to
GAPDH, and then comparing this normalized value to
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was ascertained by QPCR and immunoblotting. Both
total CD4+ and CD8+ T cells expressed FoxP3; howev-
er, CD4+ cells express higher levels of FoxP3 (data not
shown). B cells and nonlymphoid cells showed no
FoxP3 expression. The expression in human CD8+ T
cells differs from data seen in the mouse where only
the CD4+ subset expressed detectable FoxP3 (17, 18,
20). As mouse FoxP3 has been shown to be preferen-
tially expressed in the CD4+CD25+ cells, we further
divided human CD4+ T cells based on CD25 expres-
sion and examined FoxP3 expression. Since only the
highest 1–3% of CD25+ expressing cells in human
CD4+ cells have been shown to be regulatory, these
cells were used in our assays as the CD25+ population.
As shown in Figure 1, a and b, only the CD25+ subset
of human CD4+ T cells expressed FoxP3 mRNA and
protein. Thus, as was seen in mice, only the putative TR

population expresses detectable levels of FoxP3 with-
in human CD4+ T cells. Interestingly, human FoxP3
protein migrates as a doublet under these conditions,
one species of which comigrates with the protein
expressed in 293T cells transfected with a human
FoxP3 cDNA clone (see “control” lanes in Figures 2
and 3). It is not clear at this point whether these two
species reflect post-translational modifications of
FoxP3, the products of differentially spliced mRNAs,
or some other possibility.

the normalized expression in a reference sample to cal-
culate a fold-change value. Primers were designed so
that amplicons spanned intron/exon boundaries to
minimize amplification of genomic DNA. Primer
sequences were as follows: GAPDH: 5′-CCACATCG-
CTCAGACACCAT-3′ and 5′-GGCAACAATATCCACTTTAC-
CAGAGT-3′; FoxP3: 5′-GAAACAGCACATTCCCAGAGTTC-
3′ and 5′-ATGGCCCAGCGGATGAG-3′.

Results
FoxP3 is preferentially expressed in human CD4+CD25+ cells.
To examine the expression of FoxP3 in human cells,
peripheral blood mononuclear cells were purified
from normal donors and specific subsets isolated on
the basis of cell-surface phenotype. FoxP3 expression

Figure 1
CD4+CD25+ regulatory cells from normal human peripheral blood
express FoxP3. (a) Real-time QPCR analysis of FoxP3 gene expression
relative to GAPDH expression in purified CD4+, CD4+CD25– (CD25–),
and CD4+CD25+ (CD25+) T cells from a range of normal donors. (b)
Western blot analysis of FoxP3 in purified CD4+, CD4+CD25–, and
CD4+CD25+ cells from two separate donors. (c) Proliferation and
suppression of purified CD4+CD25– and CD4+CD25+ T cells stimu-
lated with soluble anti-CD3 and anti-CD28. These data are from one
experiment but are representative of eight separate experiments with
a suppression range of 60–95%.

Figure 2
Activation of human CD4+CD25– T cells induces FoxP3 expression.
Western blot analysis of FoxP3 expression in (a) freshly isolated, puri-
fied CD4+, CD4+CD25+, and CD4+CD25– T cells or CD4+CD25– T
cells that have or have not (media) been activated with plate-bound
anti-CD3/soluble anti-CD28 (anti-CD3/28) for 24 or 72 hours in the
presence or absence of IL-2, (b) freshly isolated CD4+CD25– or
CD4+CD25+ and activated CD4+CD25– PBMCs after sorting into
CD4+CD25– and CD4+CD25+ T cells. (c) FACS plot showing per-
centage of cells in each population before sorting. Western blot
analysis of FoxP3 expression in freshly isolated CD4+CD25– T cells or
activated CD4+CD25– T cells either unsorted or sorted for CD25 and
Annexin V staining. Cells were also gated and sorted on live cells by
FCS versus SSC. Control cells were 293T cells transfected with a
human FoxP3 cDNA clone. Parts a and b show results from one
experiment but are representative of four separate experiments. Fig-
ure 2c shows results from one experiment.
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from peripheral blood and stimulated with plate-
bound anti-CD3 and soluble anti-CD28 in the pres-
ence or absence of IL-2, for 24 hours or 72 hours. At
the indicated times, cells were harvested, lysed, and
examined for FoxP3 expression by immunoblotting. As
shown in Figure 2a, the starting population of
CD4+CD25– T cells lacked detectable FoxP3 expres-
sion. However, after 24 hours of plate-bound anti-
CD3/soluble anti-CD28 stimulation, FoxP3 expression
was found in both cultures (± IL-2) and was consider-
ably increased in the 72-hour cultures. To determine
the nature of the FoxP3-expressing cells in these cul-
tures, we purified CD25– and CD25+ cells from 72-
hour cultures and examined FoxP3 expression. As
shown in Figure 2b, only the CD25+ cells from these
cultures expressed FoxP3. From these experiments we
conclude that, unlike what has been described in the

We next determined the function of the CD4+CD25+

T cells. For these experiments we used the CD4+CD25–

and CD4+CD25+ peripheral blood T cells whose FoxP3
expression levels were shown in Figure 1 (a and b). These
T cell subsets were assessed for their ability to respond
to T cell receptor (TCR) stimulation, and for the ability
of the CD25+ cells to suppress the in vitro activation of
the CD25– cells. When cultured in the presence of feed-
er cells along with soluble anti-CD3 and anti-CD28, the
CD4+CD25– cells responded with robust proliferation,
whereas the CD4+CD25+ cells did not (Figure 1c). When
the two populations were cocultured, the level of pro-
liferation, as measured by 3H-thymidine incorporation,
was dramatically reduced (Figure 1c). The level of sup-
pression seen was correlated with the ratio of
CD4+CD25–:CD4+CD25+ cells in the culture, with more
CD25+ cells resulting in more suppression of CD25– cell
proliferation. These results are not due to exhaustion of
the resources within the culture because of the small
number of cells in the culture and the fact that the addi-
tion of the same amount of CD25– cells instead of
CD25+ cells does not cause suppression (see below).
Similar results have been observed by other investiga-
tors for the CD4+CD25+ subset of human T cells
(21–23). Thus, as has been seen in rodents, expression
of FoxP3 correlated with TR activity.

TCR stimulation induces FoxP3 expression in CD4+CD25–

human T cells. In addition to being a marker for TR cells,
CD25 expression on CD4+ T cells is an indicator of cell
activation. Specifically, stimulation of CD4+CD25– T
cells through the TCR and CD28 leads to several out-
comes including proliferation, cytokine production,
and induction of cell-surface expression of CD25. It is,
therefore, possible that some or all of the CD4+CD25+

T cells isolated from PBMCs are the result of recent
activation. To assess the possibility that recently acti-
vated CD4 T cells express FoxP3, we determined FoxP3
expression in CD4+CD25– T cells stimulated through
the TCR in vitro. CD4+CD25– T cells were purified

Figure 3
CD4+CD25+ regulatory T cells can be induced by activation of human
CD4+CD25– PBMCs. (a) Schematic for generation of regulatory cells
from CD4+CD25– cells, including a typical FACS plot with percentages
for activated CD4+CD25– cells before sorting. Cells were incubated on
plate-bound Ab (Y) for 24 hours and then transferred to a new well
without Ab for 9 days. (b) Dot plots showing CD4 versus CD25 stain-
ing on CD4+ PBL before and after sorting with CD25 MACS
microbeads. (c) Percent of CD4+CD25+ cells over time when
CD4+CD25– cells were stimulated with plate-bound anti-CD3/solu-
ble anti-CD28 or media. (d) Proliferation and suppression of freshly
isolated CD4+CD25– T cells by CD4+CD25+ cells, which were gener-
ated by activating CD4+CD25– PBMCs with plate-bound anti-
CD3/soluble anti-CD28 for 3 or 10 days. (e) Western blot analysis of
FoxP3 expression on day 3 or day 10 after activation of CD4+CD25–

T cells. Control cells were 293T cells transfected with a human FoxP3
cDNA clone. These data are from one experiment and are represen-
tative of six separate experiments with a suppression range of 60–95%.
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mouse, stimulation of CD4+CD25– T cells through
the TCR results in the induction of FoxP3 expression
and that this expression correlates with cell-surface
expression of CD25.

We have recently shown that T cells that overexpress
FoxP3 (from mice bearing a FoxP3 transgene) do not
proliferate or produce cytokines upon TCR stimulation
but undergo rapid apoptosis (ref. 24 and D.J. Kasprow-
icz and S.F. Ziegler, unpublished observations). Thus,
one possible explanation for the results in Figure 2 is
that FoxP3 is induced in those stimulated T cells under-
going activation-induced cell death. To ascertain
whether FoxP3 expression correlated with activation-
induced cell death, fresh human CD4+CD25– T cells
were activated with plate-bound anti-CD3/soluble anti-
CD28 for 72 hours and were either left unsorted or
sorted into CD4+CD25–AnnexinV–, CD4+CD25+Annex-
inV–, or CD4+CD25+AnnexinV+ (Figure 2c). FACS
analysis shows that approximately 39% of the CD4+

cells are CD25+AnnexinV–, 59% CD25–AnnexinV–, 1.5%
CD25+AnnexinV+, and 1% CD25–AnnexinV+. Annexin
V staining was used as a measure of apoptosis. Lysates
were prepared from the various populations, and
FoxP3 expression was analyzed by immunoblotting.
The number of CD4+CD25–AnnexinV+ cells was con-
sistently insufficient for analysis by Western blotting.

In all cases, FoxP3 expression segregated with CD25
expression and not with Annexin V staining. Therefore,
in these T cell populations, FoxP3 expression did not
mark cells undergoing activation-induced cell death.
Therefore, in contrast to results seen in mice, FoxP3
can be expressed upon activation of CD4+CD25– T cells
in humans (17, 18).

CD4+CD25+FoxP3+ T cells that arise from in vitro stimula-
tion have TR activity. Since freshly isolated CD4+CD25+ T
cells expressed FoxP3 and displayed regulatory activity,
we asked whether CD25+ cells, arising from in vitro
stimulation, also had suppressor cell activity. For these
experiments, CD4+CD25+ and CD4+CD25– cells were
isolated at days 3 and 10 of the culture as described
above. At each time point, CD4+CD25– cells were fresh-
ly purified from the same donor and used in coculture
suppression assays (Figure 3a). Figure 3b shows a rep-
resentative dot plot of CD4+CD25– cells isolated by
magnetic cell sorting (MACS). Several methods for acti-
vation of CD4+CD25– cells were employed; however,
activation with plate-bound anti-CD3 and soluble anti-
CD28 consistently resulted in a higher percentage of
CD25+ cells after 10 days of culture (Figure 3c).
Although both anti-CD3/CD28 bead-activated and
plate-bound anti-CD3/soluble anti-CD28–activated
CD4+CD25– cells induced FoxP3, the high signal
strength of the plate-bound anti-CD3/soluble anti-
CD28 was optimal for generation of T cells expressing
FoxP3 (data not shown). Suppression assays were then
performed with freshly isolated autologous
CD4+CD25– T cells using soluble anti-CD3/CD28
along with feeder cells as has been done by others (18,
20, 21, 25). The CD4+CD25+ cells derived from
CD4+CD25– cells activated with plate-bound anti-
CD3/soluble anti-CD28 were able to suppress prolifer-
ation of freshly isolated CD4+CD25– cells (Figure 3d).
Identical results were obtained when CD25– cells were
FACS sorted instead of MACS sorted before the 10-day
culture. In addition, CD25+ cells from the FACS sort
were activated and found that less than 1% of these cells
remained alive by day 10 after activation, thus negating
the possibility that pre-existing CD25+ cells are expand-
ing in these cultures. FoxP3 expression also correlated
with suppressive activity (Figure 3e). These data
demonstrate that CD4+CD25+ T cells with regulatory
characteristics can arise from CD4+CD25– cells upon
activation and that this regulatory activity is associat-
ed with the expression of FoxP3.

Furthermore, the suppressive activity of regulatory
CD4+CD25+ generated from CD4+CD25– T cells is cell-
contact dependent and cytokine independent. Separa-
tion of plate bound anti-CD3/soluble anti-CD28–acti-
vated CD4+CD25+ cells from freshly isolated
CD4+CD25– cells by a transwell abrogates suppression
of these cells (Figure 4a). As a control, activated-sorted
CD4+CD25– cells were used in place of activated-sorted
CD4+CD25+ cells. In contrast to results seen with acti-
vated-sorted CD25+ cells, in this assay, activated-sorted
CD25– cells did not suppress proliferation. However, in

Figure 4
Activation-induced CD4+CD25+ regulatory T cells are cell-contact
dependent and cytokine independent. Proliferation and suppression
of freshly isolated CD4+CD25– T cells by CD4+CD25+ (a, left panel, and
b) or CD4+CD25– (a, right panel) cells, which were generated by acti-
vation CD4+CD25– PBMCs with plate-bound anti-CD3/soluble anti-
CD28 for 14 days. (a) CD4+CD25+ and CD4+CD25– cells from the
same culture were sorted and cultured alone, together with freshly iso-
lated CD25– cells, or separated by a transwell. Sorted cells are indi-
cated in bold type and freshly isolated cells in normal type. (b) Cells
were cultured in the presence of 10 µg/ml anti–IL-10, anti-TGF-β, or
an isotype control Ab (RIgG2a). These data are from one experiment
but are representative of two separate experiments.
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one experiment, the CD4+CD25– cells isolated from acti-
vated cultures displayed suppressor activity and FoxP3
expression, suggesting that CD25 may not be a marker
for all TR. Experiments are planned to explore this pos-
sibility. In addition, TR activity by generated CD25+ cells
did not require IL-10 or TGF-β (Figure 4b). The addition
of 10 µg/ml of anti–IL-10 or anti–TGF-β Ab has been
shown to ablate suppressive activity of T regulatory type
1 (TR1) cells (26, 27), however, the same concentration of
this Ab did not inhibit suppression by activated
CD4+CD25+ cells generated from CD4+CD25– cells.
These generated CD4+CD25+ regulatory cells are there-
fore similar to freshly isolated CD4+CD25+ TR from
both humans and mice.

Discussion
It is now apparent that a small population of CD4+ T
cells, identified by the expression of CD25, have the
ability to regulate immune responses. These TR cells
have been found and studied in humans and rodents.
However, to date, the characterization of these cells has
been hampered by a lack of specific molecular markers.
In mice, the forkhead/winged helix family protein FoxP3
has very recently been shown to be expressed predomi-
nantly in TR cells and to be critical for their generation
and function (17, 18, 20). In addition, male mice carry-
ing the X-linked scurfy mutation, which is a loss-of-
function mutation in the FoxP3 gene, lack TR cells and
die at 3 to 4 weeks of age unless these mice receive
transferred CD25+ regulatory cells. Thus, in mice, the
FoxP3 gene is both necessary and sufficient for TR cell
generation and function.

In mice, FoxP3 expression appears to be limited to
CD4+CD25+ TR cells, and expression was not induced
upon activation of naive T cells despite the expression of
CD25 on their cell surface (17, 18). These findings sug-
gest that the regulation of FoxP3 and induction of TR

cells differs in mice and humans. However, the differ-
ences between our studies and those using mouse TR

cells concerning the expression of FoxP3 after activation
of CD4+CD25– T cells may be due to differences in the T
cell populations used in the respective studies. We used
peripheral blood-derived T cells (potentially memory),
whereas the mouse studies used T cells from either
spleen or lymph node (mainly naive). These data suggest
that there may be two pathways for the generation of TR

cells in humans as a result of thymic selection as in mice
or as a consequence of immune responses in the periph-
ery. This would allow for regulation of autoreactivity by
the thymus-derived TR cells, which are autoreactive and
have self-renewing capabilities (5). It is this population
in animal models that can provide protection from self-
reactive T cells in adoptive transfer models of autoim-
munity. In contrast, TR cells generated from the periph-
eral pool may either arise from a memory T cell
population as a consequence of antigenic challenge or
from naive T cells during the course of an immune
response. Human TR cells isolated from peripheral blood
are CD4+CD25+ CD45RO+ and CD45Rblow, consistent

with memory T cells that have undergone multiple
rounds of stimulation (25). These cells also have shorter
telomere length as compared with CD4+CD25–

CD45RO+ group. In addition, Taams et al. demonstrat-
ed that a T cell clone that was made anergic by activation
in the absence of a professional APC has suppressive
properties (25). A possible role for these cells would be to
regulate antigen-specific T cells in order to contain the
response and limit its spread. In this model, TR cells are
not long lived and die after the initial response, allowing
the differentiation of long-lived memory T cells. This
model would allow for the “fencing-in” of the response
while maintaining the ability to mount a recall response
in case of a second challenge.

Evidence exists for in vitro generation of regulatory T
cells in humans. However, the majority of these cells
resemble TR1 cells rather than classical CD4+CD25+ TR.
In humans, TR1 cells can be generated by stimulation
with alloantigen in the presence of IL-10 and TGF-β.
These TR1 cells produce high amounts of IL-10 when
stimulated, and suppression by these cells is dependent
on secretion of IL-10 and TGF-β (28, 29). CD4+CD25+

cells isolated from peripheral blood have also been
shown to convey suppression on CD4+CD25– cells.
CD4+CD25– cells that are regulatory after contact with
CD4+CD25+ cells are dependent on IL-10 or TGF-β for
suppression (26, 27). In addition, CD4+CD25+ cells can
be expanded in vitro with either anti-CD3 and IL-2 or
by repeated stimulation on immature DCs with
alloantigen. Regulatory cells generated by the preced-
ing methods are also cell-contact dependent and
cytokine independent (30, 31). Evidence also exists for
generation of CD4+CD25+ TR in the periphery of mice.
Thorstenson and Khoruts have generated CD25+ T
cells in the DO11.10 TCR transgenic mouse via oral or
i.v. administration of peptide Ag and demonstrated
that the resulting CD25+ T cells are anergic and have TR

properties in vitro and in vivo (32).
The precise role of FoxP3 in the development and/or

function of TR cells remains to be elucidated. The find-
ing that enforced expression of FoxP3, either via retro-
virus or transgene, can convert T cells to a TR phenotype
suggests a determinative role. However, Khattri et al.
(18) showed that a FoxP3 transgene limited to thymic
expression failed to rescue sf/Y mice from scurfy disease,
suggesting that constant FoxP3 expression is required
for maintaining the suppressive function. These data,
coupled with our findings showing that TCR stimula-
tion of human CD4+CD25– T cells induces both FoxP3
expression and TR activity, suggest a more active role for
FoxP3 in suppressor function.

We have presented data showing that the transcrip-
tional regulator FoxP3 is expressed predominantly, if
not exclusively, in TR cells and that it may serve as a
master regulator of this cell population. The finding
that some CD25– T cells express FoxP3 upon stimula-
tion and demonstrate regulatory activity, suggests that
TR cells may be generated in the periphery and that the
CD4+CD25+ TR present in the peripheral blood may be



The Journal of Clinical Investigation | November 2003 | Volume 112 | Number 9 1443

functionally similar to those generated in vitro by acti-
vation. These findings suggest a possible therapeutic
role for FoxP3 in the treatment of autoimmune dis-
eases. The efficacy of such cell-based strategies await
further understanding of the regulation and function
of FoxP3 in TR cells.
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