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Regulatory T cells (Tregs) are engaged in the maintenance of
immunological self-tolerance and immune homeostasis. IL-10 has
an important role in maintaining the normal immune state. Here,
we show that IL-10-secreting Tregs can be delineated in normal
mice as CD4+CD25 Foxp3~ T cells that express lymphocyte acti-
vation gene 3 (LAG-3), an MHC-class-ll-binding CD4 homolog.
Although =2% of the CD4+CD25~ T cell population consisted of
CDA+CD25-LAG3* T cells in the spleen, CD4+*CD25-LAG3* T cells
are enviched to ~8% in the Peyer's patch. They are hypoprolifera-
tive upon in vitro antigenic stimulation and suppress in vivo
development of colitis. Gene expression analysis reveals that
CD4+CD25-LAG3* Tregs characteristically express early growth
response gene 2 (Egr-2), a key molecule for anergy induction.
Retroviral gene transfer of Egr-2 converts naive CD4* T cells into
the IL-10-secreting and LAG-3-expressing phenotype, and Egr-2-
transduced CD4* T cells exhibit antigen-specific immunosuppres-
sive capacity in vivo. Unlike Foxp3* natural Tregs, high-affinity
interactions with selecting peptide/MHC ligands expressed in the
thymus do not induce the development of CD4+CD25LAG3*
Tregs. In contrast, the number of CD4*CD25-LAG3* Tregs is
influenced by the presence of environmental microbiota. Thus,
IL-10-secreting Egr-2+LAG3+CD4* Tregs can be exploited for the
control of peripheral immunity.

anergy | Blimp-1 | inflammatory bowel disease | iL-10 |
type 1 regulatory T cells

hymic T cell development efficiently regulates tolerance to

self antigens (1, 2). However, in the last decade, rapid
progress revealed the key role of peripheral tolerance in the
maintenance of immunological homeostasis (3-5). In view of the
recent reports, T cell subsets in the periphery are quite diverse.
Naive CD4* T helper cells may develop into different committed
helper cell subsets characterized by distinct cytokine profiles,
such as IFN-y-secreting Thl, IL-4-secreting Th2, and IL-17-
secreting Th17 cells (6-8). The versatile nature of T cells is found
most strikingly in Foxp3 ' regulatory T cells (Tregs) (9). There-
fore, identifying new subsets of effector and regulatory T cells is
possible.

Naturally occurring CD4*CD25* Tregs, which characteristi-
cally express the transcription factor Foxp3 (9). have been
studied intensively, because their deficicncy abrogates self-
tolerance and causes autoimmune diseases (10). Mice with a null
mutation of Foxp3, scurfy mice, have massive lymphoprolifera-
tion and severe inflammatory infiltration of the skin and liver
(11). However, Aire is a gene responsible for autoimmune
polyendocrinopathy—candidiasis—ectodermal dystrophy, which
influences on the central induction of tolerance by regulating the
clonal deletion of self-reactive thymocytes (12). Aire regulates
the ectopic expression of & battery of peripheral-lissue antigens
in the thymus [e.g., insulin, fatty-acid-binding protein, and
salivary protein 1 (13)]. By an additional defect in central
tolerance induction in scurfy mice, generated by crossing in a null
mutation of the Aire gene, the range of affected sites was not
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noticeably extended, and many organs remained unaffected (3).
This result suggests that additional important mechanisms other
than central tolerance and the Foxp3 system are required to
enforce immunological self-tolerance in the periphery.

Indeed, there are T cell populations with regulatory activity
other than CD4*CD25*Foxp3™ Tregs. The IL-10-sccreting
Foxp3~CD4" T cells (4, 14) also have been a focus of active
investigation, because, in contrast to Foxp3*' natural Tregs,
antigen-specific IL-10-secreting T cells can be adaptively in-
duced in vitro and in vivo (15, 16). Because IL-10-secreting T
cells also appear to be capable of controlling tissue inflammation
under various disease conditions (14), IL-10-secreting regulatory
T cells may be a tolerogenic machinery complementing
CD4*CD25"Foxp3~ Tregs. However, assessing the in vivo
physiological function of TL-10-secreting regulatory T cells is
difficult, because of the lack of specific markers that can reliably
differentiate them from the other T cells (17).

Known regulatory T cells are closely related to anergy. Anergy
is a tolerance mechanism in that T cells are functionally inacti-
vated following an antigen encounter but remain alive for an
extended period in the hyporesponsive state (18). A set of
functional limitations characterizes the anergic state, including
cell division, cell differentiation, and cytokine production. The
E3 ligases ¢-Cbl, Cbl-b, GRAIL, Ttch, and Nedd4 have been
linked to the promotion of T cell anergy (19, 20). The RING-
type E3 ubiquitin ligase Cbl-b promotes ubiquitination and
degradation of signaling components, such as phospholipase C-y
and PKC-6. Recently, early growth response gene 2 (Egr-2) and
Egr-3 were reported to be transcription factors for the T cell
reeeptor (TCR)-induced negative regulatory program control-
ling Cbl-b expression (21). Egr-2 is a C2H2-type zinc finger
transcription factor that plays an essential role in hindbrain
development and myelination of the peripheral nervous system
(22), and Egr-2 null mutation resulted in perinatal or neonatal
death. However, the role of Egr-2 in the regulatory function of
T cells has not been described extensively.

We here report the identification of a Treg population that
expresses Egr-2 and lymphocyte activation gene 3 (LAG-3).
LAG-3, which negatively controls T cell proliferation (23, 24),
was reported to be required for maximal regulatory functioning
of murine CD4°CD25™ T cells. Ectopic expression of LAG-3
conferred regulatory activity to naive T cells (25). Interestingly,
LAG-3 protein was hardly detected on the cell surface of
CD47CD25" T cells but was expressed by a sizable population
of CD4"CD25~ T cells (26). We have found that IL-10-secreting
CD4"CD25"LAG3" T cells show a significant regulatory activ-

Author contributions: T.Q., K.F,, S, Sakaguchi, and K.Y, designed research; T.O., K.F., M.S.,
S. Sumitomo, and H.5. performed research; T.0., K.F., S, Sakaguchi, and K.Y. analyzed data;
and T.Q., K.F,, S. Sakzguchi, and K.Y. wrote the paper.

The authors declare no conflict of interest.
To whom correspondence should te addressed. E-mail: kfujio-tky@umin.ac.ip.

This article contains supporting information online at www.pnas.org/cgifcontent/ull/
0906872106/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.0906872106



w

3583
.E58¢8

{cpm.)

3H-Tdr incorporation

Co. |

&
%a

boe@ 2. |

9@%
Q%

<
%%

IL-2 ( pg/mi )
omdH3S
IL-5 { pgfmt)
o 8 & 3

£ 6 5 5 R R 3
SIS (9“@@,@” 2
& & & ) & & &

™ > .&

CD4°CD25CD45RB! + + +
CD4'CD25LAGS" - + -
CD4'CD25LAG3 - - +

E 110 l.
§, 100 4
§ -0~ Control
2 % * - CD4'CD25CD45RE™ + WT CD4’CD25LAGS"
£ w0 "S~r A CD4'CO25CD45RB® + (L-10+ CD4'CD25LAGS"
5 70 ‘& 8- CD4"CD25CD45RB™ + WT CD4'CD25LAG3
® \.'\*? -= CD4'CO25 CDASRBM
80

¢ 1 2 3 4 5
Weeks after injection

Fig. 1. ldentification of CD4*CD25"LAG3* regulatory T cells. (A) LAG-3
expression in the spleen, Peyer’s patch (PP), mesenteric lymph node (MLN),
and inguinal lymph node (ILN). (Top) LAG-3 and (D25 or CD45RB expression
in splenocytes from C57BL/6 is shown for the gated on CD4* (Upper Left) or
CDA*CD25~ {Upper Center and Upper Right) T cells, respectively. (Lower)
LAG-3 and CD45RB expression of PP, MLN, and ILN gated on CD4*CD25" T
cells. Representative FACS dot plots from at least three independent experi-
ments are shown. {B) Proliferation of CD4-CD25"CD45RBM", CD4CD25™,
and CD4°CD25 LAG3 " splenocytes after 72 h stimulation with anti-CD3/anti-
CD28. The results are the means of three independent experiments. (C)
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ity in vivo and characteristically express Egr-2. Conversion of
Egr-2 transduced naive CD4' T cells to IL-10-secreting and
LAG-3-expressing Tregs suggested that Egr-2 is a key transcrip-
tion factor for CD4*CD25"LAG3" T cells.

Results

IL-10-Secreting CD4+CD25-CD45RB'*“LAG3™ T Cells Exert Regulatory
Activity. In agreement with previous results (26), flow cytometric
analysis revealed that >90% of LAG-3-expressing cells
belonged to the CD4* CD25~CD45RB!™ population (hereafter
called CD4*CD25"LAG3" cclls) (Fig. 14). These
CD4*"CD25"LAG3" cells showed staining profiles of conven-
tional CD4”TCRaB™ T cells that did not express CD8, TCRv8,
and NK1.1 antigens (Fig. S1). The frequencies of LAG3* T cells
in the CD4*CD25~ population were relatively low in the spleen
(1.8 = 0.18%), mesenteric lymph node (1.1 = 0.09%), and
inguinal lymph node (1.0 = 0.07%) but characteristically high in
Peyer’s patch (PP) (7.7 = 0.87%). These cells were hypoprolif-
erative upon in vitro stimulation in a manner similar to
CD4*7CD25" Tregs (Fig. 1B). They exclusively produced large
amounts of IL-10 and low amounts of IL-2 and IL-4 (Fig. 1C).
There were no significant differences in IL-5 and TGF-8 pro-
duction among the populations compared in the experiment.
In anti-CD3-stimulated cocultures of LAG3* or
LAG3~CD4"CD25" T cells with CD4*CD25-CD45RBMsh T
cells, CD4*CD25"LAG3" T cells exhibited weak suppressive
activity (Fig. 1D). In contrast, CD47CD25"LAG3* T cells
effectively inhibited colitis induced in RAG-1-deficient (RAG-
17/7) recipients by the transfer of CD4*CD25-CD45RBhieh T
cells (Fig. 1 E and F and Fig. S2). The in vivo suppressive
activity was IL-10-dependent, because the transfer of
CD4*CD25"LAG3* T cells from congenic IL-10-deficient (IL-
107/7) mice failed to suppress colitis.

Cytofluorometric analysis revealed that CD4*CD25-LAG3*
T cells did not express Foxp3 protein (Fig. $3 and Fig. S4). In
addition, the number of CD4"CD25"LAG3* T cells was signif-
icantly increased in scurfy mice that lack functional Foxp3
protein (11). These cells expressed LAG-3 and 1L-10 mRNA
equivalently and exhibited distinct in vitro suppressive activity
(Fig. §5). CD4*CD25"LAG3™* T cells hardly expressed CD103
and latency-associated peptide (LAP) on the cell surface (Fig. Si
and Fig. $6), indicating that they were different from CD103*
regulatory T cells and CD4"CD25"LAP* regulatory T cells,
respectively (27, 28). These findings collectively indicate that
CD4*CD25"LAG3* T cells exert regulatory activity in an
IL-10-dependent and Foxp3-independent manner.

CD4+CD25-CD45RB!°WLAG3* T Cells Exhibit a Distinct Transcriptional
Profile. To further characterize CD4*CD25-LAG3™* T cells, the
mRNA expression profiles of four CD4* subscts
(CD4+CD25"LAG3*, CD4*CD25"LAG3~, CD4*CD25", and
CD4*CD25-CD45RB"#") were examined. Gene expression
profiling revealed six clusters of differentially expressed genes

Cytokines in the culture supernatants of CD4* (D25~ CD45RBhg", CD4*CD25,
and CDA*CD25"LAG3™ T cells stimulated for 5 days with anti~-CD3 mAb.
Representative data from at least three independent experiments are shown.
(D) Suppressive function of (D4-CD25"LAG3* T cells. Naive
CD4*CD25-CD45RBNIM Thyl.1+ T cells were labeled with carboxyfluorescein
diacetate succinimidyl ester (CFSE) and cocultured with the indicated Thy1.2*
T cells and irradiated whole splenocytes plus anti-CD3 mAb. Representative
data from three independent experiments are shown. (£} Suppression of
CD4*CD25-CD45RBMIN T-cell-mediated colitis in RAG-1-/~ mice by
CD4TCD25"LAG3™ T cells. Data represent body weight as a percentage of the
initial weight of individual mice; n = 6 per group. (F) Representative pho-
tomicrographs of the colons stained with hematoxylin and eosin after transfer
of the indicated cell populations. All error bars represent =SD. (Scale bar,
100 pm.)
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Fig. 2.  Expression of Egr-2 in CD4'CD257LAG3" T cells confers regulatory function. (A) Microarray comparisons of the gene expression profiles among
CD4*CD25*%, CDA*CD25" LAG3*, and CD47(D25 LAG3 " cells. Normalized expression values from naive CD4+CD25~ CDA5RB™4P T cells are depicted according
to the color scale shown. The expression profiles for each gene were classified into six groups. (8) LAG-3 and CD45RB expression of splenocytes from C578L/6
mice gated-on CD47CD25™ T cells (Left). Quantitative PCR for LAG-3, Egr-2, IL-10, and Blimp-1 in the indicated T cell subsets (Right). The results are the means

of three independent experiments. All error bars represent =SD.

(Fig. 24). Signature genes for CD4*CD25™ Tregs, such as Foxp3,
12ra (CD25), Gpr83. and Socs2, were preferentially expressed in
one group (group 4). In contrast, the supposed signature genes
for CD4*CD25"LAG3™, such as Lag3, 110, and Prdml [B-
lymphocyte-induced maturation protein | (Blimp-1)], were pref-
erentially expressed in another group (group 2). Because
CD47CD25"LAG3™ T cells were anergic in response to TCR
stimulation (Fig. 1B), that thc expression of the ancrgy-
associated Egr2 gene was significantly increased in group 2 is
particularly notable. Egr-2 was reported recently as a key
negative regulator of T cell activation and was required for full
induction of clonal anergy (21, 29). In accordance with the
microarray analysis, quantitative real-time PCR confirmed the
high expression levels of Egr2, LAG3, IL-10, and Blimp-1 genes
in CD4*CD25"LAG3* T cells (Fig. 2B).

Retroviral Transduction of Egr-2 Converts Naive (D4* T Cells into
IL-10-Secreting and LAG-3-Expressing Tregs, Next, we examined
whether forced expression of Egr-2 in naive CD4™ T cells could
convert them to the CD4*CD25"LAG3* phenotype using ret-
rovirus vectors that coexpressed GFP and Egr-2 (pMIG-Egr2)
(Fig. 34). The TCR-stimulated pMIG-Egr2-transduced GFP~
cells showed significant up-regulation of Egr2, LAG3, IL-10, and
Blimp-1 genes (Fig. 3B). In addition, pMIG-Egr2-transduced
GFP* cells produced significantly higher amounts of IL-10 and
lower amounts of IL-2, IL-4, and IL-5 proteins (Fig. 3C).
Despite the expression of LAG-3 and IL-10 proteins, the
present study was not able to confirm sufficient suppressive
activity of pMIG-Egr2-transduced GFP* cells in in vitro cocul-
ture with [reshly isolated CD47CD25~CD43RBMe responder T
cells stimulated with anti-CD3 mAb (Fig. 3D). To examine the
in vivo suppressive activity of Egr-2, we next performed the
delayed-type hypersensitivity (DTH) reaction of BALB/c mice
against chicken ovalbumin (OVA) by using T cells transduced
with the Egr2 gene. The in vivo functions of T cells transduced
with regulatory genes have been verified (30, 31). In this
experiment, CD4* T cells from BALB/c mice were transduced
with pMIG or pMIG-Egr2. FACS-sorted retrovirus-infected
CD4*GFP* cells were injected intravenously 6 days after im-
munization with OVA, and OVA was rechallenged 2 days after
the cell transfer. Notably, BALB/c CD4* T cells transduced with
pMIG-Egr2 significantly suppressed DTH responscs compared
with BALB/c CD4" T cells transduced with pMIG (Fig. 3E). To
explore the influence of antigen specificity, CD4” T cells from
OV A-specific DO11.10 TCR transgenic mice also were trans-
duced with pMIG or pMIG-Egr2, and mice transferred with
these CD4*GFP - cells were simultaneously analyzed for DTH.

13976 | www.pnas.org/cgi/doi/10.1073/pnas. 0906872106

DO1L10 CD4™ T cells transduced with pMIG-Egr2 significantly
suppressed DTH responses compared with BALB/c CD4* T
cells transduced with pMIG. Moreover, DO11.10 CD4™ T cells
transduced with pMIG-Egr2 suppressed DTH responses more
efficiently than BALB/c CD4 " T cells transduced with pMIG-
Egr2, indicating a contribution of the antigen specificity to the
enhancement of suppressive activity in Egr2-transduced cells.
Thus, Egr-2 can confer in vivo suppressive activity on naive T
cells,

Development of CD4+CD25-LAG3* T Cells. We then explored
whether CD47CD25"LAG3" T cells could develop through the
thymic selection process in a similar manner to Foxp3® Tregs,
which require a high-affinity agonistic interaction with self-
peptide/MHCs expressed by thymic stromal cells (32). RIP-
mOVA/OT-II double-transgenic mice express ¢ membrane-
bound form of OVA in the pancreatic islets and the thymus
together with a transgenic TCR (Va2 and V#5.1) that recog-
nizes the OVAaxazw peptide in the context of I-AP, The
frequency of CD47CD25"LAG3™ T cells was not increased in
the thymus and spleen of RIP-mOVA/OT-II mice, in contrast
with an increase in the frequency of CD4*CD25" Tregs in these
organs as reported in ref. 32 (Fig. 44). Thus, unlike Foxp3”
natural Tregs, the development of CD4'CD25"LAG3"' T cells
does not appear to require high-affinity interactions with select-
ing peptide/MHC ligands expressed in the thymus.

Next, the influence of the eavironmental microbiota was
studied for the development of CD4*CD25"LAG3* T cells
with germfree (GF) mice. Although GF mice are exposed to
scll antigens, (o food-derived antigens, and to microbial par-
ticles from dead microorganisms in the sterilized food or
bedding, the absence of viable microbiota affects the immune
homeostasis (33, 34). As shown in Fig. 4B, GF mice contained
fewer CD4*CD25-LAG3™ T cells than specific-pathogen-free
mice in the spleen and PP. This result suggested that the
exposure to viable microbiota affects the development of
CD4+*CD25"LAG3™ T cells.

Discussion

We have shown the natural presence of Egpr-2-dependent
CD4*CD25~ Tregs in the normal immune system and charac-
terized their function and development. CD4*CD25"LAG3"
Tregs are clearly different from CD4°CD25' Tregs in Foxp3
independency and development. T-cell-mediated colitis driven
by enteric bacteria develops in lymphopenic mice after the
transfer of CD47 CD45RBMeD T cells (35). The development of
colitis can be prevented by cotransfer of the reciprocal
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