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Distinct Subsets of FoxP3� Regulatory T Cells Participate
in the Control of Immune Responses1

Geoffrey L. Stephens, John Andersson, and Ethan M. Shevach2

Expression of the transcription factor FoxP3 is the hallmark of regulatory T cells that play a crucial role in dampening immune
responses. A comparison of the development and phenotype of FoxP3� T cells in relation to the expression of conventional MHC
molecules facilitated the identification of several distinct lineages of naive and effector/memory populations of Foxp3� T cells. One
subpopulation of effector/memory Foxp3� T cells develops in the thymic medulla, whereas the second is thymic independent. Both
lineages display a distinct activated phenotype, undergo extensive steady-state proliferation, home to sites of acute inflammation,
and are unique in their capacity to mediate Ag-nonspecific suppression of T cell activation directly ex vivo. Effector FoxP3� T cells
may act as a sentinel of tolerance, providing a first line of defense against potentially harmful responses by rapidly suppressing
immunity to peripheral self-Ags. The Journal of Immunology, 2007, 178: 6901–6911.

R egulatory T cells play a major role in the control of all
immune responses. Although T cells with regulatory ac-
tivity have been described as expressing multiple pheno-

types (1), the most prominent population of T regulatory cells in
mice and humans is the CD4�CD25� subset that expresses the
transcription factor Foxp3 (2–6). The regulatory mechanisms used
by Foxp3� T cells in vitro and in vivo are heterogeneous and their
suppressor effector functions can be mediated by both cell contact-
dependent and cytokine-dependent pathways (7). Similarly, in
mice, Foxp3� regulatory T cells display a mixed cell surface phe-
notype consisting of Ags associated with both activated and naive
T cells (8, 9). Taken together, these findings have raised the pos-
sibility that some of the activities of the Foxp3� population are
mediated by distinct subsets.

The one phenotypic marker that potentially distinguishes a
unique functional subset of Foxp3� T cells is expression of the
integrin �E�7 (CD103). Although CD103 is expressed on CD4�

and CD8� T cells in the intestine and other epithelial compart-
ments, only 20–30% of CD4�CD25� T cells express CD103 and
expression is not up-regulated by T cell activation in vitro (10–12).
A number of studies have suggested that the CD4�CD25�

CD103� subset may play a specialized functional role in T cell-
mediated suppression. CD4�CD25�CD103� T cells were shown
to display a cell surface Ag profile resembling effector/memory T
cells, to be more potent suppressors of the activation of CD4�

CD25� T cells in vitro, and to selectively home to inflamed tissue
sites in vivo (10, 11, 13).

A second approach to the analysis of the functional heteroge-
neity of CD4�CD25� T regulatory cells has been to examine their
behavior in vivo in normal unmanipulated mice. Fisson et al. (14)
identified two distinct subsets of CD4�CD25� T cells. One sub-

population was quiescent and appeared to have a long lifespan,
while the second subpopulation divided extensively, expressed
multiple activation markers, and expanded preferentially in lymph
nodes (LNs)3 expressing target autoantigens. One caveat in the
interpretation of these studies was that expression of Foxp3 was
not studied and it remained possible that some of the rapidly di-
viding cells were derived from a small number of CD4�CD25�

effector cells that contaminated the T regulatory cells.
Several lines of evidence indicate that most Foxp3� regulatory

T cells develop in the thymus. Some reports have suggested that
differentiation of immature thymocytes toward the FoxP3 lineage
is the result of high-affinity TCR/MHC class II interactions (15),
although more recent work suggests an alternative interpretation
(16). It has been widely accepted that TCR/MHC class II Ags
provide instructive signals for the development of CD4�FoxP3� T
cells. Expression of MHC class II molecules on cortical thymic
epithelium was both necessary and sufficient for inducing CD4�

FoxP3� regulatory T cell development (17). This conclusion was
supported by the observation that a peripheral CD4�CD25� subset
present in MHC class II-deficient (MHC II�/�) animals, which
phenotypically resembled regulatory T cells, lacked functional
suppressor activity (17).

The availability of both Abs to Foxp3 as well as mice expressing
fluorochromes under the control of the Foxp3 promoter has also
suggested that heterogeneity may exist among Foxp3� T regula-
tory cells (18, 19). Although the majority of FoxP3� cells in wild-
type mice appear to require MHC class II expression for their
thymic development, subsets of FoxP3�CD8� T cells are present
in the thymus of both wild-type and MHC class II-deficient (MHC
II�/�) mice (19). Furthermore, the periphery of MHC II�/� mice
contains CD8�CD25� T cells that exhibit contact-dependent sup-
pressive activity analogous to that mediated by wild-type
CD4�CD25� T cells (20). Other reports have indicated that a
unique subset of CD4�CD8�CD25� T cells in MHC II�/� mice
is enriched in FoxP3 mRNA and capable of suppressing T cell-
mediated inflammatory bowel disease (21). Curiously, while prev-
alent in MHC II�/� mice, CD8�CD25� T cells are quite rare in
wild-type animals (20).
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In this study, we present a comprehensive investigation of the
development and phenotype of FoxP3� T cells in relation to the
expression of conventional MHC molecules. To clarify the MHC
requirements for the development of FoxP3� lineage T cells, we
initially characterized mice lacking expression of various MHC-
encoded molecules. Surprisingly, peripheral FoxP3� T cells are
present in substantial numbers in mice lacking conventional MHC
class II molecules or expression of the CD4 coreceptor. A small
subset of Foxp3� T cells could be identified, in the periphery, but
not in the thymus, in mice lacking all conventional MHC mole-
cules. This subset also appears to be present in wild-type mice at
levels comparable to those observed in the MHC class I/II-defi-
cient strain. Both the thymus-dependent and the thymus-indepen-
dent subsets displayed an effector/memory phenotype and exhib-
ited considerable steady-state proliferation in vivo relative to the
majority population found in wild-type mice. The thymus-depen-
dent effector subset acquires an activated phenotype during devel-
opment, which requires MHC expression in the medullary thymus.
Consistent with their surface phenotype, the effector FoxP3� T
cells from all of the strains examined demonstrated a unique ca-
pacity to mediate Ag-nonspecific suppression of T cell activation
directly ex vivo without exogenous TCR triggering. Following an
inflammatory stimulus, both subsets appear rapidly in the LNs
draining the inflamed site. We speculate that distinct lineages of
FoxP3� T cells may act as sentinels of tolerance, providing a first
line of defense against potentially harmful responses by rapidly
suppressing in an Ag nonspecific manner immunity to peripheral
self-Ags.

Materials and Methods
Abs and reagents

The following Abs used for flow cytometric analysis were obtained from
eBioscience: anti-FoxP3-PE, -allophycocyanin, -PE-CY5 (FKJ-16S), anti-
CD103-FITC, -biotin (2E7), anti-CD25 -PE, -PE-TR, -PE-CY7, -PE-CY5
(PC61), anti-killer cell lectin-like receptor G1 (KLRG1)-biotin (2F1), anti-
�TCR-allophycocyanin-CY7 (H57–597), anti-CD44-PE-CY5 (IM7), and
anti-CD45.2-allophycocyanin (clone 104). The following Abs for flow cy-
tometric analysis were obtained from Invitrogen Life Technologies-Caltag
Laboratories: CD8-allophycocyanin-CY5.5 (5H10), anti-CD25-PE-CY5.5
(PC61), and anti-CD62L-PE-TR (MEL-14). The following Ab reagents for
flow cytometric analysis and functional studies were obtained from BD
Biosciences: anti-CD4-allophycocyanin, -PE-Cy5, -Pacific Blue (RM4-5),
anti-CD8�PE-CY7 (53-6.7), anti-CD24-FITC, biotin (M1/69), anti-
CD45.1-PE (A20), anti-CD49b-(PE, allophycocyanin), anti-NK1.1-PE
(PK136), anti-BrdU-FITC,-PE (3D4), purified anti-IL-10, purified anti-
CD3 (3C11), Annexin VFITC, streptavidin-allophycocyanin-CY7, -allophyco-
cyanin-CY5.5, -allophycocyanin, and 7-aminoactinomycin D (7-AAD). Anti-
TGF-� was obtained from R&D Systems. MHC class II-specific Abs (clone
Y3P) were from purified ascites fluid. BrdU and LPS were obtained
from Sigma-Aldrich.

Animals

C57BL/6 and BALB/c mice were obtained from the Department of Cancer
Therapeutics (National Cancer Institute, Frederick, MD). Mice expressing
a transgenic TCR specific for influenza hemagglutinin (HA) peptide, HA
(110–119), were provided by Dr. H. von Boehmer (Dana-Farber Cancer
Institute, Boston, MA) and maintained at Taconic Farms under National
Institute of Allergy and Infectious Diseases contract. Mice deficient for
KbDb, �2-microglobulin (�2m), Ab�, or doubly deficient for Ab� and �2m,
K14, and CD45.1 congenic mice were all on the C57BL/6 background and
obtained from Taconic Farms. Mice lacking all conventional MHC class II
chains (22) (MHC II�/�) and Thy1.1 congenic mice on the C57BL/6 back-
ground were obtained from The Jackson Laboratory. All mice were housed
under specific pathogen-free conditions in accordance with institutional
guidelines.

Flow cytometry

Thymus or LNs (axillary, inguinal, superficial cervical, mandibular, and
mesenteric LNs) were harvested and single-cell suspensions were obtained
by gentle passage through 40-�m nylon mesh filters (BD Biosciences).

Following lysis of RBC using ACK lysis buffer and counting of viable
cells, suspensions were preblocked using purified anti-CD16/32 Ab
(2.4.G2) for 10 min. For thymocyte staining, the ACK lysis step was omit-
ted from the procedure. Without further washing, surface staining was
performed and samples were either subsequently analyzed or further pro-
cessed as necessary.

Cell sorting and autoMACS purification

All T cell subsets were purified from peripheral LNs of mice. RBC were
lysed with ACK lysis buffer (Biofluids). For purification of CD4�CD25�

cells, HA-specific TCR were stained with anti-CD25 PE and subsequently
labeled with anti-PE magnetic microbeads and purified on an autoMACS
(Miltenyi Biotec) according to the manufacturer’s protocol. Cells remain-
ing in the negative fraction were subsequently labeled with anti-CD4
microbeads and purified using the positive selection program on the
autoMACS. Purity of the resulting samples was routinely 95–97%.
CD4�CD25� subsets were sorted by flow cytometry as previously
described (8).

In vitro proliferation assays

Suppression assays were performed, as described (8). Briefly, (5 � 104)
HA-specific CD4�CD25� T cells were cocultured in DMEM supple-
mented with 7% heat-inactivated FCS, penicillin (100 U/ml), streptomycin
(100 �g/ml), 2 mM L-glutamine, 10 mM HEPES, 0.1 mM nonessential
amino acids, 1 mM sodium pyruvate (all from Biofluids), and 50 �M
2-ME, with irradiated (3000 R) T cell-depleted splenocytes (5 � 104) in the
presence of either 0.5 �g/ml anti-CD3 mAb (2C11) or 16 �M HA (110–
119)-peptide in 96-well flat-bottom plates. Titrated numbers of CD103� or
CD103�CD4�CD25� T cells were added at final suppressor to responder
ratios of 0:1 or 1:2. Cultures were pulsed with 1 �Ci [3H]thymidine for the
final 8–10 h of a 72-h culture and were performed in triplicate unless
otherwise indicated.

In vivo treatments

For experiments involving Ab treatments, mice were injected i.p. (2 mg/
mouse) every other day over the course of 4 days with isotype control Abs
or blocking Abs specific for MHC class II molecules (clone Y3P). On the
fourth day, mice were injected i.v. with 1 mg of BrdU and subsequently
analyzed. Alternatively, CD4�CD25� subsets from harvested from LNs
from treated animals were purified by FACS and used in suppression as-
says. For transfer experiments, CD4�CD25� subsets were purified by
FACS and labeled with CFSE as previously described (23) and transferred
i.v. (5 � 105 cells/animal) into wild-type congenic CD45.1-expressing
hosts. In other experiments, C57BL/6 mice were injected s.c. with 100 �g
of LPS and after 5 days draining and nondraining LNs were harvested and
stained for expression of surface markers and intracellular FoxP3.

Intracellular staining for BrdU and FoxP3

Cells were surface stained as described, washed, and then fixed for 5 min
at 37o C in 4% paraformaldehyde. Cell suspensions were then permeabil-
ized by incubating in PBS containing 0.1% Triton X-100 for 1 h on ice. For
detection of BrdU incorporation, permeabilized cells were incubated for 10
min at 37°C in RPMI 1640 containing recombinant DNase. Afterward,
suspensions were washed in incubated on ice for 40 min with anti-BrdU
Abs following the manufacturer’s protocol. Suspensions were washed and
then incubated overnight with anti-FoxP3 Abs in PBS containing 0.5%
BSA and analyzed the following day by flow cytometry. For FoxP3 stain-
ing only, the BrdU relevant steps were omitted.

Flow cytometric analysis

Simultaneous 8–10 color analyses of samples for intracellular FoxP3 and
BrdU staining along with surface Ag expression were accomplished using
a BD Biosciences LSR II flow cytometer using scatter properties to dis-
tinguish live and dead cells. For each individual experiment, software com-
pensation of fluorescence overlap was calculated from singly stained con-
trols using BD Biosciences FACSDiva software before sample acquisition.
Data were subsequently analyzed using FlowJo software. In some cases,
visualization of negative data acquired during 8–10 color analyses were
facilitated by performing postacquisition biexponential transformations as
previously described (24) using FlowJo software. Unless otherwise indi-
cated, numbers in regions and quadrants of flow cytometry data represent
the percentages of cells present. Detection of steady-state apoptosis using
annexin-V and 7-AAD was conducted following the with the manufactur-
er’s (BD Biosciences) protocol.
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Statistics

Where indicated, data were presented as mean � SEM and significance
was determined using GraphPad Prism software (GraphPad Software) by
one-way ANOVA when comparing among multiple groups. For two group
comparisons, the Student t test was used and a value of p � 0.05 was
considered statistically significant.

Results
FoxP3� T cells with an effector phenotype predominate in
MHC-deficient mice

We examined mouse strains lacking different MHC-encoded mol-
ecules for the presence of FoxP3� T cells in LNs. FoxP3-lineage
cells are generally believed to be MHC class II-restricted and the
frequency (Fig. 1A) and number (Fig. 1F) of FoxP3� T cells in
�2m�/� (MHC class I-deficient) mice appeared to confirm this
notion. Nevertheless, a substantial population of peripheral TCR
���FoxP3� T cells was also present in MHC class II-deficient
mice (Fig. 1A). Although the absolute number of FoxP3���� T
cells was reduced by roughly one-third compared with wild-type
mice (Fig. 1F), this difference was less than the average 20-fold
reduction in conventional CD4�FoxP3� T cells that occurred in
absence of MHC class II expression (Fig. 1E).

Whereas most FoxP3� T cells in wild-type and �2m�/� strains
appeared naive, expressing high levels of CD62L (Fig. 1B) and
lacking expression of CD103 (Fig. 1C), those in Ab��/� mice
appeared to be activated, expressing low levels of CD62L (Fig.
1B) and high levels CD103 (Fig. 1C). A parallel analysis of
CD4�/� mice, which also lack MHC class II-restricted T cells,
demonstrated that a substantial population of FoxP3� T cells ex-
pressing an activated CD62LlowCD103� phenotype (Fig. 1, B and
C) was present in numbers comparable to the Ab��/� strain (Fig.
1, A and F). Mice lacking all conventional MHC class II-encoded
genes (MHC II�/�), and thus, devoid of unpaired MHC class II
chains (22) also contained a substantial FoxP3� subset, indicating
that such cells could develop in the complete absence of MHC
class II expression (data not shown). Surprisingly, FoxP3� T cells
could still be found, albeit in reduced numbers, in mice lacking

both MHC class I and II (Ab��/��2m�/�) expression (Fig. 1, A
and F). These cells in Ab��/��2m�/� mice were all ��TCR� and
again uniformly displayed an activated CD62LlowCD103� pheno-
type (Fig. 1, B and C). The FoxP3� T cells in �2m�/�Ab��/�

mice demonstrated a diverse array of TCR V� chains suggesting
they were polyclonal (data not shown).

The total number of effector CD103�FoxP3� T cells in the
Ab��/� and CD4�/� strains was comparable to wild-type and
�2m�/� mice (Fig. 1G), but was reduced in �2m�/�Ab��/� (Fig.
1G). The majority (�90%) of CD103�FoxP3� T cells in wild-
type mice expressed a CD4�CD8� phenotype, with the remaining
�8–10% of CD103�FoxP3� T cells split between the CD4�

CD8� and the CD4�CD8� subsets, which were both found ex-
clusively among the CD103� cells (Fig. 1D). A strikingly different
pattern was observed in the Ab��/� strain. In this study, CD103�

FoxP3� T cells were distributed roughly equally among the CD4�

CD8�, CD4�CD8�, and CD4�CD8� CD103�FoxP3� subsets
(Fig. 1D). The increased frequency of CD8�FoxP3� T cells in
Ab��/� mice reflected an increase in absolute numbers and was
not simply due to the decreased numbers of CD4�FoxP3� T cells
(Fig. 1G). Likewise, CD4�/� mice also contained a significantly
increased CD8�FoxP3� subset, accounting for roughly 50% of the
total number of FoxP3� T cells (Fig. 1, D and G). The remainder
of FoxP3-expressing T cells in CD4�/� mice was phenotypically
CD8� (Fig. 1D). Thus, the absence of MHC class II-restricted
FoxP3� T cells appeared to be accompanied by a compensatory
increase in CD8-expressing FoxP3� subsets (Fig. 1, D and G). In
contrast, the FoxP3� T cells in the Ab��/��2m�/� strain all ex-
pressed a CD4�CD8� phenotype and completely lacked the
CD4�CD8� and CD4�CD8� subsets found in �2m-expressing
strains. This result suggests that expression of CD8 by a FoxP3�

T cell (regardless of coexpression of CD4) reflects MHC class I
restriction. The loss of peripheral CD8�FoxP3� T cells was also
evident in Kb�/�Db�/� mice, indicating that the majority of
CD8�FoxP3� T cells are likely selected on conventional MHC
class Ia molecules (G. L. Stephens, unpublished observation). In

FIGURE 1. FoxP3� T cells with an effector/memory phenotype predominate in the absence of MHC class II-dependent T cell development. A,
Expression of ��TCR vs intracellular FoxP3 by total LN cells from the indicated strains of mice. B, Expression of CD62L (shaded histogram) or (C) CD103
by electronically gated ��TCR�FoxP3� populations shown above in A. In B, overlaid open histogram depicts CD62L expression on CD4�FoxP3� cells
and is included for reference. D, Expression of CD4 vs CD8 by CD103� (top panels) or CD103� (bottom panels) subsets gated as shown in A. Comparison
of the average number of (E) total CD4�, (F) total FoxP3�, or (G) total CD103�FoxP3� LN cells present in the various mouse strains. In G, closed and
open regions indicate the proportion of FoxP3�CD103� cells that express a CD4�CD8� (CD4�CD8� in the case of CD4�/� cells) or CD8 phenotype,
respectively. Bar graphs in E–G illustrate the mean cell numbers calculated from flow cytometric analysis and are representative of three to five independent
experiments. Bars indicate SE values (�, p � 0.01; ��, p � 0.05).
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contrast, CD4�FoxP3� T cells could be found in all of the strains
(excluding CD4�/� mice), irrespective of the expression of MHC
proteins, suggesting that CD4 expression alone does not necessar-
ily indicate MHC class II restriction for at least some FoxP3�

T cells.

The development of a subset of effector FoxP3� T cells requires
MHC expression by cells in the thymic medulla

Although most studies (25) suggest that FoxP3� regulatory T cells
can develop via an intrathymic pathway, it was unclear whether the
effector FoxP3� subset also developed in the thymus. We therefore
evaluated mature (CD24�) FoxP3� thymocytes for expression of
the memory/activation markers CD44 and CD103. Approximately
15–20% of mature CD24�FoxP3� thymocytes in wild-type and
�2m�/� mice expressed CD103 (Fig. 2A), whereas virtually all
mature FoxP3� thymocytes in Ab��/� mice, and the majority
in the CD4�/� strain, expressed CD103 (Fig. 2A), as well as
high levels of CD44 (Fig. 2B). Analysis of CD103�FoxP3�

thymocytes in wild-type and �2m�/� mice revealed they also
appeared more activated as they expressed high levels of CD44
(Fig. 2C). In contrast to LNs, no FoxP3� thymocytes of any
kind were found in Ab��/��2m�/� mice (Fig. 2A), consistent
with a previous study (19).

An exception to the pattern of activation markers expressed by
effector FoxP3� thymocytes was CD62L. Whereas the majority of
peripheral effector Foxp3� T cells lack expression of CD62L (13),
those in the thymus expressed high levels of this marker (Fig. 2D).
This difference between peripheral and thymic subsets suggests that
effector FoxP3� thymocytes do not represent peripheral cells that
have recirculated back to the thymus. Together, these results are con-
sistent with the possibility that the effector phenotype expressed by the
majority of peripheral FoxP3� T cells in Ab��/� and CD4�/�

mice, and by a subset of peripheral FoxP3� T cells in wild-type
and �2m�/� mice, is at least partially acquired because of an in-
trathymic developmental pathway. However, the absence of
FoxP3� thymocytes in Ab��/��2m�/� mice suggests that a dis-
tinct pool of MHC-independent effector CD4�FoxP3� T cells may
potentially arise via an extrathymic developmental pathway.

Positive selection of conventional T cells requires low-avidity
TCR interactions with peptide-MHC molecules expressed on thy-
mic cortical epithelium. In contrast, the development of unconven-
tional lineages of T cells often reflects a developmental program
associated with positive selection by agonist ligands presented by
hemopoietic cells (26). To determine whether the effector FoxP3�

subset was selected on a cell type distinct from that promoting the
development of naive Foxp3� T cells, we analyzed the thymus of

FIGURE 2. MHC class II expression by cortical thymic epithelium preferentially supports the intrathymic development of CD4�FoxP3�CD103� over
CD4�FoxP3�CD103� T cells. A, Expression of CD103 or (B) CD44 among total CD24�FoxP3� thymocytes is shown from the indicated strains of mice.
In B, CD44 staining (closed histograms) is shown relative to the level on total CD24�FoxP3� thymocytes in wild-type mice (open histogram). C,
Expression of CD44 by CD103� (open histogram) or CD103� (closed histogram) subsets of CD24�FoxP3� thymocytes from wild-type or �2m�/� mice.
D, Expression of CD62L among gated subsets of CD4� thymocytes from wild-type mice is shown overlaid upon its expression among immature
CD4�CD8� thymocytes. E, Profile of CD4 vs CD8 expression by CD103� (top row) or CD103� (bottom row) thymocyte subsets of mature FoxP3�

thymocytes from the indicated mouse strains (F) or ��TCR�FoxP3� LN cells from K14 mice. G, A comparison of the average absolute number of mature
(CD24�) CD4�CD8�FoxP3�CD103� or (H) CD4�CD8�FoxP3�CD103� thymocytes present in wild-type, Ab��/�, and K14 mice. For flow cytometry
data, numbers above regions or in quadrants indicate the percentage of cells present. Bars, SE values (�, p � 0.01) calculated from the percentages
determined by flow cytometry as taken from at least three independent experiments.
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the K14 mouse strain, which expresses MHC class II exclusively
on cortical thymic epithelium, but not on medullary epithelium or
on bone marrow-derived cells (27). Although a previous study
demonstrated the presence of functional CD4�CD25� T cells in
the K14 mouse, a characterization of naive and activated FoxP3�

subsets has never been presented (17).
We compared the CD4/CD8 profile of effector and naive

FoxP3� thymocytes in each of the different strains. In wild-type
mice, the vast majority of effector FoxP3� thymocytes were phe-
notypically CD4�CD8�, although a smaller population expressing
CD8 was also present (Fig. 2E, bottom panels). Virtually no CD8�

cells were found among CD103�FoxP3� thymocytes in either
wild-type mice, nor in any of the other mouse strains examined
(Fig. 2E, top panels). Although �2m�/� mice contained many ma-
ture CD4�CD8�FoxP3� thymocytes in both effector and naive
compartments, subsets expressing CD8 were not detectable (Fig.
2E). In Ab��/� mice, mature FoxP3� thymocytes were found pri-
marily among the CD8�CD103� subsets (Fig. 2E, bottom panel)
and were essentially undetectable within the CD103� compart-
ment (Fig. 2E, top panel).

In the K14 thymus, we found that expression of MHC class II
exclusively on cortical thymic epithelium allowed the selection of
naive CD4�CD8�FoxP3� thymocytes (Fig. 2E, top panel). In
contrast, the selection of effector CD4�CD8�FoxP3� thymocytes
was strikingly diminished in K14 mice, where the CD4/CD8 pro-
file appeared much more similar to the Ab��/� strain than to that
of wild-type mice (Fig. 2E, bottom panel). This was also reflected
in the absolute numbers, which were significantly diminished to a
similar extent in K14 and Ab��/� strains relative to controls (Fig.
2G). Conversely, the increased frequency of CD8�FoxP3� thy-
mocytes in K14 and Ab��/� mice (Fig. 2E, bottom panel) was not
due to changes in absolute cell numbers, which were not signifi-
cantly altered compared with wild-type mice (Fig. 2H). The pe-
ripheral LNs of K14 mice also resembled the Ab��/� strain (Fig.
1D, top panel) in terms of the distribution of effector FoxP3�

subsets, where a compensatory increase in CD103�CD8�FoxP3�

T cells was also apparent (Fig. 2F, bottom panel). However, K14
mice clearly differed from the Ab��/� strain in that they contained
a substantial population of phenotypically naive peripheral
CD103�CD4�CD8�FoxP3� T cells (Fig. 2E, top panel). Thus,
MHC expression by cortical thymic epithelium can efficiently se-
lect naive phenotype FoxP3� T cells, while the development of a
portion of the effector CD4�FoxP3� subset requires interactions
with MHC molecules expressed by cells in the thymic medulla.

Effector-phenotype FoxP3� T cells are enriched in proliferating
cells

The increased expression of activation/memory markers by effec-
tor FoxP3� T cells, and the compensatory expansion of the
CD8�FoxP3� subsets in mice lacking MHC class II expression in
the thymic medulla, led us to evaluate the relative proliferation
rates of these different subsets. We assessed the steady-state pro-
liferation of peripheral CD25� T cells in wild-type, �2m�/�, and
Ab��/� mice using the nucleoside thymidine analog BrdU, which
is rapidly incorporated into the DNA of proliferating cells. Stain-
ing of LN cells harvested from mice injected the previous day with
BrdU revealed that the effector CD25�CD103� subset in wild-
type and �2m�/� mice contained roughly 3- to 4-fold more pro-
liferating cells (Fig. 3A) than the naive CD103�CD25� T cell
compartment. Similar results were obtained in Ab��/� mice,
where the steady-state proliferation of total CD4�CD8�CD25�

and CD8�CD25� subsets was comparable to that of the effector
CD25� subset in wild-type mice (Fig. 3B). This latter observation

was consistent with the effector phenotype expressed by the vast
majority (�90%) of FoxP3� T cells present in Ab��/� mice.

The relative contribution of the CD103� subset to the overall
proliferation observed within the CD4�CD25� T cell compart-
ment was further evaluated by assessing the dilution of CFSE by
purified total CD4�CD25� and CD103-depleted CD4�CD25� T
cells from wild-type mice following adoptive transfer into intact
congenic recipients. After 7 days, suspensions from recipient LNs
were stained for surface Ags and intracellular FoxP3. Consistent
with the BrdU-labeling studies, the depletion of CD103� cells
from the total donor CD4�CD25� T cell population led to a
marked attenuation in the frequency of CFSE low cells (Fig. 3C).
These results further support the notion that the CD103� subset,

FIGURE 3. The effector CD25� subset is enriched in proliferating cells.
A, Steady-state proliferation of endogenous CD25� T cells in C57BL/6
mice i.v. injected with 1 mg of BrdU 16 h before sacrifice. BrdU incor-
poration by either total wild-type CD4�CD25� T cells (leftmost histo-
gram) or within the CD103� subset from wild-type (middle) or �2m�/�

(right) mice. B, BrdU incorporation by total CD4�CD8�CD25� (left) and
CD8�CD25� (right) T cells from MHC class II (Ab��/�) deficient mice.
C, Detection of CFSE dilution after 7 days by donor CD103-depleted (left
plot) or total CD4�CD25� T cells (right dot plot) purified from CD45.2�

mice following transfer into congenic CD45.1-expressing wild-type hosts.
D, Steady-state apoptosis among CD25� subsets in wild-type (left and
middle plots) or Ab��/� mice (right plot) from freshly isolated LN sus-
pensions was determined by staining with annexin-V and 7-AAD. For flow
cytometry data, numbers above regions or in quadrants indicate the per-
centage of cells present. Results are representative of two to four indepen-
dent experiments.
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which includes the majority of effector FoxP3� T cells, substan-
tially contributes to the spontaneous proliferation exhibited by
CD25�FoxP3� T cells in vivo.

As the number of CD103�CD25� cells remains relatively stable
during the first 6 mo of life (G. L. Stephens, unpublished obser-
vations), it seemed likely that the high constitutive proliferation
rate of the effector FoxP3� subset was accompanied by a corre-
spondingly high rate of death. A comparison of the frequency of
apoptotic cells present in the effector vs naive phenotype CD25�

T pool was determined by staining freshly isolated cells for cell
surface Ags in combination with annexin V and 7-AAD. A signifi-
cantly higher proportion of cells within the effector CD25�CD103�

subset displayed signs of apoptosis compared with naive CD103� T
cells in the same animal (Fig. 3D). Effector CD25�CD103� popula-
tions in Ab��/� mice also contained a high proportion of apoptotic
cells (Fig. 3D). Together, these studies suggest that a fine balance
between proliferation and death regulates the size of the effector
FoxP3� T cell compartment in the steady state.

Differential expression of NK cell-associated markers
distinguishes MHC-dependent from MHC-independent
FoxP3�CD103� T cells

The presence of effector Foxp3� T cells only in the peripheral
lymphoid tissues of Ab��/��2m�/� mice suggested a thymic-in-
dependent origin. To further characterize this subset, we examined
several markers expressed by other types of unconventional T cell

lineages. Two cell surface Ags, both previously associated with
NK cells, further subdivided the effector FoxP3� subset. CD49b is
considered a pan-NK cell marker, although it is expressed by T
cells, particularly those of the invariant NK T cell lineage (28, 29).
KLRG1 has been mostly characterized on subsets of NK cells,
but a link between KLRG1 and FoxP3� T cells was suggested
from microarray studies. In these studies, KLRG1 expression
was associated with FoxP3� subsets that exhibit spontaneous in
vivo proliferation (19) and a preferential localization in in-
flamed tissues (30, 31).

An analysis of Foxp3� LN T cells revealed that expression of
CD49b and KLRG1 was largely confined to CD103�FoxP3� cells
(Fig. 4A), which expressed these markers at a substantially higher
frequency than their CD103� counterparts (Fig. 4B). In wild-type
and �2m�/� strains, �25–30% of CD4�FoxP3�CD103� T cells
expressed CD49b and among those, roughly one-third coexpressed
KLRG1 (Fig. 4A). An increased proportion (50–60%) of effector
CD4�FoxP3� T cells in Ab��/� mice expressed CD49b, and ap-
proximately one-third of these CD49b� cells coexpressed KLRG1
(Fig. 4A). In �2m�/�Ab��/� mice, where 85–90% of total
FoxP3� T cells expressed CD49b, roughly half of the FoxP3�

cells also coexpressed KLRG1 (Fig. 4A). Although both Ab��/�

and Ab��/��2m�/� strains displayed an increased frequency of
FoxP3� CD49b�KLRG1� T cells, absolute numbers were similar
in all of the strains examined (Fig. 4C). The CD49b�KLRG1�

subset of FoxP3� T cells was present exclusively within the

FIGURE 4. Expression of NK
markers by subsets of activated
FoxP3� T cells in MHC-deficient
mouse strains. A, Expression of the
NK markers CD49b and KLRG1 by
CD103�FoxP3� subsets. Single-cell
suspensions from LNs harvested from
the indicated mouse strains were sur-
face stained with Abs specific for CD4,
CD8, CD103, CD49b, and KLRG1 fol-
lowed by intracellular staining to detect
FoxP3. B, Expression of CD49b vs
KLRG1 on electronically gated FoxP3�

CD103� T cells from wild-type (left) or
�2m�/� mice (right). C, Average num-
bers of KLRG1�CD49b�FoxP3� T
cells found in various transgenic and
knockout mouse strains calculated from
analysis of flow cytometric data. D, Ex-
pression of CD49b vs KLRG1 on elec-
tronically gated CD8�FoxP3� T cells
from the indicated strains or (E) among
gated CD4�CD103�FoxP3� thymo-
cytes from wild-type mice. Bars in C
indicate SE values. Representative re-
sults from at least two independent
experiments.
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CD4�FoxP3� compartment, as coexpression of these markers by
CD8�FoxP3� T cells in both wild-type and Ab��/� mice was
essentially undetectable (Fig. 4D). CD49b�KLRG1�-expressing
T cells could also not be found among conventional FoxP3�CD4�

(data not shown) or CD8� (data not shown) T cells. Importantly,
although a minor fraction expressing a CD49b�KLRG1�FoxP3�

phenotype was observed, effector CD103�FoxP3� cells coex-
pressing CD49b and KLRG1 were not detectable in the thymus of
wild-type animals (Fig. 4E), which is consistent with the absence
of detectable FoxP3� thymocytes in Ab��/��2m�/� mice. Con-
firming a previous study (19), expression of NK1.1 by FoxP3� T
cells could not be detected in parallel analyses by flow cytometry
(data not shown). Thus, coexpression of CD49b and KLRG1 iden-
tifies a unique subset of FoxP3� regulatory T cells, which is the
dominant FoxP3� population in mice lacking expression of MHC
class I and II.

Preferential depletion of CD49b�CD103�FoxP3� T cells in
vivo following acute blockade of MHC class II/TCR interactions

To further determine whether the CD103�CD49b�KLRG1�/�

subset present in wild-type animals also represented an MHC-in-
dependent population, we examined whether the steady-state pro-
liferation of effector-phenotype FoxP3� T cells required recogni-
tion of cognate-MHC molecules in vivo. Wild-type mice were
treated during the preceding 4 days with a blocking Abs specific
for MHC class II molecules and then received a single i.v. pulse of

BrdU. The next day, LNs were harvested and incorporation of
BrdU was determined by multiparameter flow cytometry. In con-
trol-treated animals, FoxP3� cells accounted for �30% of the
CD4� T cells that incorporated BrdU (Fig. 5A, left panel). Fol-
lowing acute blockade of MHC class II, this frequency was re-
duced, although some proliferating FoxP3� T cells remained (Fig.
5A, right panel). Blockade of TCR/MHC class II interactions led
to a comparable reduction in the frequency of CD4� cells express-
ing FoxP3� and CD103� in both wild-type and �2m�/�strains
(Fig. 5B), but anti-MHC class II-treated mice had increased fre-
quencies of both the CD49b�KLRG1� and CD49b�KLRG1�

subsets (Fig. 5C). The majority of effector FoxP3� T cells incor-
porating BrdU following MHC class II blockade in both wild-type
and �2m�/� mice expressed CD49b (Fig. 5D, right histograms),
while only �25% of dividing cells were CD49b� in the control-
treated animals (Fig. 5D, left panel). Blocking MHC class II had
little impact on the number of FoxP3�CD103� cells within both
CD49b� subsets in the two mouse strains (Fig. 5E). Thus,
blockade of MHC class II in both wild-type and MHC class
I-deficient mice led to the preferential depletion of the CD49�

subset with a corresponding enrichment in the CD49� subset of
CD103�FoxP3� T cells. Taken together, these data are consis-
tent with the possibility that the CD49b� subset present in wild-
type mice is enriched with proliferating MHC-independent
FoxP3� T cells.

FIGURE 5. Acute blockade of MHC class II molecules leads to depletion of the FoxP3�CD103� T cell compartment in both wild-type and MHC class
I-deficient mice. A, Incorporation of BrdU by wild-type CD4� T cells in mice treated every other day with 2 mg/mouse control (IgG; left) or anti-MHC
class II specific Abs (Y3P; right). Histograms depict the expression of FoxP3 by gated CD4�BrdU� T cells. B, Upper dot plots, Expression of FoxP3 vs
CD103 on ��TCR�CD4�CD8� gated cells. Percentages indicate the frequencies of CD103� or CD103� T cells among the FoxP3� population. Histo-
grams below the dot plots illustrate the expression of CD49b vs KLRG1 among FoxP3�CD103� subsets as shown by the respective arrows. D, The
frequency of CD49b� T cells among the indicated subset of BrdU� cells present in wild-type or �2m�/� mice treated as described in A. E, Absolute
numbers of the indicated FoxP3� subsets in wild-type (top panels) and �2m�/� (bottom panels) mice treated as described in A. Results are representative
of three independent experiments. Bars indicate SE values (�, p � 0.05) calculated from the percentages determined by flow cytometry.
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CD103�FoxP3� T cells exert Ag-nonspecific suppression
directly ex vivo irrespective of their MHC restriction

FoxP3� regulatory T cells require TCR-mediated signals to acti-
vate their suppressive functions (32). Ligation of the TCR does not
induce proliferation of CD4�FoxP3� T cells in vitro in the ab-
sence of exogenous �-chain cytokines (32, 33). However, in vivo,
Foxp3� T cells proliferate upon encounter with cognate Ag (34–
36). The identification of a proliferating FoxP3� T cell subset in
vivo led us to hypothesize that these cells were being continuously
activated and, thus, could potentially exert Ag-nonspecific sup-
pression of CD4�CD25� responder T cell proliferation directly ex
vivo without the need for exogenous TCR stimulation. To test this
possibility, coculture suppression assays were performed using
sort-purified CD103� and CD103� CD4�CD25� T cell subsets
from nonimmunized wild-type mice. These populations were eval-
uated for their respective capacity to exert Ag-nonspecific suppres-
sion of HA-peptide specific TCR-transgenic CD4�CD25� T cells.
CD25�CD103� and CD25�CD103� subsets both suppressed the
proliferation of HA-specific CD4�CD25� T cells when soluble
anti-CD3 Abs were used as a polyclonal stimulator (Fig. 6A, left).
However, when HA peptide was used to specifically stimulate
CD4�CD25� responder T cells, only the CD103� subset was ca-
pable of suppressing proliferation directly ex vivo (Fig. 6A, right).
The suppression mediated by the CD103� subset was not depen-
dent upon the production of IL-10 or TGF�, as neutralization of
both cytokines in cocultures had no effect on the observed sup-
pression (data not shown). The ability of the CD103� subset to
suppress T cell responses directly ex vivo coincided with an in-
creased basal level of FoxP3 (data not shown).

A previous study suggested an absolute requirement for MHC
class II expression in the generation of functional regulatory CD4�

CD25� T cells based on the observation that total CD4�CD25� T
cells from Ab��/� mice lacked suppressor function (17). Thus, the
ability of the effector CD4�CD8�FoxP3� subset in MHC class
II-deficient animals to regulate T cell responses was uncertain. In
the presence of soluble anti-CD3, CD25�CD103� T cells from
Ab��/� mice suppressed responder CD4�CD25� T cell prolifer-
ation (Fig. 6B, left) and inhibited the HA response comparably to
wild-type CD25�CD103� T cells. In contrast, the addition of
CD25�CD103� T cells enhanced the response to anti-CD3 and
failed to block the HA response (Fig. 6B, right) suggesting they
were activated effector cells. Similarly, CD4�CD25�CD103� puri-
fied from Ab��/��2m�/� mice also demonstrated a capacity to sup-
press both the response to soluble anti-CD3 Abs and HA peptide (Fig.
6C), analogous to their wild-type and Ab��/� counterparts.

Lastly, we examined the suppressive activity of the effector
CD4�CD25� T cells that remained following acute MHC class II
blockade. Consistent with the potential MHC independence of this
subset, treatment with anti-MHC class II Abs did not hamper the
suppressive activities of the CD103� T cells that remained fol-
lowing this treatment (Fig. 6D). The ability of CD103�CD25�

cells to suppress directly ex vivo was not a consequence of a co-
stimulatory signal delivered by cross-linking of CD103 by the
CD103 Abs used for sort purification (37), as the KLRG1� subset
of CD25� T cells, which uniformly expresses CD103, also sup-
pressed HA peptide-specific responses directly ex vivo (data not
shown). These results suggest that the observed suppressive activ-
ity of effector CD25�CD103� T cells is an intrinsic property,
rather a consequence of the inadvertent activation due to the pu-
rification method used. The ability of effector FoxP3� T cells to
exhibit suppressor/effector capacity directly ex vivo further con-
trasts them with the naive FoxP3� subset, thus supporting the no-
tion that the former may have been activated in vivo.

Effector FoxP3� T cells are enriched within inflammatory sites

We next compared effector and naive FoxP3� T cells for their
relative ability to participate acutely during immune regulation in
vivo by monitoring the composition of both subsets in draining and
nondraining LNs following the injection of the TLR4 agonist LPS.
The frequency of total FoxP3� T cells within the CD4� compart-
ment was not dramatically altered in the draining vs nondraining
nodes 5 days after LPS injection (Fig. 7A). However, further anal-
ysis of FoxP3� subsets revealed that effector CD103�FoxP3� T
cells became the dominant population in draining LNs where they
were increased in frequency by 2-fold (Fig. 7B, bottom panel).
This was not reflective of an overall increase but was limited to the
draining lymphoid tissues; the frequency of effector FoxP3� T
cells present in nondraining LNs was largely unchanged and ap-
peared similar to that of unmanipulated mice (Fig. 7B, top plot).
Among the FoxP3�CD103� T cells in the draining LNs, a further
enrichment of KLRG1�CD49b� T cells was also readily apparent
(Fig. 7C). Analysis of absolute cell numbers revealed that

FIGURE 6. Ex vivo suppressive capacities of freshly isolated
CD25�FoxP3� T cells from MHC-deficient mouse strains. A, CD103� and
CD103� CD4�CD25� T cells from wild-type mice were cocultured with
HA-specific TCR-transgenic CD4�CD25� responder cells (5 � 104 well)
in the presence of soluble anti-CD3 (0.5 �g/ml; left graph) or HA-peptide
(16 �M; right graph) along with T cell-depleted irradiated splenocytes
(5 � 104/well). Cultures were pulsed with [3H]thymidine for the last 6–8
h of the 72-h culture period. B, Performed as in A using FACS-purified
CD4�CD25�CD103� and CD4�CD25�CD103� T cells from Ab��/�

mice. C, Cocultures assays were performed as in A with CD4�CD25�

CD103� T cells sort purified from Ab��/��2m�/� mice. Ratio below the
graph indicates the relative proportion of responders to suppressors. D,
Polyclonal CD103� and CD103� subsets of CD4�CD25� T cells (50,000/
well) purified by FACS from mice treated with isotype control or MHC
class II-specific Abs were cocultured as outlined in A. Results are presented
as a percentage of the proliferation of CD4�CD25� T cells cultured alone.
Data are presented as the mean values calculated from triplicate wells and
are representative of between two and four independent experiments.

6908 DISTINCT FoxP3� SUBSETS IN THE CONTROL OF IMMUNE RESPONSES

 by guest on June 6, 2013
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


FoxP3�CD103� T cells were increased by roughly 5-fold in the
draining LNs (Fig. 7D). Thus, s.c.-injected LPS is alone sufficient
to result in the enrichment of effector FoxP3� T subsets in the
draining LNs.

Discussion
We have analyzed in depth the role of the MHC in the develop-
ment of Foxp3� T cells and correlated the phenotypic properties of
Foxp3� T cells developing in MHC-deficient mice with their ex-
pression of cell surface Ags and function both in vitro and in vivo.
In addition to the conventional MHC class II-restricted Foxp3�

population, we have identified a major population thymic-derived
effector Foxp3�CD8� T cells that are MHC class I restricted in
mice lacking MHC class II Ags and a population of thymic-inde-
pendent peripheral effector CD4�Foxp3� T cells present in mice
lacking all conventional MHC Ags. Most effector CD4�Foxp3� T
cells in wild-type mice are thymic derived although some are
likely to be thymic independent. Although distinct from one an-
other in their requirements for classical MHC molecules and in
their thymic origin, the effector FoxP3� subsets described here
share several common features that closely parallel those described
for other types of unconventional T cells. These include constitu-
tive effector activity, an activated cell surface phenotype, and the
propensity to rapidly localize to inflamed lymphoid organs or tis-
sues. We reason that effector FoxP3� T cells may play a special-
ized role during the early stages of an immune response perhaps by
acting during the priming phase as an initial means to modulate the
adaptive T cell response.

One of the most striking findings in our study was the identifi-
cation of large numbers of thymic-derived CD4�CD8� and
CD4�CD8� Foxp3� T cells in the periphery of mice lacking
MHC class II Ags, while very few of either of these populations
can be identified in normal mice. A model consistent with this
result is that the thymic-derived effector FoxP3� T cell subsets
restricted to conventional MHC class I and II Ags compete for
limited resources under steady-state conditions in vivo. Such com-
petition may play a role in maintaining the steady-state size of this
compartment at a relatively constant level over the lifetime of
the animal. In Ab��/, K14, and wild-type strains, we found that the
absolute number of CD8�FoxP3� thymocytes was comparable,
suggesting that alterations in thymic selection were not responsible
for the expanded CD8�FoxP3� populations. Rather, our data sug-

gest that the relative abundance of CD8�FoxP3� T cells in MHC
class II�/� mice was related to the intrinsic capacity of effector
FoxP3� T cells to fill the void left by the absence of MHC class
II-restricted T cells. This conclusion was further supported by the
observation that the CD8�FoxP3� population in MHC class II�/�

mice undergoes extensive steady-state proliferation in vivo, similar
to effector CD4�CD103�FoxP3� T cells in normal mice. Thus, in
the absence of competition from MHC class II-restricted effector
FoxP3� T cells, the CD8�FoxP3� subset is allowed to emerge as
a dominant population. In contrast to their MHC-restricted coun-
terparts, our results demonstrated that the effector MHC-indepen-
dent FoxP3� subset in the �2m�/�Ab��/� mice did not expand to
fill the void left by the absence of MHC-restricted effector FoxP3�

subsets. In fact, their absolute numbers were surprisingly con-
served in all of the strains examined. This leads us to speculate that
the MHC-independent FoxP3� subset may occupy a niche that is
distinct from that of MHC-restricted effector FoxP3� T cells.

In wild-type mice, the proportion of CD4�Foxp3�CD103� ef-
fector T cells in the thymus closely paralleled the proportion of
these cells in the periphery (�20–30% of Foxp3� cells). This
finding raised the possibility that the naive and effector subsets
might be the products of distinct development pathways in the
thymus. One intriguing observation consistent with this hypothesis
is that the K14 strain, which lacks MHC class II-restricted effector
FoxP3� T cells in both the thymus and peripheral lymphoid tis-
sues, still maintains a substantial population of naive CD4�

FoxP3� cells but has diminished numbers of CD4�CD8�CD103�

FoxP3� cells. This result implies that the thymic selection of ef-
fector FoxP3� T cells is dependent upon interactions with APCs
present exclusively in the medullary region of the thymus. Fur-
thermore, the presence of naive CD4�CD103�FoxP3� T cells in
K14 mice had no effect on the expansion of the effector CD8�

FoxP3� T subset, thus supporting the notion that competition for
a unique niche likely occurs exclusively among the effector
FoxP3� subsets.

The demonstration that CD49b is expressed by a substantial
portion of effector FoxP3� T cells is somewhat surprising given its
association with invariant NKT cells, which have been shown in
some contexts to possess immunoregulatory functions. An earlier
study demonstrated that CD4�CD49b� T cells were superior to
CD4�CD25� T cells in their ability to suppress the onset of dia-
betes following their adoptive transfer into BDC2.5 TCR Tg

FIGURE 7. Enrichment in effector FoxP3�CD103� T cells is observed in lymphoid tissues draining an inflammatory site. A, Dot plots show staining
of CD4 vs FoxP3 on electronically gated ��TCR� cells present in nondraining (top panels; NDLN) or draining (bottom panels; DLN) LNs from wild-type
mice injected s.c. 5 days earlier with 100 �g of LPS. B, Expression of CD103 and CD25 by the CD4�FoxP3� subset gated depicted in A present in the
nondraining (top) or draining (bottom) LNs. C, CD49b vs KLRG1 expression by CD103�CD25� T cells shown in B present in the nondraining (top) or
draining (bottom) LNs. D, Absolute number of effector FoxP3� T cells found in the draining (f) vs nondraining (�) LNs calculated from percentages
determined by flow cytometry. Results are representative of three independent experiments.
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Rag�/� hosts (28). Effector FoxP3�CD49b� T cells, particularly
those coexpressing KLRG1, comprise the majority of the Foxp3�

population in peripheral lymphoid tissues, but not the thymus of
�2m�/�Ab��/� mice, suggesting that they develop extrathymi-
cally. The presence of cells expressing this same phenotype in
normal mice raised the possibility that they also represented an
extrathymically derived population. Alternatively, in normal mice,
up-regulation of CD49b and KLRG1 may be secondary to pro-
gressive differentiation of the effector FoxP3� T cells. We took
advantage of the rapid turnover, presumably in response to ubiq-
uitous Ags, of the effector Foxp3� T cells in vivo to distinguish
between these two possibilities. Mice were treated with an anti-
MHC class II Ab to determine whether blocking MHC class II
recognition would have a selective effect on the thymic-derived vs
the purported thymic-independent subset of CD4�Foxp3�

CD103� cells. Blockade of MHC class II in both wild-type and
MHC class I-deficient mice led to the preferential depletion of the
CD49b� subset with a corresponding enrichment in the CD49�

subset of CD103�FoxP3� T cells. Although not definitive, this
result was consistent with the MHC class I/II independence and
extrathymic origin of CD49b� cells in normal mice. The nature of
the ligand driving proliferation of the thymic-independent subset is
an important subject for future studies.

The effector FoxP3� T cell subsets described in the present
study share an activated expression pattern with respect to several
different surface markers, including CD103. We relied on this
marker for identifying and purifying effector cells because of its
uniform and distinct expression by effector-phenotype FoxP3� T
cells, particularly those found in the MHC-deficient strains. It is
important to note that effector FoxP3� T cells shared an activated
expression pattern with respect to several different surface mark-
ers, not only CD103. CD103 does not appear to play a direct role
in the suppressor function of FoxP3� T cells, as CD4�CD25� T
cells from CD103�/� mice are fully capable of preventing colitis
in immune-deficient recipients (38). We also find that the
CD49b�KLRG1�FoxP3� subset is present at normal levels in
CD103�/� mice, arguing against an obligatory role for CD103 in
the development of effector FoxP3� T cell subsets (data not
shown). In contrast, the expression of CD103 on Foxp3� T reg-
ulatory cells may be important in certain situations to mediate the
retention of T regulatory cells at certain epithelial sites (39–41)
via its interaction with E-cadherin expressed on epithelial cells
(42). As CD103 expression can be induced by T cell activation
in the presence of TGF-� (43), it is possible that the expression
of CD103 by the effector FoxP3� subset is secondary to their
exposure to a TGF-�-rich milieu during their development in
the thymus. However, TGF-�1�/� mice contain normal num-
bers of CD4�CD25�CD103� thymocytes and peripheral T
cell-type mice (44).

Taken together, the results of these studies reveal a remarkable
heterogeneity in the Foxp3� population of T regulatory cells. We
have confirmed and extended previous results that have demon-
strated that the subpopulation of Foxp3�CD103� effector T cells
represent an effector T cell subset. Moreover, our observations in
the K14 mice suggest that the effector cells may be the products of
a separate lineage of T regulatory cell development in the thymus
rather than a stage in the normal process of T regulatory cell dif-
ferentiation. A comparison of the TCR repertoire (45, 46) of naive
compared with effector Foxp3� T cells should be of interest as the
latter, based on the in vivo activation state, appear to have a higher
affinity for self than the naive subpopulation. Lastly, the ability of
both the thymic-derived and thymic-independent populations of
effector Foxp3� T cells to suppress T effector function nonspe-
cifically and to home to sites of nonspecific inflammation raises the

possibility that their role in immune regulation may be distinct
from naive T regulatory cells. If similar populations can be iden-
tified in humans, differential manipulations of distinct Foxp3� T
regulatory populations may be of therapeutic importance.
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