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CD25ⴚ T Cells Generate CD25ⴙFoxp3ⴙ Regulatory T Cells by
Peripheral Expansion1
Maria A. Curotto de Lafaille,2 Andreia C. Lino, Nino Kutchukhidze, and Juan J. Lafaille2
Naturally occurring CD4ⴙ regulatory T cells are generally identified through their expression of CD25. However, in several
experimental systems considerable Treg activity has been observed in the CD4ⴙCD25ⴚ fraction. Upon adoptive transfer, the
expression of CD25 in donor-derived cells is not stable, with CD4ⴙCD25ⴙ cells appearing in CD4ⴙCD25ⴚ T cell-injected animals
and vice versa. We show in this study that CD25ⴙ cells arising from donor CD25ⴚ cells upon homeostatic proliferation in recipient
mice express markers of freshly isolated Treg cells, display an anergic state, and suppress the proliferation of other cells in vitro.
The maintenance of CD25 expression by CD4ⴙCD25ⴙ cells depends on IL-2 secreted by cotransferred CD4ⴙCD25ⴚ or by
Ag-stimulated T cells in peripheral lymphoid organs. The Journal of Immunology, 2004, 173: 7259 –7268.
ality 48 days after Ab injection. In this and the previous cases it is
unclear whether the CD25⫹ cells derived from the outgrowth of a
small residual CD25⫹ population or the conversion of CD25⫺ into
CD25⫹ T cells. The biological properties of the cells that acquired
CD25 expression through homeostatic proliferation are not well
known; likewise, the factors that influence the degree of CD25
marker switching remain poorly understood.
To study these issues we used an experimental system, the T/B
monoclonal mice, in which we showed that both CD4⫹CD25⫹ and
CD4⫹CD25⫺ T cells display in vivo suppressive activity. On the
BALB/c background, T/B monoclonal mice produce hyper-Th2
and IgE responses after a single immunization. These hyperresponses can be prevented by adoptive transfer of total CD4⫹, purified CD4⫹CD25⫹, or CD4⫹CD25⫺ T cells from BALB/c mice
(24). T/B monoclonal mice harbor an I-Ad-restricted, monoclonal,
OVA-specific T cell repertoire that lacks CD4⫹CD25⫹ T cells,
and a monoclonal B cell repertoire specific for a linear peptide
from influenza virus hemagglutinin (HA). T/B monoclonal mice
were derived by crossing DO11.10 OVA-specific TCR transgenic
mice, 17/9 HA-specific Ig H and L chain knockin mice, and
RAG-1⫺/⫺ mice (24).
We show in this study that donor polyclonal CD4⫹CD25⫺ cells
can convert in vivo to CD4⫹CD25⫹ upon homeostatic proliferation; the newly generated CD4⫹CD25⫹ cells are phenotypically
and functionally equivalent to naturally occurring Treg cells. The
expression of CD25 in Treg cells, which correlates with their Treg
ability, depends on IL-2 secreted by cotransferred CD25⫺ or by
Ag-stimulated conventional T cells in peripheral lymphoid organs.
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Mice
The T/B monoclonal mice (17/9 DO11.10 RAG-1⫺/⫺) were previously
described (24). T/B monoclonal mice harbor monoclonal populations of T
and B lymphocytes that are specific for chicken OVA323–339 and HA of
influenza virus, respectively. BALB/c Thy1.2 mice and BALB/c IL-2⫺/⫺
mice were purchased from The Jackson Laboratory (Bar Harbor, ME).
BALB/c Thy1.1 mice were obtained from Dr. F. Zavala (New York University, New York, NY). TCR␣␤-deficient mice were backcrossed to the
BALB/c background in our facility. All mice were bred and housed at the
Skirball specific pathogen-free animal facility.

Cell purification and adoptive transfer
BALB/c CD4⫹CD25⫹ and CD4⫹CD25⫺ lymphocytes were purified from
spleen and lymph nodes by MACS using Miltenyi reagents and a Vario
MACS apparatus (Miltenyi Biotec, Auburn, CA).
0022-1767/04/$02.00
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egulatory T cells (Treg),3 also called suppressor T cells,
negatively modulate immune responses (1– 4). The bestcharacterized, naturally occurring Treg cells are CD4 T
cells of thymic origin that constitutively express CD25 and are
unresponsive to stimulation in vitro (5– 8). CD4⫹CD25⫹ Treg cells
constitutively express the transcription factor Foxp3 and the coreceptor CTLA-4 (9 –13). Genetic deficiencies in these two genes
cause profound immune dysregulation, leading to autoimmune diseases and allergy (14 –18). T cells with Treg activity are also contained in the CD4⫹CD25⫺ T cell population of normal animals.
The regulatory T cell function of CD4⫹CD25⫺ T cells has been
demonstrated in animal models of autoimmune encephalomylitis
(19, 20), diabetes (21–23), allergy (24), and inflammatory bowel
disease (25). However, although CD4⫹CD25⫺ cells produced by
depletion of CD25⫹ T cells can exert regulatory activity in several
disease models, genetically deficient CD25⫺/⫺ cells are unable to
do so (26). Thus, CD25 must be expressed at some point for T cells
to exert suppression.
Upon transfer of purified CD4⫹CD25⫹ cells into T cell-deficient mice, scurfy mice, or TCR transgenic RAG⫺/⫺ mice, a substantial fraction of the cells become CD25⫺. Conversely, transfer
of purified CD4⫹CD25⫺ cells into T cell-deficient mice generates
a population of cells expressing CD25 (10, 25–28). CD25 expression appears to be more stable upon transfer of purified
CD4⫹CD25⫹ T cells into wild-type mice (29). Laurie et al. (30)
depleted CD4⫹CD25⫹ T cells by in vivo administration of antiCD25 Abs to thymectomized BALB/c recipients and observed that
CD25⫹ T cells returned to pretreatment proportion and function-
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To purify spleen and lymph node CD4⫹CD25⫺ cells by MACS, the
cells were first incubated with FITC-labeled Abs to CD8, B220, and CD25
(in some experiments Abs to CD11b, CD11c, and TER119 were also
added), followed by incubation with anti-FITC magnetic beads. The cells
were then passed through the first depletion column, incubated with more
anti-FITC magnetic beads, and passed through a second depletion column.
Thymic CD4⫹CD25⫺ cells were purified by depletion of CD8⫹ and
CD25⫹ cells using a similar two-step protocol. The unbound fraction typically contained 85–95% CD4⫹CD25⫺ cells, 0.1– 0.3% CD25low cells, and
no CD25high cells. To purify CD4⫹CD25⫹ cells, spleen and lymph node
cell suspensions were first depleted of CD8⫹ and B220⫹ cells by MACS,
incubated with PE-anti-CD25 Abs followed by anti-PE magnetic beads,
and subsequently purified as the bound fraction from a MACS column. The
purity of the CD25⫹ population was ⬎95%.
CD25⫹, CD25⫺CD45RBhigh, and CD25⫺CD45RBlow fractions from
BALB/c mice used in the experiments shown in Fig. 5 were purified by cell
sorting in a MoFlo cytometer (DakoCytomation, Carpinteria, CA) at New
York University School of Medicine with ⱖ99% purity. Typically, 1–5 ⫻
106 purified cells were injected i.v. into recipient mice. All recipient mice
were treated with broad-spectrum antibiotic (Bactrim; Sulfatrim Pediatric
Suspension; Alpharma USPD, Baltimore, MD). Immunization of T/B
monoclonal mice was performed the day after cell transfer, i.p. with 100 g
of cross-linked OVA-HA in alum (24).

background. T/B monoclonal mice are devoid of Treg cells, and
their peripheral T cells have a naive phenotype (24).
To investigate the relationship between homeostatic proliferation and peripheral conversion of CD25⫺ T cells to CD25⫹, we
purified CD4⫹CD25⫺ cells from BALB/c mice (Fig. 1A), labeled

Cells purified as described above were labeled with CFSE (Molecular
Probes, Eugene, OR) by incubating 107 cells/ml in PBS with 5 M CFSE
resuspended in DMSO. Labeling was stopped with medium containing
10% FCS.

Immunostaining and RNA analysis
Spleen and lymph node cells from recipient mice were analyzed by flow
cytometry using fluorochrome-labeled Abs purchased from BD Pharmingen (San Diego, CA), Caltag Laboratories (Palo Alto, CA), and R&D Systems (Minneapolis, MN). The samples were analyzed using a FACSCalibur or an LSR II cytometer (BD Biosciences, Mountain View, CA). For
quantitative mRNA expression analysis, donor-derived CD4⫹CD25⫹ and
CD4⫹CD25⫺ cells were MoFlo-sorted. RNA was extracted from the samples using TRIzol, and cDNA was synthesized using standard procedures.
The expression of Foxp3, CTLA-4, glucocorticoid-induced TNFR (GITR),
and ␤-actin was determined by quantitative real-time PCR using the primers below.
Expression was normalized to the level of ␤-actin in each sample:
Foxp3, ACTGGGGTCTTCTCCCTCAA, CGTGGGAAGGTGCAGAG
TAG; CTLA-4, GTTGGGGGCATTTTCACATA, TTTTACAGTTTCCT
GGTCTC; and ␤-actin, TGACAGGATGCAGAAGGAGA, GTACTTG
CGCTCAGGAGGAG.

In vitro suppression assays
Donor-derived CD4⫹CD25⫹ and CD4⫹CD25⫺ cells from spleen and
lymph nodes of recipient mice were MoFlo-sorted. Proliferation assays
were set up in 96-well, round-bottom plates and contained, per well, 1 ⫻
104 responder cells, 2 ⫻ 104 APC (mitomycin C-treated spleen cells from
TCR␣␤-deficient BALB/c mice), and anti-CD3 Ab at a concentration of
0.5 g/ml. Putative suppressor cells were cocultured at responder:suppressor ratios of 1:1, 1:0.3, and 1:0.1. Proliferation was determined by adding
[3H]thymidine on the third day of culture and determining incorporation
6 h later.

Results

Peripheral CD4⫹CD25⫺ T cells generate CD4⫹CD25⫹ cells by
peripheral expansion
We and others have observed that in conditions of homeostatic
proliferation, CD25 expression is not stably maintained. Expanding CD4⫹CD25⫺ cells generate a population of CD25⫹ cells, although expanding CD25⫹ cells partially lose CD25 expression
(25–28). To analyze the phenotypic and functional characteristics
of the CD25⫹ cells derived from CD25⫺ cells, we adoptively
transferred purified CD25⫺ T cells into host mice in which donor
cells could undergo homeostatic expansion, such as RAG-1 knockout mice and T/B monoclonal mice. T/B monoclonal mice are
DO11.10 TCR transgenic mice crossed with 17/9 Ig H and L chain
knockin mice and RAG-1 knockout mice on the BALB/c genetic

FIGURE 1. Conversion of CD4⫹CD25⫺ cells to CD25⫹ cells in T/B
monoclonal and RAG-1⫺/⫺ recipient mice during peripheral expansion. A,
CD4⫹CD25⫺ cells were purified from spleen and lymph nodes of BALB/c
mice with ⱕ0.1% contamination by CD25⫹ cells. The cells were labeled
with CFSE and transferred to T/B monoclonal mice (5 ⫻ 106 cells/mouse;
n ⫽ 3). One month later, recipient mice were killed, and spleen and lymph
node cells were analyzed by flow cytometry. Representative analyses are
shown in B and C. B, Cells were stained with anti-CD4, anti-CD25, and
KJ1-26 Abs. The left plot shows the gates used for the analysis of endogenous cells (CD4⫹KJ1-26⫹) and the donor-derived cells (CD4⫹KJ1-26⫺).
The lower right plot shows CFSE dilution and CD25 expression in the
donor-derived population. The upper right plot shows endogenous cells
(CFSE-negative and naive). C, Cells were stained with anti-CD4, antiCD45RB, anti-CD44, and KJ1-26 Abs. Donor and endogenous populations
were gated as described in B. The figure shows overlapping histograms of
CD44 (left) and CD45RB (right) expression in donor cells (CD4⫹KJ1-26⫺;
line) and endogenous cells (CD4⫹KJ1-26⫹; solid gray). D, CD4⫹CD25⫺
cells were purified from spleen and lymph nodes of BALB/c (Thy 1.1/1.2)
mice and transferred to T/B monoclonal mice (T/B mc; Thy 1.2) and RAG1⫺/⫺ mice (2 ⫻ 106 cells/mouse; n ⫽ 3). Two weeks after immunization,
the expression of CD25 in donor-derived CD4⫹ cells (Thy1.1⫹) was analyzed in peripheral blood samples stained with Abs to Thy1.1, CD4, and
CD25. The plots show CD25 expression in donor-derived cells gated as
CD4⫹Thy1.1⫹. Homeostatic proliferation of polyclonal CD4⫹ T cells in
T/B monoclonal mice, and conversion of CD25⫺ into CD25⫹ cells in T/B
monoclonal and RAG-1⫺/⫺ mice has been extensively confirmed in numerous experiments using both MACS- or MoFlo-sorted donor cells obtained from peripheral lymphoid organs or thymus.
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CD4⫹CD25⫹ T cells derived from peripherally expanded
CD25⫺ cells are anergic and suppressive
We subsequently investigated whether the CD4⫹CD25⫹ cells arising from donor CD4⫹CD25⫺ cells displayed phenotypic and functional properties ascribed to freshly isolated CD4⫹CD25⫹ Treg
cells (9 –13, 31–34). Analysis of RNA expression by real-time
quantitative PCR in purified donor-derived cells demonstrated
high levels of Foxp3 in the donor-derived CD25⫹, but not in the
donor-derived CD25⫺ fraction (Fig. 3A). It is important to note
that unlike other Treg markers, Foxp3 is not expressed by activated
conventional mouse CD4⫹ cells (9 –11). Flow cytometric analysis
showed that donor-derived CD25⫹ cells, but not CD25⫺ cells, expressed GITR, CD103, and CTLA-4 (Fig. 3B). Thus, phenotypically,
CD4⫹CD25⫹ cells derived from homeostatic expansion of
CD4⫹CD25⫺ cells are very similar to freshly isolated CD4⫹CD25⫹
T cells.

FIGURE 2. A, Kinetics of conversion of CD25⫺ cells into
CD25highCD4low cells. Purified CD4⫹CD25⫺ cells from spleen and lymph
nodes (peripheral) or from thymus of BALB/c mice were transferred to T/B
monoclonal mice (2 ⫻ 106 cells/mouse). The expression of CD25 in donorderived CD4⫹ cells was analyzed in peripheral blood samples on days 5,
8, and 11 after transfer. MFI values for CD25 (Y) and CD4 (X) in the
CD25⫹ gate are indicated. The graphic on the bottom right shows the
overlay of CD4 MFI (CD25⫹ cell gated) in donor-derived T cells from
periphery (solid line) and thymus (dashed line). Note the overlapping
curves, showing, in both cases, the decrease in CD4 MFI over time. The
kinetic analysis is from a representative mouse from each group of four
mice. Expression of CD4 (CD25⫹ cell gated) in peripheral blood of a
BALB/c mouse is shown for comparison. B, Conversion, rather than selective expansion, of contaminant cells explains the appearance of CD25⫹
cells from a population of CD25⫺ donor cells. CD4⫹CD25⫺ cells were
purified from spleen of BALB/c Thy1.2 mice. CD4⫹CD25⫹ cells
were purified from spleen of BALB/c Thy1.1 mice. The purified cells
were mixed in a ratio of 200:1 (CD25⫺:CD25⫹) and injected into T/B
monoclonal mice. A total of 2 ⫻ 106 CD4⫹CD25⫺ cells was injected
per mouse. Pretransfer donor cells (CD4⫹CD25⫺) before and after
addition of the contaminant CD25⫹ Thy1.1⫹ cells are shown in the left
and middle plots. The right plot shows CD25 expression in CD4⫹
Thy1.2⫹ and Thy1.1⫹ donor-derived CD4⫹ cells from spleen of recipient mice (day 10 after transfer; endogenous cells were excluded by
staining with the anti-OVA-TCR Ab KJ1-26). The data are representative of two experiments.

The suppressive ability of CD25⫹ cells derived from CD25⫺
donor cells was tested in in vitro proliferation assays. In these
assays, donor-derived CD4⫹CD25⫹ cells were as anergic and suppressive as freshly isolated BALB/c CD4⫹CD25⫹ cells (Fig. 3C).
Little or no suppressor activity was detected in the donor-derived
CD25⫺ population.
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them with CFSE, and transferred them to T/B monoclonal mice.
Homeostatic proliferation of polyclonal CD4⫹ T cells in T/B
monoclonal mice was demonstrated by CFSE dilution in the donorderived population (gated as KJ1-26⫺CD4⫹ in Fig. 1B). Cells that
became CD25⫹ were found in the population that underwent extensive proliferation (Fig. 1B). As in T cell-deficient hosts, cells that
expanded in T/B monoclonal mice acquired a memory phenotype,
expressing high levels of CD44 and low levels of CD45RB (Fig. 1C).
In contrast, the endogenous OVA-specific KJ1-26⫹CD4⫹ cells maintained a naive phenotype (CD25⫺,CD44low,CD45RBhigh). Simultaneous transfer of purified CD4⫹CD25⫺ BALB/c cells into T/B
monoclonal mice and RAG1⫺/⫺ mice demonstrated similar rates of
conversion to CD25⫹ cells in both host strains (Fig. 1D).
It has been known for some time that the level of CD4 on the
surface of CD4⫹CD25⫹ Treg cells is lower than the level of CD4
on naive CD4⫹ T cells (for instance, see BALB/c cells in Fig. 2A).
Upon injection of CD4⫹CD25⫺ cells obtained from secondary
lymphoid organs (designated peripheral in Fig. 2A) or
CD4⫹CD25⫺ single-positive cells from thymus (designated SP in
Fig. 2A), we monitored the kinetics of appearance of CD4⫹CD25⫹
cells as well as the levels of CD4 surface expression. FACS analysis was performed on peripheral blood 5, 8, and 11 days after
transfer of CD25⫺ T cells (Fig. 2A). Although the donor-derived
population contained CD25⫹ cells on day 5, only on day 8 was the
population expressing high CD25 and low CD4 evident. The kinetics of generation of CD25⫹ cells as well as the down-modulation of CD4 were similar regardless of whether CD25⫺ cells were
obtained from peripheral lymphoid organs or thymus.
To demonstrate that the peripherally generated CD4⫹CD25⫹
cells derive from acquisition of CD25 expression by CD4⫹CD25⫺
T cells, rather than by expansion of contaminant CD25⫹ cells
(usually 0.1– 0.3% in the donor CD25⫺ population), we spiked
purified BALB/c CD4⫹CD25⫺ Thy1.2 cells with 0.5% contaminant CD4⫹CD25⫹ Thy1.1 cells and transferred the mixed population to T/B monoclonal mice. After 10 days, contaminant CD4⫹
Thy1.1⫹ cells constituted ⬃1% of total donor-derived cells (2-fold
increase from initial input), whereas Thy1.2⫹ donor-derived cells
contained ⬎7% CD25⫹ cells (49-fold increase from initial input;
Fig. 2B). Thus, CD25⫹ cells derived from donor CD25⫺ cells did
not originate from preferential expansion of a few initial CD25⫹
cells. Instead, a fraction of CD25⫺ cells converted to CD25⫹ cells
in the periphery of recipient mice. FACS analysis of TCR V␣ and
V␤ gene usage in peripherally converted CD25⫹ cells showed a
broad diversity, similar to the freshly isolated CD4⫹ cells from
BALB/c mice, arguing against the conversion-expansion of a few
clones of CD25⫺ donor cells (data not shown).
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Peripheral conversion of CD4⫹CD25⫺ T cells to CD4⫹CD25⫹
T cells in wild-type newborn mice
As shown above, peripheral conversion of polyclonal
CD4⫹CD25⫺ to functional CD25⫹ Treg cells occurs efficiently in
mice with no T cells (such as RAG-deficient mice) or mice harboring large numbers of monoclonal T cells (such as T/B monoclonal mice). We investigated whether peripheral generation of
Treg cells from CD25⫺ T cells could take place in mice with normal immune systems.
To study the expansion and conversion of CD25⫺ cells in wildtype mice, CD4⫹CD25⫺ cells from BALB/c Thy1.1/1.2 mice
were purified, labeled with CFSE (to follow cell division), and
transferred into newborn and adult BALB/c Thy1.2 recipient mice.

FIGURE 4. CD4⫹CD25⫺ cells transferred into wild-type BALB/c neonates give rise to CD4⫹CD25⫹CD45RBlow cells. CD4⫹CD25⫺ cells
were purified from spleen and lymph nodes of BALB/c Thy1.1/1.2 mice,
labeled with CFSE, and transferred into neonates (0.5–1 ⫻ 106/mouse) or
adult (5 ⫻ 106 cells/mouse) BALB/c Thy1.2 mice. Three weeks later, mice
were killed, and spleen and lymph node cells were analyzed by flow cytometry using Abs to CD4, CD25, CD45RB, and Thy1.1. A, Representative
plots showing CFSE intensity and CD25 expression in gated donor cells
(CD4⫹Thy1.1⫹) from spleens and lymph nodes of a neonatally injected
mouse and an adult recipient mouse. B, Expression of CD45RB and CD25
in gated donor cells from a neonatally injected mouse is shown on the top.
Cell divisions of fractions 1 and 2 are shown by histograms of CFSE
dilution. CFSE dilution in gated donor-derived CD25⫺CD45RBhigh (fraction 1) and CD25⫺CD45RBlow (fraction 2) cells from the same sample
are shown on the right panel. CFSE dilution of CD25⫹CD45RBlow cells
is shown in A, left panels, and is completely overlapping with the fraction
2 shown in B. Data are representative of three experiments. C,
CD4⫹CD25⫺ cells transferred to BALB/c neonates give rise to
CD25⫹Foxp3⫹ cells. CD4⫹CD25⫺ cells were purified from spleen and lymph
nodes of BALB/c Thy1.1/1.2 mice and transferred into neonatal BALB/c
Thy1.2 mice. One month after transfer, donor-derived Thy1.1⫹CD4⫹CD25⫹
and donor-derived Thy1.1⫹CD4⫹CD25⫺ cells were purified from spleen and
lymph nodes. The levels of mRNA for Foxp3 and CTLA-4 in the samples
were determined by real-time PCR as described. Expression levels (average ⫾
SD) relative to ␤-actin are shown.
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FIGURE 3. CD4⫹CD25⫹ cells derived from CD4⫹CD25⫺ cells have
phenotypic and functional characteristics of Treg cells. A, CD25⫹ cells
derived from CD25⫺ cells express Foxp3 mRNA. CD4⫹CD25⫺ cells were
purified from spleen and lymph nodes of BALB/c mice and transferred into
T/B monoclonal mice and RAG-1⫺/⫺ mice. Donor-derived CD4⫹CD25⫹
and CD4⫹CD25⫺ cells were isolated from T/B monoclonal mice or RAG1⫺/⫺ mice 11 days after transfer. The expression of Foxp3 in mRNA from
donor-derived cell samples as well as from freshly isolated CD4⫹CD25⫹
and CD4⫹CD25⫺ BALB/c cells was determined by real-time PCR. ␤-Actin amplification was used for normalization. The figure shows the average
and SD of triplicate wells. B, CD25⫹ cells derived from CD25⫺ cells
express GITR, CD103, and CTLA-4. CD4⫹CD25⫺ cells were purified
from spleens of BALB/c mice and transferred into T/B monoclonal mice.
Two weeks after transfer, the mice were killed, spleen cells were harvested,
and the expression of Treg markers (CTLA-4, CD103, and GITR) in the
donor-derived population (CD4⫹KJ1-26⫺) was determined by flow cytometry. The figure shows histograms of gated CD4⫹KJ1-26⫺CD25⫹ (line)
and CD4⫹KJ1-26⫺CD25⫺ (u) donor-derived cells. C, CD25⫹ cells derived from CD25⫺ cells are anergic and suppressive. Donor-derived
CD4⫹CD25⫹ and CD4⫹CD25⫺ cells were isolated from T/B monoclonal
mice that had been transferred with CD4⫹CD25⫺ cells from BALB/c mice
as in A. Donor-derived CD4⫹CD25⫹ and CD4⫹CD25⫺ cells as well as
freshly isolated CD4⫹CD25⫹ BALB/c cells were cultured alone or were
cocultured with 1 ⫻ 104 freshly isolated CD4⫹CD25⫺ BALB/c cells (responder cells) in wells containing anti-CD3 Abs and APC. Ratios of responder to suppressor cells were 1:1, 1:0.3, and 1:0.1. On the third day of
culture, proliferation was measured by [3H]thymidine incorporation. Results are the average and SD of triplicate wells. DD, donor-derived.
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In neonatally injected mice, the donor CD25⫺ population efficiently generated CD25⫹ cells within the proliferating (CFSElow)
cells (Fig. 4A). Very low proliferation and conversion occurred in
adult mice. Cells that converted to CD25⫹ in neonatally injected
mice were found in the CD45RBlow fraction of donor-derived
CD4⫹ cells, similarly to naturally occurring Treg cells (Fig. 4B).
All CD45RBlow cells within the donor population had undergone
three or more cell divisions at the time of analysis. Similarly to
naturally occurring Treg cells, CD25⫹ T cells derived from CD25⫺
T cells in normal newborn mice expressed high levels of Foxp3
and CTLA-4 (Fig. 4C). Thus, peripheral conversion of CD25⫺ into
CD25⫹ Treg cells occurs in wild-type mice in conditions of peripheral expansion, such as the neonatal period (35).
Naive T cells give raise to Treg cells in vivo with
delayed kinetics

CD25 expression in peripheral lymphoid organs is regulated by
IL-2-producing effector-type T cells
It has been reported that upon transfer of CD25⫹ T cells into
alymphoid recipients, the expression of CD25 is lost in a large part
of the population unless CD4⫹CD25⫺CD45RBhigh T cells are cotransferred (25). We observed similar down-regulation of CD25
expression when CD25⫹ cells were transferred into T/B monoclonal mice. Given the fact that the T/B monoclonal mice contain a
large number of CD4⫹CD25⫺CD45RBhigh T cells and virtually no
CD4⫹CD25⫹ T cells, our finding was unexpected. The difference
between the experiments was that the CD4⫹CD25⫺CD45RBhigh
cells in the T/B monoclonal mice were OVA-specific resting cells,
whereas polyclonal T cells injected into alymphoid mice were
undergoing homeostatic proliferation. Peripheral expansion of
the polyclonal T cells would lead to, among other things, IL-2
production. To test whether IL-2 production by CD25⫺ T cells
was necessary for the maintenance of CD25 expression by

FIGURE 5. CD4⫹CD25⫺CD45RBhigh naive T cells give raise to Treg
cells in vivo with delayed kinetics. A, CD4⫹CD25⫺CD45RBlow (RBlo)
and CD4⫹CD25⫺CD45RBhigh (RBhi) T cells were purified from BALB/c
mice and transferred to T/B monoclonal mice (1 ⫻ 106 cells/mouse). The
expression of CD25 in donor-derived cells (CD4⫹ KJ1-26⫺) was monitored in peripheral blood of recipient mice. The figure shows representative
FACS analysis of samples obtained 6 and 21 days after transfer. B, Cells
were transferred as indicated in A. Donor-derived CD4⫹CD25⫹ and
CD4⫹CD25⫺ cells were sorted from spleens of recipient mice 11, 18, and
25 days after transfer. The expression of mRNA for Foxp3 and CTLA-4 in
the samples was determined by real-time PCR. Purified CD4⫹CD25⫹,
CD4⫹CD25⫺CD45RBlow, and CD4⫹CD25⫺CD45RBhigh cells from
spleen and LN cells of BALB/c mice were included in the analysis. Levels
of Foxp3 and CTLA-4 are expressed as a percentage of the value obtained
for fresh CD4⫹CD25⫹ cells from BALB/c mice. Data are representative of
three experiments. Similar results were obtained in two experiments in
which RAG-1⫺/⫺ mice were used as recipients.

CD4⫹CD25⫹ cells, we cotransferred a polyclonal population of
CD25⫺ T cells from IL-2⫺/⫺ BALB/c Thy1.2 mice with purified
IL-2⫹ CD4⫹CD25⫹ T cells from BALB/c Thy1.1 mice into T/B
monoclonal mice. Although cotransfer of polyclonal CD25⫺
IL-2⫹ T cells allowed the maintenance of CD25 expression on
80% of CD25⫹ cells, IL-2⫺/⫺ T cells were unable to affect the
frequency of CD25⫹ T cells among Thy1.1 cells (Fig. 6A). FACS
analysis of the Thy1.1 donor population in spleens of recipient
mice revealed that the cotransfer of CD25⫺ IL-2⫹ cells helped
sustain Thy1.1 donor cells expressing high levels of CD25 and
CTLA-4 (Fig. 6B). We conclude that polyclonal CD25⫺ cells help
to maintain peripheral Treg cells through IL-2 production.
Activation of naive T cells in vivo results in IL-2 production a
few hours after stimulation (36). Thus, we hypothesized that immune responses may also affect Treg cell homeostasis. As reported
in other experimental systems, in T/B monoclonal mice, IL-2
production, and CD69 and CD25 expression are induced in
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Peripheral CD4⫹CD25⫺ T cells represent a heterogeneous population containing naive and memory cells. Among other markers,
this heterogeneity can be visualized by the differential expression
of CD45RB. In clean animal facilities, a large fraction of
CD4⫹CD25⫺ T cells are naive T cells that express high levels of
CD45RB (CD45RBhigh), and the remaining CD4⫹CD25⫺ peripheral cells express intermediate or low levels of CD45RB
(CD45RBlow). Peripheral CD4⫹CD25⫹ cells are CD45RBlow (12,
25). We sought to determine whether the CD45RBhigh and
CD45RBlow fractions of CD4⫹CD25⫺ cells had a different capacity to convert to CD25⫹ Treg cells during homeostatic expansion.
CD4⫹CD25⫺CD45RBhigh and CD45RBlow cells from spleen and
lymph nodes of BALB/c mice were purified by cell sorting and
transferred into T/B monoclonal mice. Although a comparable
fraction of CD45RBhigh- and RBlow-derived CD4⫹ T cells expressed CD25 on day 6 after transfer, only CD25⫹ cells derived
from CD25⫺CD45RBlow T cells had a phenotype similar to that of
wild-type Treg cells, such as higher CD25 and lower CD4 expression (Fig. 5A). However, 21 days after transfer, CD25⫹ cells derived from CD25⫺RBhigh or RBlow cells had similar FACS profiles
(Fig. 5A). Similarly, CD4⫹CD25⫹ T cells derived from donor
CD25⫺CD45RBhigh cells took a longer time to reach comparable
expression levels of Treg genes, Foxp3 and CTLA-4, than the cells
derived from the CD25⫺CD45RBlow donor population (Fig. 5B).
Similar results were obtained when CD4⫹CD25⫺CD45RBhigh and
CD45RBlow BALB/c cells were transferred into RAG1⫺/⫺ recipients (data not shown). We concluded that both CD45RBhigh and
CD45RBlow fractions of CD25⫺ cells are able to generate peripheral CD25⫹ cells with phenotype of Treg cells, but the CD45RBlow
fraction is (at least kinetically) more efficient.
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could be detected ⬎1 wk later. Purified BALB/c CD4⫹CD25⫹,
CD4⫹CD25⫺, or total CD4⫹ cells were transferred into T/B
monoclonal mice. Half of each group was subsequently immunized with OVA-HA. The expression of CD25 in the donor-derived population was determined 9 days later by FACS analysis of
peripheral blood samples. Immunization of T/B monoclonal mice
with OVA-HA resulted in a higher frequency of donor-derived
cells expressing CD25 (Fig. 7, B and C). The greatest effect was
observed in mice transferred with purified CD25⫹ cells. Thus, immune responses of conventional CD4 cells could help sustain the
pool of Treg cells.
The suppressor function of CD25⫹ cells is regulated by IL-2producing effector-type T cells

OVA-specific T cells a few hours after immunization (24) (Fig. 7).
Kinetic analysis of IL-2 mRNA expression after immunization of
T/B monoclonal mice that had or had not been transferred with
BALB/c splenocytes showed that IL-2 production by OVAspecific host cells peaked during the first day of immunization and
decreased thereafter in the transferred and untransferred groups
(Fig. 7A). In contrast, IL-4 production, a later differentiation event,
was suppressed in the transferred group (24). The production of
IL-2 protein by permeabilized OVA-specific T cells 14 h after
immunization was verified by intracellular staining (Fig. 7B). The
analysis of CD25 expression in the donor-derived polyclonal
CD4⫹ cells from the transferred group demonstrates a higher
CD25 expression per cell (as determined by the mean fluorescence
intensity (MFI)) and a higher percentage of CD25⫹ cells (Fig. 7B,
MFI of nonimunized, 228; MFI of immunized samples, 502 and
656, respectively, for the samples represented with thinner and
thicker lines).
Although most IL-2 production occurs early after immunization,
the effects of immunization on the donor-derived CD4⫹ population

Foxp3 expression is independent of IL-2 signaling
IL-2⫺/⫺ mice develop lymphoproliferative diseases caused by defective Treg development and/or function. We showed previously
that Treg cells do not need to produce IL-2, although their function
is highly dependent on IL-2 signaling through CD25 expression.
Moreover, the fact that splenic CD4⫹ T cells from IL-2⫺/⫺ mice
displayed normal regulatory activity when transferred to IL-2-sufficient mice indicated that IL-2 was not necessary for the development of Treg cells in the thymus (26).
To investigate the IL-2 dependence of CD4⫹CD25⫹ T cells, we
isolated CD25⫹ and CD25⫺ from the thymus of IL-2⫺/⫺ and
IL-2⫹ littermates. The proportion of CD4⫹CD8⫺CD25⫹ was only
partially reduced in the thymus of IL-2⫺/⫺ mice and was greatly
diminished in the spleen (Fig. 9A), in agreement with published
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FIGURE 6. Wild-type CD4⫹CD25⫺ cells, but not IL-2-deficient
CD4⫹CD25⫺ cells, help maintain a functional population of peripheral
CD4⫹CD25⫹ Treg cells. A, CD4⫹CD25⫹ cells from BALB/c Thy1.1 mice
were transferred alone (0.5 ⫻ 106), or cotransferred with 2 ⫻ 106
CD4⫹CD25⫺ cells from IL-2⫹ or IL-2⫺/⫺ BALB/c Thy 1.2 mice into T/B
monoclonal recipients. Ten days after transfer, the expression of CD25 in
the Thy1.1⫹ donor population was determined by FACS analysis of peripheral blood samples. The figure shows the average and SD of the percentage of CD25⫹ cells within gated CD4⫹Thy1.1⫹ donor cells (n ⫽ 3).
B, Mice from the groups described in A were killed 2 wk after transfer. The
expression of CD25 and CTLA-4 in the CD4⫹Thy1.1⫹ donor population
(originally CD25⫹) was analyzed in spleen samples of the recipient mice.
Representative dot plots of gated CD4⫹Thy1.1⫹ cells are shown. A high
percentage of Thy1.1⫹ cells expressing CD25 and CTLA-4 (upper right
quadrant) were found in mice cotransferred with Thy1.2⫹ CD25⫺ IL-2⫹
cells, but not in mice cotransferred with Thy1.2⫹ CD25⫺ IL-2⫺/⫺ cells or
in mice that received Thy1.1⫹ CD25⫹ cells alone.

Having described the properties of CD4⫹CD25⫹ T cells that derive from CD4⫹CD25⫺ T cells upon homeostatic proliferation, we
determined the properties of CD4⫹CD25⫺ T cells that originate
upon transfer of CD4⫹CD25⫹ T cells. Specifically, we studied
whether CD25⫺ cells derived from donor CD25⫹ cells that expanded in T/B monoclonal mice maintained the regulatory activity
of their CD25⫹ predecessors. In addition, we determined whether
immunization of the recipient T/B monoclonal mice with
OVA-HA affected the suppressor activity of donor CD25⫹ cells.
To address these issues we purified splenic CD4⫹CD25⫹ cells
from BALB/c mice and transferred them into T/B monoclonal recipient mice. Half the recipient mice were immunized twice with
OVA-HA (indicated I in Fig. 8), whereas the other half was not
immunized (indicated NI in Fig. 8). Three days after the second
immunization, donor-derived CD4⫹CD25⫺ and CD4⫹CD25⫹
cells were isolated from the recipient mice and tested in vitro for
the expression of Treg-associated genes, as well as for in vitro
suppressor activity. Both donor-derived CD25⫹ and CD25⫺ cells
expressed CTLA-4, CD103, and GITR, but expression levels were
higher in the CD25⫹ population (Fig. 8A). The donor-derived
CD25⫹ and CD25⫺ populations were tested in vitro for their ability to respond to anti-CD3 stimulation and to suppress the proliferation of freshly isolated CD25⫺ cells (from DO11.10 RAG⫺/⫺
mice). Donor-derived CD25⫹ cells from immunized mice were as
anergic and suppressive as freshly isolated BALB/c CD25⫹ cells
(Fig. 8B). Donor-derived CD25⫹ cells from nonimmunized mice
showed somewhat lower suppressor activity than donor-derived
CD25⫹ cells from immunized mice, but remained completely unresponsive to stimulation. The CD25⫺ cells derived from CD25⫹
cells displayed even lower suppressor activity, but remained
largely unresponsive to stimulation. Thus, down-regulation of
CD25 expression in adoptively transferred CD25⫹ cells is associated with a reduction of regulatory activity. Immunization of the
recipient mice maintains the suppressor activity of the donor-derived CD25⫹ population.
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results (37, 38). Importantly, quantitative RNA expression analysis
of purified populations of CD25⫹ cells from thymus or spleen of
young IL-2⫺/⫺ mice demonstrated high levels of expression of
Foxp3, albeit somewhat lower than those in the IL-2⫹ littermates
(Fig. 9B). These results indicate that the thymic generation of a
Foxp3⫹CD4⫹CD25⫹ population is only marginally impaired in
IL-2⫺/⫺ mice, supporting our assertion that IL-2 is not required for
the thymic development of Treg, but is crucial at later stages. Moreover, our results show that the induction of Foxp3 expression is
independent of IL-2 signaling.

Discussion
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FIGURE 7. Immunization of T/B monoclonal mice with OVA-HA
leads to IL-2 production by OVA-specific T cells and increased CD25
expression in Treg cells. A, Kinetics of IL-2 and IL-4 production by endogenous OVA-specific T cells after immunization of T/B monoclonal
mice. T/B monoclonal mice were transferred with 3 ⫻ 107 spleen cells
from BALB/c mice. The transferred group and a nontransferred control
group were immunized with OVA-HA in alum 1 day after transfer. On the
indicated days after immunization, groups of three or four mice per group
were killed, and OVA-specific T cells (KJ1-26⫹) were purified by magnetic sorting from the spleens of pooled group samples. After RNA extraction and cDNA synthesis, IL-2 and IL-4 expression were determined by
real-time PCR. The RNA experiment is representative of two performed
and is supported by extensive analysis of KJ1-26⫹ cells activation after
immunization. B, T/B monoclonal mice were transferred with spleen cells
of BALB/c mice as described in A and immunized with OVA-HA 20 days
later. Two mice per group were killed 14 h after immunization. Spleen cells
were harvested; surface-stained with anti-CD4, anti-CD25, and KJ1-26
Abs; subsequently fixed; permeabilized; and stained with anti-IL-2 Abs,
without ex vivo PMA/ionomycin treatment. The dot plot on the left shows
the gates for donor-derived (CD4⫹KJ1-26⫺) and endogenous cells
(CD4⫹KJ1-26⫹). I, cells from immunized mice; NI, cells from nonimmunized mice. IL-2 production and CD25 expression by endogenous cells are
shown in the upper middle and right plots. The histogram at the bottom
shows the overlapping curves of CD25 expression by donor-derived cells
from nonimmunized (solid gray) and two immunized mice samples (line).
Very few IL-2-producing cells (1–2%) were detected in the donor-derived
CD4⫹KJ1-26⫺ cells analyzed ex vivo at this time point (3 wk after transfer). C, Immunization of the recipient T/B monoclonal mice with OVA-HA
partially rescues CD25 expression in transferred CD25⫹ Treg cells.
CD4⫹CD25⫹, CD4⫹CD25⫺, and total CD4⫹ cells were purified from
spleens of BALB/c mice and transferred to T/B monoclonal mice (1 ⫻ 106
cells/mouse). Half of each group was immunized with OVA-HA. CD25
expression was analyzed in peripheral blood of T/B monoclonal mice 9
days after transfer. Shown are the percentages of CD25⫹ cells in gated
donor-derived CD4⫹KJ1-26⫺ cells (average ⫾ SD; n ⫽ 3).

In this manuscript we showed that upon adoptive transfer of
CD4⫹CD25⫺ T cells, a considerable proportion of the donor cells
converted to CD25⫹ in vivo. We showed that this conversion is
not the result of the outgrowth of a contaminant CD25⫹ population, and that the CD25⫺-derived CD25⫹ T cells are, phenotypically and functionally, bonafide Treg cells. This conversion took
place efficiently in animals that allow homeostatic proliferation of
T cells, such as RAG-1⫺/⫺, T/B monoclonal, or wild-type neonatal
mice. In adult wild-type mice the conversion was much less efficient, although it could also be observed.
A number of recent studies reported the peripheral induction of
Treg cells using a variety of protocols (3, 39 –51). Some of these
induced Treg cells are alloantigen-specific or foreign Ag-specific.
The degree of phenotypic and functional resemblance between the
induced regulatory cells and naturally occurring CD4⫹CD25⫹ Treg
cells was investigated to different degrees in the different studies.
Some of the protocols led to Treg cells that displayed phenotypes
different from naturally occurring CD4⫹CD25⫹ Treg cells (42, 52,
53), whereas other protocols led to cells indistinguishable from
naturally occurring Treg cells (49). The CD4⫹CD25⫹ Treg cells
generated through homeostatic proliferation of CD4⫹CD25⫺ T
cells also behaved like naturally occurring Treg cells in all parameters that we studied.
The CD25⫹ T cell-spiking experiments (Fig. 2B) demonstrated
that Treg cells generated through homeostatic proliferation do not
represent the expansion of pre-existing CD4⫹CD25⫹ cells. On the
basis that ⬍1% of sorted human CD25⫹ cells remained alive by
day 10 after activation, Walker et al. (40) concluded that the
CD25⫺-derived CD25⫹ cells they obtained in vitro are not the
product of the expansion of pre-existing CD25⫹ cells. In some
cases, CD25⫺cell-derived CD25⫹ Treg cells were obtained from
TCR-transgenic SCID or RAG⫺/⫺ mice (41, 49, 54). Because
these mice contain virtually no CD25⫹ T cells before Treg induction, outgrowth of pre-existing CD25⫹ cells is highly unlikely.
Similarly, Ab depletion of CD25⫹ cells was used to show that Treg
cells were derived from CD25⫺ cells (43, 47, 48). In these three
manuscripts it was shown or mentioned that few CD25⫹ cells were
left behind after depletion, making it unlikely that contaminant
CD25⫹ cells would play a role, although this possibility was not
formally excluded.
CD4⫹CD25⫹Foxp3⫹ Treg cells could be derived from CD25⫺
T cells in vitro by TCR stimulation in the presence of TGF-␤ (39,
47). Interestingly, the treatment that induced the conversion of
CD25⫺ cells to CD25⫹ Treg cells did not trigger expansion of
pre-existing CD4⫹CD25⫹ cells (39). Thus, in this case the CD25⫹
Treg cells also do not appear to be the product of outgrowth of
pre-existing CD25⫹ cells. In contrast, Horwitz et al. (55) reported
that TGF-␤ induction of human CD4⫹CD25⫹ T cells derived in
vitro from naive CD45RA⫹RO⫺ T cells was markedly decreased
if a pre-existing population (1% of naive CD4⫹ T cells) expressing
CD25 was depleted. A subsequent study by the same group concluded that the residual CD25⫹ T cells greatly increase the number
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of CD25⫺ T cells that become CD25⫹ (44). Using a TGF-␤inducible system, Peng et al. (46) showed that TGF-␤ promotes
expansion of the CD4⫹CD25⫹Foxp3⫹ Treg pool, although
conversion of CD25⫺ cells was not studied in this system.
Our results have several implications. First, homeostatic proliferation of lymphocytes is believed to play an important role in the
immune systems of young (newborn) and aging normal individuals. In addition, several cancer treatments cause partial lymphocyte
ablations that trigger homeostatic proliferation, and chronic infections can alter thymic output and cause homeostatic proliferation.
Low level homeostatic proliferation is likely to be continuously
taking place. Thus, in vivo conversion of CD4⫹CD25⫺ T cells into
CD4⫹CD25⫹ Treg cells under homeostatic proliferation conditions
could play an important balancing role in the immune system.
Although naive CD25⫺ T cells can eventually give rise to
CD25⫹ Treg via homeostatic proliferation (Fig. 5), the capacity of
CD25⫺ cells to generate CD25⫹ Treg cells is not limitless. Retransfer experiments in which CD25⫺ T cells were injected, and
the donor-derived CD25⫺ cells were purified and reinjected into
secondary recipients showed a 5-fold decrease in the fraction of
secondary donor-derived CD25⫹ cells compared with the fraction
of CD25⫹ cells that arises upon transfer of fresh CD25⫺ T cells
(data not shown). Although fewer CD25⫹ cells were generated
upon these retransfers, the CD25⫹ cells displayed normal Treg
properties, such as elevated expression of Foxp3 (data not shown).

Therefore, it appears that the generation of CD25⫹ cells is not a
stochastic event by which any CD25⫺ T cell has a given probability of becoming CD25⫹. Rather, many CD25⫺ cells are, seemingly, not able to generate CD25⫹ cells in these experimental conditions. These data are consistent with a crucial role of TCR
specificity in the generation of Treg cells, whereby only a fraction
of CD25⫺ T cells would express TCR chains that are compatible
with Treg generation under particular stimuli (19, 56).
Another implication of the in vivo generation of CD4⫹CD25⫹
Treg cells from CD4⫹CD25⫺ cells is that, considered together with
the inability of genetically deficient CD25⫺/⫺ T cells to exert suppression (26), it provides a model to explain the protective activity
of CD4⫹CD25⫺ T cells in models of autoimmunity and allergy;
the ability of CD4⫹CD25⫺ cells to protect in these disease models
would depend on the generation of CD25⫹ Treg cells in the
periphery.
In this manuscript we also determined that acquisition/loss of
CD25 expression correlated with the acquisition/loss of suppressor
phenotype, and found that IL-2, produced by cells other than Treg,
is one of the key factors in determining the maintenance of CD25
expression. Cells that do not produce IL-2, such as nonexpanding
CD25⫺ T cells or IL-2⫺/⫺ T cells, do not support CD25
expression.
In vitro, CD4⫹CD25⫹ Treg cells exert their suppressive activity
by preventing IL-2 production by effector cells (57, 58); however,
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FIGURE 8. Loss of CD25 expression in Treg
cells during homeostatic proliferation is accompanied by a partial loss of regulatory function.
A, Decreased expression of Treg-associated
genes in CD25⫺ cells derived from CD25⫹ donor cells. CD4⫹CD25⫹ cells were purified from
normal BALB/c mice and transferred to T/B
monoclonal mice. One day later, half the recipient mice were immunized with OVA-HA. Two
weeks after transfer, the mice were killed,
spleen cells were harvested, and the expression
of Treg-associated proteins, CTLA-4, CD103,
and GITR, in the donor-derived population was
determined by flow cytometry. The figure
shows overlapping histograms of gated
CD25⫹KJ1-26⫺ (line) and CD25⫺KJ1-26⫺
(solid) donor-derived CD4⫹ cells. The expressions of CTLA-4, CD103, and GITR in fresh
spleen cells from a BALB/c mouse are shown for
comparison.
Overlapping
histograms
of
CD4⫹CD25⫹ (line) and CD4⫹CD25⫺ (solid)
BALB/c cells are shown. B, Partial loss of suppressor activity in CD25⫺ cells derived from
CD25⫹ donor cells. The ability of donor-derived
CD4⫹CD25⫹ and CD4⫹CD25⫺ cells to respond
to anti-CD3 stimulation and to exert suppression
was tested in vitro as described in Fig. 3C. Donorderived CD4⫹CD25⫹ and CD4⫹CD25⫺ cells
were purified from T/B monoclonal mice that
were transferred with BALB/c CD4⫹CD25⫹ cells
and were immunized (I) or not immunized (NI).
Responder cells were DO11.10 RAG-1⫺/⫺ cells
(Tg CD25⫺). Donor-derived cells as well as freshly
isolated BALB/c CD4⫹CD25⫹ and CD4⫹CD25⫺
cells were cultured alone or were cocultured with responder cells in the presence of anti-CD3 Abs and
APCs. Ratios of responders to suppressors were 1:1,
1:0.3, and 1:0.1. Proliferation was measured on the
third day of culture by [3H]thymidine incorporation.
Results are the average and SD of triplicate cultures.
DD, donor-derived.
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FIGURE 9. CD4⫹CD8⫺CD25⫹Foxp3⫹ cells develop in the thymus of IL-2⫺/⫺ mice. A, The expression
of CD25 in CD4⫹CD8⫺ single-positive cells from thymus and CD4⫹ cells from spleen of 3-wk-old IL-2⫺/⫺
and IL-2⫹ BALB/c littermates was determined by flow
cytometry. The figure shows the CD25⫹ cells in IL2⫺/⫺ mice as a percentage of the IL-2⫹/⫹ wild-type littermates (100%). B, CD25⫹ and CD25⫺ CD4⫹CD8⫺
cells were purified from thymus and spleen of 3-wk-old
IL-2⫺/⫺ and IL-2⫹/⫹ littermates. The expression of
Foxp3 in the samples was determined by real-time PCR.
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