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B

esides central tolerance, several mechanisms of peripheral
tolerance, including the activity of suppressive T cells,
synergize in balancing the reactivity of the immune system and
preventing autoimmunity. Results of the last few years indicated
that subsets of CD4⫹ rather than CD8⫹ T cells might have a
central role as regulatory cells (1, 2). In vivo reconstitution
models as well as in vitro analyses provided evidence that CD4⫹
T cells with regulatory function were to be found among
CD45RBlow and CD25⫹ cells (3–5). Recent studies focused on
CD25 as the best marker for regulatory CD4⫹ T cells in mice and
humans (6), though its function as an activation-induced cytokine receptor component is apparently unrelated to the regulatory function and does not allow a discrimination of the regulatory subset from activated T cells. In fact, it has not been
clarified so far whether the whole population of CD25⫹ cells is
regulatory or whether subsets exist which are distinct in potency
or mechanisms used for suppression. Moreover, a regulatory
function has been demonstrated in subsets negative for CD25
(7–9).
The mechanisms of action of CD25⫹CD4⫹ regulatory T cells
remain controversial: in some studies, cytotoxic T lymphocyte
antigen-4 (CTLA-4) has been found to be involved (10–12),
whereas others have excluded a significant role (13–15). IL-10deficient mice spontaneously develop colitis (16), and IL-10 was
found to be required in control of autoreactivity in some models
(9, 17, 18). Transforming growth factor (TGF)-␤ is another
crucial cytokine mediating generalized control of autoimmunity
(19–23), oral tolerance (24) and regulatory effects in vitro (25).
However, most in vitro experimental data using regulatory
CD25⫹CD4⫹ T cells point to cell contact-dependent mechanisms rather than soluble mediators (13, 26). Recently, evidence
has been provided that surface-bound TGF␤ might be a key
mediator of suppression acting by means of direct T cell interaction (27), thereby resolving some of the discrepancies. Regulatory CD25⫹CD4⫹ T cells show a partially anergic phenotype,
in that they proliferate poorly on T cell receptor (TCR) stimulation in vitro and their growth depends on exogenous IL-2 (28).
Furthermore, a peculiar pattern of cytokine expression showing
www.pnas.org兾cgi兾doi兾10.1073兾pnas.192162899

reduced IL-2, IL-4, IFN-␥ and tumor necrosis factor (TNF)-␣
but high IL-10 production was found (13, 29, 30).
The origin of regulatory CD25⫹CD4⫹ T cells is not yet well
defined. As CD25⫹CD4⫹ cells with suppressive capacities have
already been found within the thymus, it has been proposed that
they represent a distinct lineage (31–33). Others provided evidence that induction of oral tolerance induces CD25⫹CD4⫹
T cells in the mucosal compartment acting by means of TGF␤
(24, 34, 35).
The integrin ␣E␤7 was initially described as a marker for
intraepithelial T cells residing in the gut wall and other epithelial
compartments such as skin or lung (36, 37). Whereas the related
integrin ␣4␤7 serves as a homing receptor for mucosa-seeking
populations by recognizing mucosal addressin cell adhesion
molecule-1 (MAdCAM-1) (38), the only ligand for ␣E␤7 clearly
identified so far is E-cadherin, expressed on epithelial cells but
not on endothelium (39). A role in homing is therefore unlikely
(40), though the existence of a further ligand on endothelium has
been postulated (41). Conceivable is a role of ␣E␤7 in retention
of T cells within epithelial compartments (42). Early data
demonstrated a costimulatory role of ␣E␤7 on T cells (43); yet the
functional impact of interactions between T cells and epithelial
cells has not been further investigated. Recently, global gene
expression analysis has revealed ␣E expression on regulatory T
cell populations (44–46). Data from ␣E-deficient animals suggest that the molecule might indeed be involved in the control of
autoimmunity in the skin (47).
In the present study we report that CD4⫹ T cells from
lymphoid tissues expressing the integrin ␣E␤7 represent previously uncharacterized subpopulations of regulatory T cells.
Expression of CTLA-4, cytokine profiles, and suppressive properties in vitro and in vivo are distinct for ␣E-expressing CD4⫹ T
cells, ␣E⫹CD25⫹ well as ␣E⫹CD25⫺, and identify them as unique
subsets with highly potent regulatory function.
Materials and Methods
Mice. Female BALB兾c and C57Bl6 mice were bred in our animal

facility and used at 6–12 weeks of age. For analysis of cytokine
expression, approximately 10-month-old BALB兾c mice were
used. Perforin-deficient mice (48) were kindly provided by U.
Steinhoff. Female C.B-17 severe combined immunodeficient
(SCID) mice, obtained from Charles River Breeding Laboratories (Sulzfeld, Germany), were used at 5–9 weeks of age. All
animal experiments were performed under specific pathogenfree conditions and in accordance with institutional, state, and
federal guidelines.
This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: CFSE, 5-carboxy-fluorescein diacetate succinimidyl ester; SCID, severe combined immunodeficient; CTLA-4, cytotoxic T lymphocyte antigen 4; TNF, tumor necrosis
factor; TGF, transforming growth factor; PE, phycoerythrin; APC, antigen-presenting cell;
FACS, fluorescence activated cell sorter.
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Regulatory CD25ⴙCD4ⴙ T cells are considered as important players
in T cell homeostasis and self-tolerance. Here we report that the
integrin ␣E␤7, which recognizes epithelial cadherin, identifies the
most potent subpopulation of regulatory CD25ⴙ T cells. Strikingly,
CD25-negative ␣EⴙCD4ⴙ T cells displayed regulatory activity. Both
␣Eⴙ subsets, CD25ⴙ and CD25ⴚ, express CTLA-4, suppress T cell
proliferation in vitro, and protect mice from colitis in the severe
combined immunodeficient model (SCID) in vivo. Whereas
␣EⴙCD25ⴙ T cells produce almost no cytokines, ␣EⴙCD25ⴚ T cells
represent a unique subset in which high IL-2, IFN-␥ and T helper
2-cytokine production is linked with suppressive function. Thus,
the integrin ␣E␤7 can be regarded as a novel marker for subsets of
highly potent, functionally distinct regulatory T cells specialized for
crosstalk with epithelial environments.

Antibodies, Staining, and Sorting Reagents. The following antibodies were purified and labeled in our laboratory: anti-FcR II兾III
(2.4G2), anti-CD3 (145.2C11), FITC- and Cy5-labeled anti-CD4
(GK1.5), biotinylated anti-␣E (M290), anti-CTLA-4 (4F10),
anti-IL-10 (JES5.2A5.7G4), phycoerythrin (PE)-labeled anti
IL-13 (382.13.11) and rat IgG1 isotype control (1A5). The
following antibodies and secondary reagents [FITC-, PE-, Cy5-,
antigen presenting cell (APC)-labeled or biotinylated] were
purchased from BD PharMingen (Heidelberg, Germany): antiCD4 (RM4–5), anti-CD62L (Mel-14), anti-CD25 (PC61), antiCD25 (7D4), anti-CD38 (90), anti-CD45RB (16A), anti-CD44
(IM7), anti-␥␦TCR (GL3), anti-FasL (MLF3), anti-IL-2 (JES6–
5H4), anti-IL-4 (11B11), anti-IL-5 (TRFK5), anti-IL-10 (JES5–
16E3), anti-TNF␣ (MP6-XT22), anti-IFN-␥ (XMG1.2), streptavidin (SA), anti-hamster IgG1, and isotype controls. Polyclonal
anti-TGF␤ was purchased from R&D Systems (Wiesbaden,
Germany). All microbeads were obtained from Miltenyi Biotec
(Bergisch-Gladbach, Germany).

ratios and cultured with APC at a ratio of 1:2 in round-bottom
microtiter plates with or without addition of anti-CD3 (1 g兾ml)
for 80 h in duplicates. Blocking antibodies were used at final
concentrations of 20 g兾ml. Transwell chambers (0.4 m pore
size) were obtained from Costar. After incubation cells were
collected, stained for CD4 and analyzed by FACS; propidium
iodide was added to exclude dead cells. Proliferation analysis is
based on CFSE⫹CD4⫹ T cells. The mean number of cell
divisions (d) was calculated with the formula: d ⫽ 兺(ni兾nt ⫻ gi),
where gi ⫽ generation number starting with 0 for nondivided
cells, ni ⫽ number of cells within each generation, and nt ⫽ total
cell number.

Cell Purification and Culture Conditions. CD4⫹ T cell subsets were

Clinical and Histological Examination. Weight changes of reconsti-

isolated from pooled spleens and peripheral and mesenteric lymph
nodes from BALB兾c mice. Briefly, CD4⫹ T cells were enriched by
using the MACS MultiSort kit and the AutoMACS magnetic
separation system (Miltenyi Biotec). The different regulatory subpopulations were separated as follows: after staining CD4⫹ T cells
with biotinylated anti ␣E, PE-labeled SA and anti-PE MicroBeads, the ␣E⫹ cells were isolated by using AutoMACS technology
(Miltenyi Biotec). Afterward, these ␣E-enriched cells were stained
with APC-labeled anti-CD25, and the ␣E⫹CD25⫹ and ␣E⫹CD25⫺
subsets were separated with the Vantage fluorescence activated cell
sorter (FACS) (BD Biosciences, Heidelberg, Germany). ␣E⫺CD4⫹
T cells were stained with biotinylated anti-CD25 and anti-biotin
MicroBeads, and the ␣E⫺CD25⫹ as well as the ␣E⫺CD25⫺ subsets
were isolated by AutoMACS. Naive CD4⫹CD62L⫹ cells were
positively selected from the ␣E⫺CD25⫺ fraction on a AutoMACS
by using anti-CD62L microbeads. APCs were prepared by depletion of CD90⫹ cells from BALB兾c spleen cells using anti-CD90
microbeads and irradiated (30 Gy) before culture. CD45RBhigh and
CD45RBlow CD4⫹ T cells were FACS sorted. All sorted subsets
were ⬎95–99% pure on reanalysis (for data for the investigated
subsets, see Fig. 7, which is published as supporting information on
the PNAS web site, www.pnas.org). Cell cultures were done with
RPMI medium 1640 (GIBCO兾BRL) plus 10% FCS (Linaris,
Wertheim-Bettingen, Germany).
Flow Cytometry. Cytometric analysis was performed as described

(49), using a FACS Calibur (BD Biosciences) and CELLQUEST
software. For CTLA-4 detection, cells were stained for surface
expression of CD4, ␣E, and CD25, fixed, and permeabilized.
Intracellular expression of CTLA-4 was detected with hamster
anti-mouse CTLA-4 and Cy5-labeled anti-hamster IgG. To
analyze the expression of cytokines of the particular subpopulations, MACS-sorted CD25⫹ and CD25⫺ cells were stimulated
for 4 h with phorbol 12-myristate 13-acetate (PMA) (10 ng兾ml)
plus ionomycin (250 ng兾ml) or alternatively for 5 h with platebound anti-CD3 plus anti-CD28 (each 5 g兾ml) by the addition
of BrefeldinA (10 g兾ml) after 2 h. Before fixation and intracellular staining, CD25⫹ and CD25⫺ cells were stained for
surface CD4 and ␣E, whereas CD25⫺ cells were additionally
stained with anti-CD45RB. PMA兾ionomycin stimulation did not
change the expression of ␣E and CD45RB (data not shown).
Unspecific binding was blocked by addition of whole rat IgG
(Jackson ImmunoResearch).
In Vitro Proliferation Assay. Unlabeled CD4⫹ T cell subpopula-

tions were mixed with CFSE-labeled naive T cells (5-carboxyfluorescein diacetate succinimidyl ester; Molecular Probes;
staining as described in ref. 50) at different regulator兾target
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T Cell Reconstitution. C.B-17 SCID mice were injected i.p. with

sorted CD4⫹ T cell subpopulations in PBS. Mice received
CD45RBhighCD4⫹ T cells alone or in combination with CD4⫹ T
cell subpopulations (CD45RBlow, ␣E⫹CD25⫹, ␣E⫺CD25⫹, or
␣E⫹CD25⫺) at ratios and cell counts as indicated.
tuted C.B-17 SCID mice were scored weekly and monitored with
clinical symptoms (0: no signs of clinical progression; 1: hunched
posture, impaired movement or bristeled fur; 2: liquid feces; 4:
rectal prolapse). For histology, colon tissue samples were taken
about 10 weeks after T cell reconstitution and fixed in 10%
phosphate-buffered formalin. Paraffin-embedded sections were cut
and stained with hematoxilin and eosin. The degree of inflammation of the colon was graded in a blinded fashion semiquantitatively
from 0 to 4 (0: no signs of inflammation; 1: very low levels of and
only focal infiltrating mononuclear cells; 2: low levels and only focal
infiltration of mononuclear cells; 3: high levels of mononuclear cell
infiltration, high vascular density, thickening of the colon wall; 4:
transmural inflammatory infiltration, loss of goblet cells, high
vascular density, vasculitis, thickening of the colon wall). The
severity of colitis was assessed by both scores together with the body
weight changes. An overall score ⱖ3 was considered as moderate
or severe colitis. No animals showed inflammatory signs in the
small intestine (data not shown).

Statistics. Data were presented as mean ⫾ SD. Significance was

determined by Student’s t test (CTLA-4), Wilcoxon test (proliferation assay), repeated measures analyses (body weight), and
Mann–Whitney U test (severity of colitis). Differences were
considered statistically significant with P ⱕ 0.05 and highly
significant with P ⱕ 0.01.
Results
␣E␤7 Expression on CD4ⴙ T Cells in Lymphoid Tissues Is Correlated with
CD25 and CD45RBlow Expression. The presence of a small popula-

tion of ␣E-expressing CD4⫹ T cells has been known for long time;
however, their functional role remained elusive. We therefore
characterized ␣E⫹CD4⫹ T cells from pooled lymphoid organs,
which comprise between 2 and 6% of total CD4⫹ cells in spleen,
peripheral lymph nodes, and mesenteric lymph nodes, and are
almost exclusively ␣␤TCR⫹ cells (⬎98%; data not shown). Flow
cytometry analysis revealed that about 75% of ␣E-expressing
CD4⫹ T cells are CD25⫹ (Fig. 1a). Furthermore, ␣E⫹CD4⫹ T
cells were mainly found within the memory (CD45RBlow) compartment (Fig. 1b), regardless of their CD25 expression, and
expressed CD38 and high levels of CD44 (data not shown).
Consistent with its inhibitory function, CTLA-4 has been
found on regulatory CD4⫹ T cells (12) and proposed to be
involved in their function (10, 11). We therefore examined the
coexpression of CTLA-4 with ␣E and CD25 on CD4⫹ T cells
(Fig. 8, which is published as supporting information on the
PNAS web site). About 18% of cells within the ␣E⫹CD25⫹ and
the ␣E⫹CD25⫺ fraction of CD4⫹ T cells expressed high levels of
intracellular CTLA-4 (18.8 ⫾ 5.7% and 17.6 ⫾ 5.7%, respecLehmann et al.

Fig. 1. Expression of ␣E␤7 integrin on CD4⫹ T cells is correlated with CD25 and
CD45RBlow. (a) FACS analysis of pooled lymphocytes (spleen and lymph nodes)
shows the expression of ␣E and CD25 within the CD4⫹ T cell pool (3.6 ⫾ 0.7%
␣E⫹CD25⫹, 9.9 ⫾ 2.5% ␣E⫺CD25⫹, and 1.2 ⫾ 0.3% ␣E⫹CD25⫺; mean ⫾ SD from
six independent experiments). (b) Expression of ␣E and CD45RB on gated CD4⫹
T cells (one representative out of four independent experiments). The memory
(CD45RBlow) state of ␣E⫹ cells is not correlated to CD25 expression (data not
shown).

tively), whereas only 6.8 ⫾ 3.2% and 0.5 ⫾ 0.3% did so within
the ␣E⫺CD25⫹ and ␣E⫺CD25⫺ subpopulation, respectively (P ⬍
0.01, n ⫽ 5). Thus, the expression of CTLA-4 strongly correlates
with that of ␣E␤7 integrin on CD4⫹ T cells.
regulatory CD25⫹CD4⫹ T cells produce low amounts of proinf lammatory cytokines as compared with other antigenexperienced CD4⫹ T cells (13, 26, 29, 30). Within the ␣E⫺CD25⫹
fraction, the frequencies of TNF␣, IFN-␥, or IL-2 producing cells
after restimulation were lower compared with the frequencies
among CD45RBlow memory cells. T helper 2 (Th2) cytokines
such as IL-4, IL-5, or IL-13 were less diminished or even higher
(Fig. 2). In contrast, the ␣E⫹CD25⫹ population showed almost
no IL-4, IL-5, and IL-13, and extremely small numbers of cells
producing TNF␣, IFN-␥, or IL-2. The only cytokine preserved
in a reasonable frequency among ␣E⫹CD25⫹ cells was IL-10.
The ␣E single positive cells had a unique cytokine expression
pattern. Whereas the frequencies of IL-2- and IFN-␥-positive cells
were almost the same as in memory CD4⫹ T cells, the frequencies
were lower for TNF␣ and IL-10, slightly higher for IL-4, and much
higher for IL-5 and IL-13 (Fig. 2). The various cytokine producers
and nonproducers among the ␣E⫹ single positive subset displayed
similar levels of ␣E expresssion (Fig. 9, which is published as
supporting information on the PNAS web site).
␣E Expression Characterizes the Most Potent Regulatory CD25ⴙCD4ⴙ
T Cells. To analyze the regulatory capacity of CD4⫹ T cell subsets

characterized by ␣E and CD25 expression, we separated four

Fig. 2. ␣E⫹CD25⫹ cells do not produce proinflammatory cytokines on stimulation, and ␣E⫹CD25⫺ cells display a unique pattern of Th2 cytokines. Sorted
CD25⫹ and CD25⫺ cells were restimulated with phorbol 12-myristate 13acetate/ionomycin and stained for expression of CD4, ␣E, CD45RB, and intracellular cytokines. The frequencies of cytokine-producing cells were analyzed
by gating on the following subpopulations: memory (CD45RBlow) ␣E⫺CD25⫺,
␣E⫺CD25⫹, ␣E⫹CD25⫹, and ␣E⫹CD25⫺ CD4⫹ T cells (one representative out of
three independent experiments). Similar results were obtained by triggering
the cells with anti CD3 plus anti-CD28 (Fig. 10, which published as supporting
information on the PNAS web site). The expression of ␣E and CD45RB was
stable during restimulation (data not shown).
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Fig. 3. ␣E⫹CD25⫹ cells show the strongest regulatory capacity in vitro. The
regulatory capacities of the indicated CD4⫹ subpopulations were determined
after 80 h of coculture with CFSE-labeled naive CD4⫹ T cells. As positive and
negative controls naive T cells alone were cultured with or without anti CD3.
The fluorescence intensities of CFSE⫹ T cells at a regulator兾target ratio of 1:9
(a) and the comparison of the regulatory capacities of all subsets at different
regulator兾target ratios ( ␣ E ⫹ CD25 ⫹ 兾 䊐 , ␣ E ⫺ CD25 ⫹ 兾 ‚ , ␣ E ⫹ CD25 ⫺ 兾 E or
␣E⫺CD25⫺兾F) (b) are shown. Shown is the mean number of cell divisions of
the CFSE⫹ T cells (one representative out of six independent experiments;
regulator兾target ratio 1:1 from one experiment).

populations ( ␣ E ⫹ CD25 ⫹ , ␣ E ⫺ CD25 ⫹ , ␣ E ⫹ CD25 ⫺ , and
␣E⫺CD25⫺, see Fig. 7) and tested their suppressive activity in in
vitro proliferation assays. Naive CD4⫹ T cells were labeled with
CFSE and stimulated for 80 h with anti-CD3 and APC. During
this time the majority of naive T cells had undergone multiple
proliferations indicated by the loss of CFSE content (positive
control; Fig. 3a). Addition of ␣E⫹CD25⫹ cells at a regulator兾
target ratio of 1:9 showed an almost complete inhibition of naive
T cell proliferation, whereas ␣E⫺CD25⫹ cells inhibited the
proliferation only to a lesser degree. Remarkably, even
␣E⫹CD25⫺ cells had a significant regulatory capacity resulting in
a marked inhibition of naive T cell proliferation. ␣E⫺CD25⫺ cells
were used as a control population without any suppressive
activity. The relative potencies of the subsets were studied in
more detail by titrating the regulator兾target ratios (Fig. 3b). At
a 1:19 ratio only ␣E⫹CD25⫹ cells showed a significant inhibitory
effect on naive T cell proliferation. Both ␣E⫺CD25⫹ and
␣E⫹CD25⫺ cells displayed inhibitory effects at higher ratios (1:9
and 1:3), but remained inferior to the ␣E⫹CD25⫹ population
(P ⬍ 0.005). At a ratio of 1:1, the proliferation of naive T cells
was completely inhibited by all three subsets and CD45RBlow
cells (Fig. 3b and data not shown). The ␣E expressing subsets
remained positive during the culture time, whereas in the subset
of ␣E⫺CD25⫹ a fraction of cells expressing low levels of ␣E
emerged within 80 h. In contrast, CD25 was present on all T cells,
regulatory subsets as well as naive target cells, after 80 h of
stimulation (Fig. 11, which is published as supporting information on the PNAS web site). Thus, ␣E⫹CD4⫹ T cells from
lymphoid tissues possess regulatory capacity, and the ␣E single
positive subset represents a previously uncharacterized regulatory CD4⫹ T cell population outside the CD25⫹ compartment.
To investigate whether the inhibitory effect of the regulatory
subsets is mediated by soluble immunosuppressive cytokines, we
blocked IL-10 and TGF␤ in the in vitro proliferation assays.
Addition of neutralizing antibodies against IL-10 or TGF␤ had
PNAS 兩 October 1, 2002 兩 vol. 99 兩 no. 20 兩 13033
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Distinct Cytokine Profiles of ␣Eⴙ Subsets. It has been reported that

Fig. 4.
All regulatory T cell subsets require cell contact to exert their
regulatory function. (a) CFSE-labeled naive CD4⫹ T cells and the indicated
CD4⫹ subpopulations were cocultured at a regulator兾target ratio of 1:3 for
80 h together with control antibodies or neutralizing antibodies against IL-10
or TGF␤. The % inhibition of naive T cell proliferation (one representative out
of two independent experiments) is shown. (b) CFSE-labeled naive CD4⫹ T cells
were cocultured together with the indicated CD4⫹ subpopulations at a regulator兾target ratio of 1:1 for 80 h or the CFSE⫹ cells and the regulatory T cells
were separated by a Transwell insert. The mean number of cell divisions of the
CFSE⫹ T cells (one representative out of two independent experiments) is
shown.

no major effect on the inhibition of the naive T cell proliferation
by all regulatory subsets. Only the ␣E single positive cells showed
a slightly reduced inhibitory capacity if TGF␤ was blocked. (Fig.
4a). Moreover, we found that the inhibitory function of all
regulatory subsets depends on cell contact as no suppression of
naive T cell proliferation was observed if the regulatory cells
and the targets were separated in culture by transwell chambers
(Fig. 4b).
␣EⴙCD4ⴙ T Cells Inhibit Development of Induced SCID Colitis. To

further analyze function and potency of the inquired CD4⫹ T cell
subpopulations in vivo, their ability to inhibit the development of
colitis after transfer of naive (CD45RBhigh) CD4⫹ T cells into
SCID mice was tested. In a first experimental series, mice
reconstituted with naive CD4⫹ T cells alone developed colitis in
88% of the cases (n ⫽ 17), whereas none of the mice reconstituted with naive cells plus either ␣E⫹CD25⫹, ␣E⫺CD25⫹,
␣E⫹CD25⫺, or CD45RBlow CD4⫹ T cells (ratio of 3:1) developed
colitis. The body weights of all mice that in addition to naive cells
received protective CD4⫹ T cells (␣E⫹CD25⫹, ␣E⫺CD25⫹,
␣E⫹CD25⫺, or CD45RBlow) increased to a similar degree,
whereas that of mice reconstituted with naive cells alone de-

Fig. 6. Intestinal pathology in SCID mice reconstituted with CD45RBhighCD4⫹
T cells and subsets of regulatory CD4⫹ T cells. SCID mice received 3 ⫻ 105
CD45RBhighCD4⫹ T cells alone or in combination with 1 ⫻ 105 CD4⫹ T cells from
the regulatory subpopulations (regulator兾target ratio 1:3). After the investigation period, tissues were taken for histological examination. Representative photomicrographs show severe colitis (transmural infiltrations with ulceration) in mice that received CD45RBhighCD4⫹ T cells alone (a) and complete
protection from colitis in mice given additionally CD45RBlow (b), ␣E⫹CD25⫹ (c),
␣E⫺CD25⫹ (d), or ␣E⫹CD25⫺ (e) CD4⫹ T cells at the high regulator兾target ratio
used here.

creased (P ⱕ 0.005; Fig. 5a). Histological examination of colonic
tissue samples from mice reconstituted with naive cells alone
revealed transmural and, in some cases, only focal mononuclear
infiltrates and loss of goblet cells (Fig. 6a). These inflammatory
signs were partly accompanied by ulceration or vasculitis (data
not shown). In contrast, colons restored with a mixture of naive
cells plus either ␣E⫹CD25⫹, ␣E⫺CD25⫹, or ␣E⫹CD25⫺ cells
exhibited no detectable pathological changes (Fig. 6 b–e). These
results demonstrate that ␣E⫹ subsets both inside and outside the
CD25⫹CD4⫹ compartment are effective regulators of intestinal
inflammation in vivo.
To elucidate whether the inquired regulatory subpopulations
differ in their suppressive capacity also in vivo, as we found in
vitro, SCID mice were reconstituted in a second experimental
series using lower regulator兾target ratios. Analyses of the body
weights of mice reconstituted with naive plus protective CD4⫹ T
cells at the ratio of 6:1 revealed that ␣E⫹CD25⫹ cells had the
highest regulatory potency also in vivo (Fig. 5b). Only one mouse
of this group (n ⫽ 8) developed colitis. In contrast, reconstitutions with ␣E⫹CD25⫺ or ␣E⫺CD25⫹ cells in addition to naive
Table 1. ␣EⴙCD25ⴙ T cells show the highest regulatory potency
in vivo
Phenotype

Fig. 5. ␣E⫹CD4⫹ T cells, CD25⫹ and CD25⫺, suppress induced colitis in SCID
mice. (a) SCID mice received 3 ⫻ 105 CD45RBhighCD4⫹ T cells alone (■, n ⫽ 17)
or in combination with 1 ⫻ 105 CD4⫹ T cells from either subpopulation
(regulator兾target ratio 1:3): CD45RBlow (F, n ⫽ 4), ␣E⫹CD25⫹ (䊐, n ⫽ 4),
␣E⫺CD25⫹ (‚, n ⫽ 4), or ␣E⫹CD25⫺ (E, n ⫽ 4). The progression of colitis is
monitored by the adjusted body weight loss. (b) SCID mice received 3 ⫻ 105
CD45RBhighCD4⫹ T cells alone (■, n ⫽ 7) or in combination with 5 ⫻ 104 CD4⫹
T cells from either subpopulation (regulator兾target ratio 1:6): ␣E⫹CD25⫹ (䊐,
n ⫽ 8), ␣E⫺CD25⫹ (‚, n ⫽ 8), or ␣E⫹CD25⫺ (E, n ⫽ 8). Control mice receiving PBS
only (F, n ⫽ 5) do not differ from mice receiving CD45RBhighCD4⫹ T cells plus
CD45RBlow at a ratio of 3:1 (data not shown).
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CD45RBhigh alone (3 ⫻ 105)
CD45RBhigh plus CD45RBlow
CD45RBhigh plus ␣E⫹CD25⫹
plus ␣E⫺CD25⫹
plus ␣E⫹CD25⫺
PBS
CD45RBhigh plus ␣E⫹CD25⫹
plus ␣E⫺CD25⫹
plus ␣E⫹CD25⫺

Ratio

Clinical
score

Histological
score

Incidence
of colitis

–
3:1
3:1
3:1
3:1
–
6:1
6:1
6:1

3.63
0
0
0
0
0
0.37
1.75
1.13

1.49
0.42
0
0.38
0.25
0
0.69
0.94
1.44

22兾24
0兾11
0兾4
0兾4
0兾4
0兾5
1兾8
4兾8
4兾8

SCID mice received 3 ⫻ 105 CD45RBhighCD4⫹ T cells alone or in combination
with CD4⫹ T cell subpopulations as indicated; control mice received PBS only.
The clinical and histological scores are shown as mean values. The incidence of
colitis was determined by the overall analysis of body weights plus clinical and
histological parameters. Data for mice receiving either CD45RBhigh or
CD45RBhigh plus CD45RBlow CD4⫹ T cells are pooled from the two independent
experiments.
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Discussion
The integrin ␣E␤7 was first identified in the mucosa through its
unique expression on more than 90% of CD8⫹ and approximately 40–50% of CD4⫹ intestinal T cells (36, 51). Whereas
␣E␤7 integrin expressing CD8⫹ T cells exert strong cytolitic
activity (52), the precise role of ␣E⫹CD4⫹ T cells is currently not
known. Here we report that ␣E␤7 integrin is a marker for
regulatory CD4⫹ T cell subpopulations different from the
regulatory subset described so far. The expression of ␣E subdivides the ‘‘classical’’ CD25⫹CD4⫹ regulatory T cells into two
subsets with distinct properties, namely ␣ E ⫹CD25 ⫹ and
␣E⫺CD25⫹. Beyond that, it identifies another regulatory subpopulation localized outside the CD25⫹ compartment.
␣E⫹CD25⫹ cells, comprising about 4% of all CD4⫹ and 25%
of the CD25⫹CD4⫹ T cell pool isolated from lymphoid organs,
turned out to be the most potent regulators in in vitro assays. At
very low regulator兾target ratios (1:19), approaching the relations
in vivo, only ␣E⫹CD25⫹ cells showed suppressive effects. In
contrast, CD25 single positive cells, comprising the majority of
the regulatory T cells described so far, exhibited their suppressive potential only at higher ratios, as also described elsewhere
recently (45). These data indicate that the ‘‘classical’’ CD25⫹
regulatory T cell pool is heterogeneous, as has been proposed by
others (6), and that expression of ␣E allows a further subdivision.
In addition, ␣E allows the identification of regulatory T cells
regardless of their activation state, because ␣E, in contrast to
CD25, is not induced on activation.
The regulatory potential of the investigated subsets was
confirmed in vivo. Both ␣E⫹CD25⫹ and CD25 single positive
cells prevented immunodeficient SCID mice from developing
colitis after reconstitution with CD45RBhighCD4⫹ T cells at a
high regulator兾target ratio. When the ratio was lowered, the
stronger suppressive potential of ␣E⫹CD25⫹ compared with
CD25 single positive cells became obvious.
Interestingly, also the CD25-negative ␣E⫹CD4⫹ T cell subpopulation showed regulatory functions in vitro and in vivo.
In vitro, this small subpopulation has only moderate suppressor capacity, which is comparable with that of total
CD45RBlowCD4⫹ T cells, showing complete suppression at a
regulator兾target ratio of 1:1. However, ␣E single positive cells
are potent suppressors in vivo. In the SCID model, ␣E⫹CD25⫺
cells were as effective as ␣E⫺CD25⫹ cells in inhibiting colitis
development. Some regulatory activity has been demonstrated
previously in the compartment of CD25⫺CD45RBlow cells, but
suppression was rather incomplete and not further related to a
particular subpopulation (8–10). Because ␣E single positive cells
are predominantly CD45RBlow and reveal complete protection
of SCID mice from developing colitis at a 1:3 regulator兾target
ratio, this previously undescribed subset might indeed account
for the minor suppressive activity within the CD25⫺CD45RBlow
T cell pool. It is a challenging question whether ␣E contributes
to the regulatory function in the colitis model, e.g., by interacting
with inflamed gut epithelium, and whether the distinct cytokine
profile of the ␣E single positive cells with high levels of Th2
cytokines plays a role in their protective effect.
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␣E⫹CD25⫹, ␣E⫺CD25⫹ and ␣E⫹CD25⫺ CD4⫹ T cell subpopulations, which all have suppressive activity, cannot only be
distinguished by the expression of ␣E and CD25, but also show
differences with regard to CTLA-4 and cytokine expression,
which suggests distinct modes of action. In recent publications,
CTLA-4 expression was only detected within the CD25⫹ compartment of CD4⫹ T cells and frequencies in the range of 10%
to 50% were described (10–12, 53). Intensities of CTLA-4
stainings are in general rather low, and this together with the
largely varying staining protocols might explain the range of
reported frequencies of positive cells. Subdivision of this compartment according to ␣E expression revealed a significantly
higher expression of CTLA-4 in the ␣E⫹CD25⫹ subset. Additionally, ␣E single positive cells showed high frequencies of
CTLA-4 expression. This finding leads to the conclusion that
CTLA-4 is predominantly correlated with ␣E and not with CD25
in the regulatory subsets. Although it is discussed controversially
whether CTLA-4 is functionally involved in the action of regulatory CD4⫹ T cells (10, 12, 13), the high expression of CTLA-4
in ␣E⫹ subsets might suggest a role in their suppressive function.
Although some reports assign a cytokine phenotype with
reduced IL-2 and preferential IL-10 production to ‘‘classical’’
CD25⫹CD4⫹ T cells (13, 26, 29, 30, 54), the cytokine profile of
regulatory CD4⫹ T cells is not well documented on the single cell
level. Our data reveal a considerable heterogeneity within the
regulatory T cell pool. Whereas TNF␣, IFN-␥, and IL-2 frequencies were low but detectable within the CD25 single positive
cells, ␣E⫹CD25⫹ cells produced almost no proinflammatory
cytokines on restimulation. Beyond that, ␣E⫹CD25⫹ and
␣E⫺CD25⫹ cells differ in the production of Th2 cytokines. CD25
single positive cells, representing the majority of ‘‘classical’’
CD25⫹CD4⫹ regulatory T cells, produce IL-4, IL-5, and IL-13
in frequencies comparable to other memory CD4⫹ T cells. In
contrast, the production of these Th2 cytokines is almost absent
in the ␣E⫹CD25⫹ subset. Low cytokine production has been
associated with regulatory T cells (13, 26, 29). Remarkably,
␣E⫹CD25⫹ cells display the lowest level of cytokine production,
except for IL-10, which is only slightly less frequent in
␣E⫹CD25⫹ cells compared with memory CD4⫹ cells. On the
mRNA level, ␣E⫹CD25⫹ cells produce seven times more IL-10
transcripts than ␣E⫺CD25⫹ cells (data not shown). So far, we
could not demonstrate a functional role of IL-10 for the suppressive effect of ␣E⫹CD25⫹ cells, as neutralization of IL-10 in
the in vitro proliferation assay had no influence on the inhibitory
action of this as well as the other regulatory CD4⫹ T cell
subpopulations. This finding is in agreement with in vitro experiments from other groups (13, 15, 27), although data from in vivo
models regarding IL-10 are yet controversial (17, 18, 55). Additionally, blockade of TGF␤, another candidate for regulatory
mechanisms (13, 26, 29), did not abrogate the suppressive effects
of the investigated subpopulations. Only the inhibitory capacity
of the ␣E single positive regulatory subset seems to be partially
dependent on TGF␤. However, we cannot exclude that surfacebound TGF␤ might be resistant to antibody blockade, as has
been described recently (27). This might also apply for the
blockade of IL-10, because this cytokine can be detected on the
surface of CD4⫹ T cells as well (56). Indeed, suppressive effects
of ␣E⫹ T cells were found to be cell contact-dependent, as has
been described for other regulatory populations (13). We can
exclude that the regulatory subsets inhibit naive T cell proliferation simply by killing the target cells, as none of subpopulations
expressed FasL either on resting or on activated cells nor did
regulatory subpopulations isolated from perforin-deficient mice
show an defect in their suppressive capacity (Fig. 12, which is
published as supporting information on the PNAS web site).
Interestingly, ␣E single positive CD4⫹ T cells, which also
exhibit regulatory functions both in vitro and in vivo, display a
peculiar cytokine phenotype. These cells show a high expression
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CD4⫹ T cells protected only 50% of the mice (n ⫽ 8) from
ongoing colitis (Table 1). The comparison of the body weights of
mice receiving either ␣E⫹CD25⫹ or ␣E⫺CD25⫹ cells in combination with naive CD4⫹ T cells revealed a nearly significant
difference (P ⫽ 0.056), which was confirmed by the overall
statistical analysis of body weight plus clinical and histological
parameters (Table 1). These data clearly show that, also in vivo,
␣E⫹CD25⫹ have the highest regulatory capacity among subsets
described so far. Interestingly, also the ␣E single positive subsets
exerted a remarkable protective effect in vivo, despite their
rather low efficiency in the in vitro assays.

of all cytokines, including IL-2 and IFN-␥, and even elevated
frequencies of IL-4 and IL-5, in contrast to other reports about
regulatory T cells (13, 26, 29, 30). Most intriguing is the high
frequency of IL-13 producing cells. Thus, ␣E single positive cells
represent a unique subset, in which production of IL-2 and other
cytokines is not conflicting with suppressive functions.
In conclusion, the data presented here indicate that expression
of the integrin ␣E␤7 inside and outside the CD25 compartment
correlates with regulatory function. The contrasting cytokine
production profiles, differential expression of CTLA-4, and
suppressive potencies suggest that these subsets represent distinct entities, possibly acting via different mechanisms. In addition, also their origin appears to differ from ‘‘classical’’ CD25⫹
regulatory T cells, as ␣E⫹CD4⫹ cells were found in significant
numbers in the thymus only during adulthood and increased with
age, whereas ␣E⫺CD25⫹ cells (CD4⫹CD8⫺) emerge within the
first days after birth and do not change during aging (unpublished data). This finding suggests a role of environmental
factors for the generation of the ␣E⫹ subsets.
The functional role of ␣E␤7 on the regulatory T cells is still
elusive. Expression of ␣E␤7 is a hallmark of T cells residing in or
near epithelial sites such as the gut mucosa. TGF␤ is abundant

at such sites and is able to induce the integrin (37). Concurrently,
TGF␤ has been proposed as a key factor in the development of
regulatory cells (24). The presence of ␣E on highly effective
regulators therefore might indicate their previous maturation in
a TGF␤-rich milieu. The costimulatory function of ␣E␤7 could
furthermore point toward a role in the development of this
subset (43). Alternatively, presence of ␣E␤7 on regulatory cells
predisposes them for retention within epithelial sites and might
modify local responses. Thus, ␣E⫹ regulatory T cells are envisaged to fulfill a unique function as ‘‘heralds of tolerance’’
shuttling between epithelial and lymphoid sites and transfering
tolerogenic potential.
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