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Agonist-Driven Development of CD4"CD25 Foxp3™
Regulatory T Cells Requires a Second Signal

Mediated by Stat6'

Vanesa Sanchez-Guajardo,* Corinne Tanchot,” John T. O’Malley,” Mark H. Kaplan,*

Sylvie Garcia,* and Antonio A. Freitas®*

The factors that induce Foxp3 expression and regulatory T (Treg) cell development remain unknown. In this study, we investigated
the role of STAT4 and STAT6 in agonist-driven generation of Ag-specific Foxp3-expressing Treg cells. Our findings indicate that
fully efficient induction of Foxp3 expression and development of Ag-specific Treg cells requires the synergistic action of two
signals: a TCR-mediated signal and a second signal mediated by STAT6. Indeed, by comparing the development of wild-type and
STAT4- and STAT6-deficient hemagglutinin-specific T cells in the presence of hemagglutinin Ag, we found that the absence of
STATG6 impaired the generation of Ag-specific CD4*CD25*Foxp3™* cells. Moreover, in transgenic mice expressing a constitutively
active form of STAT6, we found that the fraction of CD4*Foxp3™ cells exceeds that of control wild-type littermates. Overall these

findings support a role for the STAT6 pathway in Treg cell development and maintenance.

178: 7550-7556.

egulatory CD4"CD25" T lymphocytes play a major role
in T cell homeostasis and maintenance of tolerance (1,

2). They represent a specific T cell lineage whose devel-
opment occurs in the thymus and is dependent on the expression of
the forkhead family transcription factor Foxp3 (3, 4). However, the
pathways that lead to the induction of Foxp3 expression and T
regulatory (Treg)® cell development in the thymus remain largely
unknown.

STATS are a family of transcription factors that regulate a broad
range of cellular processes such as T cell differentiation and pro-
liferation. Among the STAT proteins concerned in T cell differ-
entiation, STAT4 is implicated in the induction of CD4™ Thl T
cells (5), whereas STATS is involved in the generation of CD4™
Th2 T cells (6, 7). The STAT4 and STAT6 proteins have also been
implicated in the regulation of cell cycle progression (8) and T cell
expansion in vivo (9). We have shown that the absence of STAT6

*Unité de Biologie des Populations Lymphocytaires, Centre National de la Recherche
Scientifique, Institut Pasteur, Paris, France; "Institut National de la Santé et de la
Recherche Médicale Unité 591, Institut Necker, Paris, France; and *Department of
Pediatrics, Microbiology and Immunology, HB Wells Center for Pediatric Research,
Indiana University School of Medicine, Indianapolis, IN 46202

Received for publication December 6, 2006. Accepted for publication March
30, 2007.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

! This work was supported by Grant 642-02-0016 from the Danish Research Agency
(to V.S.-G.) and by a study loan from El Consejo Nacional de Ciencia y Tecnologia.
This work was also supported by the Association pour la Recherche contre le Cancer,
Agence Nationale de la Recherche contre le SIDA, Association Frangaise des My-
opathies, Centre National de la Recherche Scientifique, Programmes Transversaux de
Recherche from the Institiut Pasteur/Necker 114, and Public Health Service Awards
from the National Institutes of Health (to M.H.K.).

2 Address correspondence and reprint requests to Dr. Antonio A. Freitas, 1'Unité
Biologie des Populations Lymphocytaires, Institut Pasteur, 25 rue du Dr. Roux, 75015
Paris, France. E-mail address: afreitas@pasteur.fr
3 Abbreviations used in this paper: Treg, T regulatory; HA, hemagglutinin; TCR-HA,
HA-specific TCR; LN, lymph node; BM, bone marrow; LDP, lymphopenia-driven
proliferation; SP, single positive; WT, wild type.

Copyright © 2007 by The American Association of Immunologists, Inc. 0022-1767/07/$2.00

www.jimmunol.org

The Journal of Immunology, 2007,

results in faster cell cycle progression, which confers to the
STAT6 '~ cells the capacity to out-compete wild-type (WT) and
STAT4 '~ cells during competitive lymphopenia-driven prolifer-
ation (LDP) (9). In contrast, STAT4 '~ CD4" T cells are out-
competed by WT and STAT4/6 double-deficient T cells, sug-
gesting that the presence of STAT6 alone moderates T cell
proliferation (9). The role of STAT6 as a regulator of T cell pro-
liferation is supported by the observation that mice expressing a
constitutively active form of STAT6 have reduced T cell numbers
(10). In summary, these findings suggest that STAT proteins in-
fluence CD4™ T cell proliferation and accumulation and, thus, may
participate in the control of peripheral T cell numbers. As we have
shown that Treg cells play a major role in T cell homeostasis and
in the control of LDP (1), we raised the possibility that STAT4 and
STAT®6 proteins could also play a yet undetermined function in the
development of CD4™ Treg cells. Indeed, although the role of
STAT4 and STAT6 in CD4 " T cell differentiation and prolifera-
tion has been extensively studied, little is know about their in-
volvement in T cell development.

To evade problems inherent to the study of polyclonal popula-
tions, we studied T cell development in a well-characterized ex-
perimental model in which monoclonal TCR transgenic CD4™ T
cells, specific for the 111-119 peptide of the hemagglutinin of
influenza virus (HA), are selected into the CD4*CD25" Treg cell
lineage by an agonist ligand, leading to the generation of in vivo
functional Treg cells (11). We generated STAT4’~ Thyl.1 and
STAT6 /= Thyl.2 Rag2™ '~ mice expressing the transgenic HA-
specific TCR (TCR-HA), and followed the development of the
Ag-specific CD476.5" T cells in Ig-HA Rag2 ™'~ hosts expressing
the HA peptide under the control of the Igk promoter (12). Study-
ing the expression of Foxp3, a key marker of the CD4"CD25™
Treg cell lineage, we found that the absence of STAT6 impaired
the generation of Treg cells. We also studied the relative repre-
sentation of Foxp3™ T cells in mice expressing an active form of
STAT6 (StatoVT) (10). We found that these mice have increased
percentages of CD4 Foxp3™ Treg cells. Our findings directly im-
plicate the STAT6 pathway in the development and survival of
Ag-specific CD4"CD25 Foxp3™ Treg cells.
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FIGURE 1. Number of TCR-HA CD4™" T cells in HA-free and HA-expressing BM chimeras. Rag2~’~ or Ig-HA Rag2 '~ hosts were lethally irradiated
and reconstituted with T cell-depleted BM from either Rag™'~ TCR-HA WT (open symbols), STAT6™'~ (filled symbols), or STAT4 ™'~ (gray-filled
symbols) donors. Ten weeks later, the mice were killed, and the T cell compartments were analyzed. a, Data are mean + SE of SP CD3"CD4%6.5" cells
in the thymus in hosts lacking (leff) or expressing (right) HA. b, Shows the number of CD3"CD4%6.5" T cells recovered in the peripheral pools of Rag2 ™'~
(left) and Ig-HA Rag2 ™/~ (right) BM chimeras. The average number of cells recovered is shown under each group of symbols. Each circle corresponds
to one mouse. Results are from three independent experiments each with n = 3-5 mice per group.

Materials and Methods
Mice

STAT6 '~ Thyl.2 and STAT4 '~ Thyl.2 BALB/c mice were from The
Jackson Laboratory, and Rag2 '~ BALB/c mice were from the Centre de
Développment des Techniques Avancées-Centre National de la Recherche
Scientifique (Orléans, France). STAT4 '~ Thy 1.2 mice were crossed with
BALB/c Thyl.1 to obtain STAT4 '~ Thyl.l mice. TCR-HA BALB/c
mice transgenic for a viral HA-specific TCR and BALB/c mice expressing
the HA peptide under the Igk promoter (Ig-HA) (11) were crossed into the
BALB/c.Rag2 ™'~ background. The Ig-HA and TCR-HA mice were a gift
from Drs. H. von Boehmer (Harvard Medical School, Boston, MA) and A.
Sarukhan (Centre Hospitalier Universitaire Necker, Paris, France). The
STAT-deficient strains were breed into a BALB/c.Rag2 '~ background
and crossed with TCR-HA transgenic Rag2 ™/~ mice. Athymic nu/nu
BALB/c mice were from Charles River Breeding Laboratories. StatoVT
mice, transgenic for a mutant form of STAT6 under the control of the CD2
promoter, were C57BL/6 (10). All mice were subsequently raised in our
animal facilities. For each experiment, animals were matched for age and
sex. Experiments were performed according to the Experimental Ethics
Committee guidelines.

Bone marrow (BM) chimeras

Seven- to 10-wk-old Rag2 ™'~ or Ig-HA Rag2™’~ mice were lethally irra-
diated with a '*’Ce source (800-850 rad) and rescued by the i.v. injection
of 1 X 10° T cell-depleted (<0.1%) BM cells from different donor mice.
T cell depletion was done in an AutoMACS (Dynal Biotech) after incu-
bating the BM cells with anti-CD3-PE followed by PE MACS beads. At
9-10 wk after transplant, thymus, spleen, and lymph node (LN) cell sus-
pensions were prepared and the number and phenotype of the cells from
each donor population evaluated. Chimeras were also prepared by recon-
stituting lethally irradiated nu/nu BALB/c mice with BM cells from Ig-HA
Rag* BALB/c donors.

Cell transfers

LN cells from WT, STAT4 '~ Thyl.1, and/or STAT6 '~ Thyl.2 TCR-
HA™" RagZ”’ donor mice were i.v. injected, alone or mixed at a 1:1 ratio,
into Rag2™/~, Ig-HA Rag2 ™", or nude mice reconstituted with BM from
Ig-HA Rag™ BALB/c donors. The host mice were sacrificed at different
times after cell transfer.

Flow cytometry analysis

Cell surface staining was performed with the appropriate combinations of
FITC-, PE-, PE-Cy7-, and allophycocyanin-coupled Abs. TCR-HA™" cells
were labeled with the biotinylated clonotype-specific mAb 6.5 produced by
F. Vasseur (Institut National de la Santé et de la Recherche Médicale Unité
591, Paris, France) followed by streptavidin-PerCp. Dead cells were ex-

cluded according to their light-scattering characteristics. Intracellular stain-
ing of Foxp3 was done following the protocol of the PE anti-mouse/anti-rat
Foxp3 staining set (eBioscience). All acquisitions and analysis were per-
formed in a LSR (BD Biosciences) interfaced to the Macintosh CellQuest
software.

STAT6 activation and IL-4R expression in Treg cells

Splenocytes (1 X 10%ml) were cultured in the presence or absence of 10
ng/ml IL-4 (PeproTech) for 30 min, 1 h, or 1.5 h (for pStat6 staining) or
24 h (for IL-4R staining) in medium as described previously (10). For
analysis of STAT6 activation, cells were collected and fixed with 1.5%
formaldehyde and permeabilized with 100% methanol for 10 min before
staining with anti-pStat6 Alexa Fluor 647, anti-CD4-PE Cy5, and anti-
Foxp3 FITC (BD Pharmingen) for 30 min at room temperature. For anal-
ysis of IL-4R expression, cells were surface stained with anti-IL-4R-PE
and anti-CD4-PE Cy5 at 4°C for 30 min (BD Pharmingen) followed by
permeabilizing for Foxp3 staining as described. Histograms are gated on
CD4"Foxp3~ or CD4"Foxp3* as indicated. Percentages were obtained
using CellQuest software.

Results

We studied the role of STAT4 and STAT6 proteins in the gener-
ation of Ag-specific CD4"CD25" Treg cells by comparing the
development of WT, STAT4-, and STAT6-deficient monoclonal
HA-specific T cells in the absence and the presence of the HA-neo
self-Ag. For this purpose, lethally irradiated Rag2 ™'~ or Ig-HA
Rag2 ™/~ hosts were reconstituted with T cell-depleted BM cells
from WT, STAT4 /", or STAT6 '~ TCR-HA Rag ™/~ donors. In
the chimeras reconstituted with WT TCR-HA BM, we found that
the number of HA-specific CD4"6.5™ single positive (SP) thymus
cells was diminished in the HA-expressing thymus when com-
pared with the Ag-free thymus (p < 0.05) (Fig. la), reflecting
Ag-induced negative selection. In the chimeras receiving BM from
STAT4- or STAT6-deficient donors, the number of CD4*6.5" SP
cells was slightly reduced when compared with the WT TCR-HA
BM chimeras (p = NS), but not significantly modified by the
presence of HA (Fig. la). As the number of double positive thy-
mus cells remains similar in the different chimeras (varying from
20 to 80 X 10°) these findings suggest that, in the absence of Ag,
the lack of STAT4 or STAT6 may reduce the efficiency of thymus-
positive selection resulting in a lower yield of CD4™ SP mature T
cells. This result would allow an increased fraction of STAT-de-
ficient HA-specific transgenic T cells to escape self-Ag-mediated
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FIGURE 2. The generation of Ag-specific CD25"Foxp3™ Treg cells
varies with the STAT competence of the developing cells. Rag2™’~ or
Ig-HA Rag2 '~ hosts were lethally irradiated and reconstituted with T
cell-depleted BM from either Rag~/~ TCR-HA WT, STAT6 ', or
STAT4 ™'~ mice. Ten weeks after cell transfer, the mice were killed and
analyzed. a, The expression of CD25 and Foxp3 by gated CD3*CD476.5"
SP thymus cells developed from TCR-HA WT (upper), STAT4 '~ (mid-
dle), and STAT6 '~ (lower) BM donors in the absence (leff) or presence
(right) of HA. b, The expression of CD25 and Foxp3 by gated CD3™"
CD4"6.5" spleen T cells developed from TCR-HA WT (upper),
STAT4 ™'~ (middle), and STAT6 '~ (lower) BM donors in hosts lacking
(left) or expressing (right) HA. The percentage of CD25 "Foxp3™ is shown.
Data are representative of at least three independent experiments each con-
taining n = 3-5 mice per group.

deletion in the thymus (Fig. 1a). In the peripheral compartments of
the HA-free BM chimeras, the number of Ag-specific CD476.5"
T cells was similar (range from 2.9 to 3.6 X 10°) whether the mice
were reconstituted with WT, STAT4-, or STAT6-deficient
TCR-HA BM (Fig. 1b), indicating that peripheral homeostatic
mechanisms operate to compensate the lower SP compartment of
the STAT-deficient HA-specific T cells (13). In the BM chimeras
expressing HA, the number of peripheral CD476.5% T cells was
reduced as compared with HA-free chimeras (12). The reduction
of HA-specific cell numbers was more marked for STAT4 '~
(0.2 X 10% p < 0.01) than for WT (0.7 X 10% p < 0.05) or
STAT6 /~ (1.5 X 10% p < 0.05) T cells (Fig. 1b). Comparing the
different HA chimeras, we observed that although the number of
CD476.5" T cells recovered was significantly lower (p < 0.01)
for STAT4-deficient than WT or STAT6-deficient BM donors, the
recovery of STAT6 '~ and WT CD476.5" T cells was not sig-
nificantly different. These findings indicate that the several HA-
specific populations are differently affected by self-Ag during de-
velopment and peripheral seeding.

Surprisingly, we found that the generation of Ag-specific Treg
cells varied with the presence of Ag and the STAT competence of
the developing cells. In the absence of HA, the fraction of Ag-
specific CD4%6.5" T cells expressing CD25 and/or Foxp3 was
low for all cell types studied (Fig. 2). In the presence of HA and
as described (11), an increased fraction of the WT CD4%6.5" SP
thymus T cells expressed CD25 and Foxp3 (18.7 £ 5.3%, average
1 X 10° cells) (Fig. 2a). The STAT4-deficient cells followed the
same trend and 45.3 + 12.6% (average 1.8 X 10° cells) of the
STAT4 '~ CD4%6.5" SP thymocytes were CD25* Foxp3™ (p <
0.01 for STAT4 '~ vs WT thymocytes) (Fig. 2a). In contrast, in
the HA chimeras reconstituted with BM from STAT6 '~ donors,
the fraction of CD4%6.5" SP thymus cells that were CD25"
Foxp3™ (~6.6 * 3.4%) and their absolute number (average
0.15 X 10° cells) was significantly lower than in WT and

AGONIST-DRIVEN Treg CELL DEVELOPMENT REQUIRES STAT6

STAT4 '~ chimeras (p = 0.001 and p < 0.001, respectively)
(Fig. 2a). We conclude that the absence of STAT6 has a direct
effect on Treg cells diminishing their generation in the thymus. In
the peripheral compartments of the different HA-positive chime-
ras, ~39.8 £ 4.9% of the spleen and 41.3 = 9.6% of the LN WT
CD476.5" T cells and 52.7 * 9.2% of the spleen (p < 0.01) and
53.5 = 15.3% of the LN (p = NS) STAT4~/~ CD4%6.5" T cells
were CD25"Foxp3™, whereas the fraction of CD25*Foxp3™
among the STAT6-deficient CD476.5% T cells was 2- to 3-fold
lower, ~17.7 = 5.1% (p < 0.001) in the spleen and 18.6 = 6.4%
(p < 0.001) in the LN (Fig. 2b). This 3-fold decrease in the frac-
tion of Treg cells could not be simply attributable to an increased
expansion of naive CD4™ T cells and subsequent dilution of the
Treg fraction because the total number of CD4"6.5" T cells re-
covered in the periphery of the HA chimeras reconstituted with
STAT6 BM was not significantly different from the total number
reconstituted with WT BM cells (see data above); the decrease
represents a genuine diminution of the number of peripheral Treg
cells among the STAT6 ™'~ CD4™ T cells. Thus, by comparing the
development of WT, STAT4-, and STAT6-deficient cells, we
showed that although the presence of STAT6 in the absence of
STAT4 increased the fraction of Treg cells, the lack of STAT6
impaired the thymus maturation and peripheral accumulation of
HA-specific CD4"CD25"Foxp3™ Treg cells. These findings
strongly suggest that STAT6 promotes the development and sur-
vival of Ag-specific Treg cells.

As TCR-HA STAT4- and STAT6-deficient T cells may gener-
ate different Th subsets of HA-specific CD4"CD25" and CD4™"
CD25™ T cells, we investigated whether the divergent Foxp3 ex-
pression between STAT6- and STAT4-deficient cells represented
an intrinsic property of the cells or whether it was due to different
environmental cues generated during their differentiation. For this
purpose, we compared the codevelopment of TCR-HA STAT4-
and STAT6-deficient T cells in the same mice by reconstituting
Rag2 ™'~ or Ig-HA Rag2™’~ hosts with a mixture (1:1) of BM
from both STAT4~’~ and STAT6 '~ TCR-HA donors. Differ-
ences in Thy1 allotype allowed discriminating the two donor pop-
ulations in the same host. We compared directly the two
STAT4 ™'~ and STAT6 '~ populations rather than each STAT-
deficient with WT cells first because differences in cytokine envi-
ronment would be less evident between WT and STAT-deficient
cells, and second because WT and STAT6-deficient mice share the
same Thy1 allotype, which makes distinction of the two cell types
impossible. In the peripheral pools of the chimeras containing both
STAT4- and STAT6-deficient cells, the number of cells recovered
in the presence of the HA-Ag was variable and on average lower
than in the Ag-free mice (Fig. 3a). In these mixed chimeras, the
number of CD476.5" T cells derived from STAT6 '~ and
STAT4 ™/~ origin was similar and kept the 1:1 ratio of the injected
donor BM cells (Fig. 3a). This contrast with results obtained in the
chimeras in which STAT-deficient cells were transferred alone
where we recovered a lower number of STAT4-deficient cells (Fig.
1b), suggesting that in the mixed chimeras the two populations
may interact and mutually modify cell numbers. Notably, we
found that in the presence of HA, the fraction of peripheral CD25™"
Foxp3™" Treg cells was significantly higher (p < 0.001) for
STAT4™~'~ (55.2 + 8.5%) than STAT6 '~ CD4%6.5" T cells
(22 = 4%) (Fig. 3, b and c¢) repeating the results obtained when
each population developed alone (Fig. 2). Thus, the differential
expression of CD25 and Foxp3 by STAT4- and STAT6-deficient
CD4™ T cells is maintained when the two populations codevelop
in the same HA™ hosts. These observations indicate that the dif-
ferences of Foxp3 and CD25 expression between STAT4 '~ and
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FIGURE 3. The differential expression of CD25 and Foxp3 by STAT4-
and STAT6-deficient CD4™" T cells is kept when the two populations co-
develop in the same hosts. Rag2 ™"~ or Ig-HA Rag2 ™/~ hosts were lethally
irradiated and reconstituted with a 1:1 mix of T cell-depleted BM from
STAT6 '~ Thy1.2 and STAT4 ™'~ Thyl.1 donors. Ten weeks after trans-
fer, mice were killed and analyzed. a, The number of CD3"CD4%6.5"
STAT6 '~ (filled symbols) or STAT4 '~ (gray-filled symbols) cells in the
peripheral pool is shown in hosts lacking (left) or expressing (right) HA.
Data pooled are from at least three independent experiments each with n =
3-5 mice per group. The mean number of cells is given for each STAT-
deficient T cell population. b, The expression of CD25 and Foxp3 by gated
CD3"CD4"6.5" spleen T cells in the chimeras lacking (fop) or expressing
(bottom) HA. Note the coexpression of the two molecules. ¢, The expres-
sion of CD25 by the CD3*CD4"6.5" STAT6 '~ Thy 1.2 (dotted line
histogram) or STAT4 '~ Thy 1.1 (full line histogram) spleen T cells in one
of the mixed chimeras studied. The percentage of CD25™ cells for each
population is shown. Rag2 ™'~ (top) and Ig-HA Rag2 '~ (bottom) hosts are
shown. Similar findings were obtained in two independent experiments
with n = 3—4 mice per group.

STAT6 /~ CD4™" T cells are the result of an intrinsic develop-
mental program of the deficient cells and are not related to a dif-
ferent cytokine environment produced by the developing STAT-
deficient cells or to putative differences in peripheral T cell
numbers.

To investigate whether induction of CD25 and Foxp3 expres-
sion and Treg differentiation could result from the exposure of
mature T cells to Ag at the periphery we compared the fate of
mature peripheral STAT4- and STAT6-deficient CD476.5" T
cells after adoptive transfer into Rag2™’~ and Ig-HA Rag2™ '~
hosts. Five weeks after adoptive T cell transfer, we found that upon
in vivo Ag stimulation Ag-specific STAT6 ’~ out-competed
STAT4™/~ CD4" T cells (data not shown) as it was the case
during LDP of polyclonal T cells (9). More importantly, we found
that the fraction of Treg cells recovered after adoptive transfer of
WT, STAT4™'~, or STAT6™'~ TCR-HA CD4™" T cells was <2%
and identical in both Ag-free and HA™ hosts (data not shown) and
indistinguishable from that of the original injected CD4™ T cell
population (13). This indicates that the exposure of mature periph-
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FIGURE 4. STAT6 activation in Treg cells. Spleen cells were stimu-
lated with = 10 ng/ml IL-4 for 30 min, 1 h, or 1.5 h. At each time point,
cells were collected and stained for pStat6 Alexa Fluor 647, CD4-PE CyS5,
and Foxp3. a, Histograms are either gated on CD4 Foxp3~ or CD4™
Foxp3* as denoted. Histograms represent the 1-h time point. b, Samples
were done in duplicate and were pooled samples from five mice. Error bars
represent SD and there was no significant difference between Foxp3™~ and
Foxp3* CD4™" T cells using Student’s paired ¢ test.

eral HA-specific T cells to HA did not result in “de novo” gener-
ation of Foxp3™ Treg cells, in contrast to what was observed when
these cells developed throughout the thymus of the HA BM chi-
meras (see Fig. 2). Thus, these findings are in agreement with
previous reports demonstrating that the agonist-driven commit-
ment of HA-specific cells to the Treg lineage is stringently depen-
dent on the presence of the thymus (11).

It has been shown that Treg cell development requires high-
affinity T cell interactions with agonist peptides during T cell de-
velopment in the thymus (11, 14). We now report that the absence
of STAT6 impairs development of Ag-specific transgenic Treg
cells occurring during agonist-driven thymus selection. These find-
ings suggest that fully efficient Foxp3 induction and Treg cell de-
velopment may require two signals: one agonist-driven TCR signal
and a second STAT6-mediated signal. To further corroborate the
possible role of STAT6 in Treg cells we had to demonstrate the
STAT® is functionally active in Treg cells. We were able to con-
firm it by showing that IL-4R is expressed (data not shown) and
that pStat6 is induced by IL-4 treatment of the Treg cells (Fig. 4).
Next, we studied polyclonal populations of CD4* T cells from
STAT6-deficient and transgenic mice expressing a mutant form of
STATG6 (Stat6VT) that is constitutively activated (10). In absence
of agonist-driven interactions, the absence of STAT6 did not alter
Treg cell number as polyclonal STAT6™'~ CD4™ T cells contain
normal percentages of Foxp3™ Treg cells (data not shown). We
also found that STAT6 was not required for regulatory functions
because Treg cells from STAT6 '~ mice were able to inhibit the
in vitro expansion of naive T cells (data not shown). In contrast, in
Stat6VT transgenic mice, we found that an increased fraction of
the CD4™ T cells expresses Foxp3 (Fig. 5). The relative increase
in Foxp3-expressing cells was, however, not evident in the thymus
and more marked in the LNs (27.6 = 3.7% vs 11.3 = 2.6%; p <
0.001) than in the spleen (15.2 = 5.9% vs 8.9 = 1.7%; p = 0.07).
The absolute numbers of Foxp3™ cells were similar in WT and
Stat6VT transgenic mice (10.7 = 4.2 vs 8.5 = 7.1 respectively;
p = NS). The reduced proliferation capacities shared by Treg cells
and anergic cells and their suppressive capacities may explain the
lower number of CD4™" T cells present in both STAT4-deficient
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Stat6VT

— CD25 —
FIGURE 5. Foxp3 expression by the CD4" T cells from Stat6VT trans-
genic mice. Expression of CD25 and Foxp3 by gated CD3"CD4™ spleen
(top) and LN (bottom) T cells from B6 WT littermates (left) and StatoVT
(right) mice are shown. Similar results were obtained in four to five mice.
Foxp3 expression was selective on CD4 " T cells and not observed on other
cells.

BM chimeras and StatoVT Tg mice. These findings suggest that
constitutive activation of STAT6 does not compensate for the lack
of strong TCR agonist-driven signals. However, in the absence of
strong agonist TCR signals, constitutive STAT6 activation seems
to favor the survival and enrichment of Treg cells in the peripheral
pool. On the whole, these latter findings support the involvement
of the STAT6 pathway in Foxp3 induction and Treg cell biology.

Discussion

The processes underlying induction of Foxp3 expression and gen-
eration of Treg cells are yet unknown. Maturation of “natural”
CD4"CD25" Treg cells requires the integrity of the IL-2/IL-2R/
STATS signaling pathway. Mice genetically deficient in IL-2 (15),
IL-2Ra (1), and IL-2R3 (16) succumb to lymphoproliferation and
autoimmune disease around 6-10 wk of age. The lymphoprolif-
erative syndrome of IL-2- and IL-2R-deficient mice is reversed in
mixed BM chimeras containing WT T cells and the adoptive trans-
fer of CD4*"CD25" T cells corrects it, demonstrating that disease
is due to the lack of Treg cells, rather than an intrinsic T cell defect
(1, 16). Mice lacking isoforms 5SA and 5B of STATS, the IL-2
signaling factor, also develop multiorgan autoimmune disease and
have reduced numbers of Treg cells (17-19). In humans STATSb
is also important for the in vivo accumulation of Treg cells (20)
and it was recently shown that in vitro IL-2 up-regulates Foxp3
expression through a STATS-dependent mechanism (21). How-
ever, most of the available data suggest that IL-2 signals are not
essential for the generation of Treg cells, but rather to their pe-
ripheral survival and expansion (13, 22, 23). Indeed, CD4*CD25™
Foxp3™ cells are strongly reduced, but not totally absent in either
IL-2- or STATS5-deficient mice (19, 22). The rare CD4"CD25%
cells found in the periphery of IL-2-deficient mice are capable of
suppressing expansion of naive CD4 " T cells (1) and in absence of
IL-2, agonist-driven TCR signals induced Ag-specific Treg cell
development (24). Moreover, CD25~'~ mice show normal CD4™
Foxp3™ LN cell numbers (Ref. 22 and our unpublished observa-
tions), suggesting that IL-2Ra is not required for the induction and
development of Foxp3™ cells, but rather to the maturation of Treg
lineage cells to full suppressor functions. It is therefore likely that
signaling pathways other than IL-2/IL-2R/STATS may also play a
role in Treg cell lineage development.

The strength of TCR-mediated signal seems to be one of the
prerequisites for Treg generation. Development and positive se-
lection of Ag-specific CD4"CD25 Foxp3™ Treg cells occurs
preferentially upon “high-affinity” interactions between the TCR
and MHC-self-peptide complexes in the thymus (11, 14) and re-
quires CD28 costimulation (25). Using a well-established TCR
transgenic experimental model (11, 24, 26), we now show that

AGONIST-DRIVEN Treg CELL DEVELOPMENT REQUIRES STAT6

such agonist-driven generation of Ag-specific Treg cells is im-
paired in the absence of STAT6, directly implicating the STAT6
pathway in the induction of Foxp3 expression. Our results indicate
that fully efficient Treg cell development require the synergistic
effect of an agonist-driven TCR signal and a second STAT6-me-
diated signal. This hypothesis is supported by the following ob-
servations: 1) STAT6 deficiency reduces considerably the number
of monoclonal HA-specific Treg cells in the thymus and periphery
of the HA-positive chimeras, indicating that STATG6 is required for
fully efficient agonist driven Treg cell development; 2) The pres-
ence of Treg cells is, however, not completely abrogated by the
absence of STAT6 meaning that STAT6 is not essential for their
generation; 3) Polyclonal populations of STAT6 /™ mice contain
normal percentages of Treg cells (data not shown), suggesting that
developing T cells expressing a broad range of TCR affinities can
make up for the absence of STAT6 and reconstitute a normal sized
Treg cell pool; and 4) In StatoVT mice the constitutive activation
of STAT6 increases the fraction of polyclonal Treg cells, but this
relative increase is lower than that observed for TCR-HA WT T
cells developing in the HA-positive chimeras and it is only ob-
served at the periphery demonstrating that the constitutive activa-
tion of STAT6 alone does not fully compensate for the lack of
high-affinity TCR agonist-driven signals. STAT6 has been shown
to act upstream of GATA-3, which is involved in “S selection” and
is critical for the generation of mature SP CD4™ T cells (27). It
was recently shown that the first intron of the Foxp3 gene contains
a highly conserved STAT-binding site (18, 19, 21). Moreover, the
thymus is biased toward a pro-Th2 cytokine environment, i.e., IL-4
is present, whereas IL-12 is absent, which favors STAT6 activa-
tion (28). We may assume that during T cell development in the
thymus, high-affinity TCR ligation (14) and CD28 costimulation
(25) preferentially activates STAT6 (29) and that this combination
of signals fully induces Foxp3 expression and triggers the gener-
ation of Treg lineage cells. However, as the absence of STAT6
does not completely abrogate Treg cell development, it is also
possible that STAT6 activation may also act by favoring survival
of Foxp3™ cells in the thymus.

The IL-2-STATS and IL-4-STAT6 signaling pathways are
closely linked. IL-2R signals can induce IL-4 production through
either STATS (30) or c-Maf (31) activation. Conversely, 1L-4
through STAT6 also induces c-Maf, which in turn is able to bind
to the CD25 locus (32) and through the cytokine common vy chain
may also act on STATS. The IL-4/STAT6/c-Mat/CD25 and IL-2/
CD25/c-Maf/IL-4 pathways may converge to act on CD25"
Foxp3™ Treg cells, but their relative roles remain to be established.
It was recently shown that STATS is required for Foxp3 induction
(18, 19) and Foxp3 may be at the crossroads to Th2 or Th17 dif-
ferentiation (33, 34). In the thymus, Ag-specific Treg cell devel-
opment occurs in the absence of IL-2 (24), indicating that the
STAT6 pathway may act independently of IL-2 and that TCR and
STAT®G signals suffice for efficient Treg cell generation. Whether,
in the absence of IL-2, STAT6 acts in association or independently
of STATS remains to be established. In contrast, at the periphery,
survival of functional Treg cells has been shown to be strictly
dependent on IL-2 levels (13, 35). Thus, in Stat6 VT mice the con-
stitutive STAT6 activation, which relatively enriches the periph-
eral CD4™ T cell pool with cells of the Foxp3™ Treg lineage,
probably favors Treg cell survival by using common downstream
elements of the IL-2 pathway. Two independent in vitro observa-
tions further support the role of STAT6 in Treg cell survival. First,
it was shown that IL-4, whereas sustaining STAT6 activation (36)
prevents apoptosis of CD25" Treg cells and Foxp3 mRNA decline
(37). Second, rapamycin, an inhibitor of Jak2 (38) kinase that as-
sociates with the IL-12R32 chain to phosphorylate STAT4, favors
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expansion of CD4™ Treg cells (39), mimicking our observations in
STATA4-deficient cells. We may assume that at the periphery,
STAT6 does not replace IL-2 signals, but rather acts as an addi-
tional cofactor enhancing Treg cell survival or expansion. These
effects may vary according to the tissue and in the course of im-
mune responses by integrating different environmental factors that
modulate gene effects affecting T cell differentiation. It would be of
interest to investigate whether the constitutive activation of STAT6
could ensure Treg cell survival in IL-2- or STATS-deficient mice.

Our current observations may shed new light on the possible
role of the STAT4/6 pathway in Treg cell intervention and the
pathogenesis of autoimmune diseases. The results reported are,
however, not consensual and STAT6 has been show to improve, to
exacerbate, or to have no effect. STAT6 deficiency did not influ-
ence development of autoimmune diabetes in a streptozotocin
model of diabetes, (40) and did not increase severity of colitis in
TCRa /™ mice (41). At the same time, IL-4 has been reported to
be necessary for the induction of regulatory cells that prevent di-
abetes (42) and STAT4~’~ NOD mice were resistant to induction
of diabetes and experimental allergic encephalomyelitis (43, 44).
STAT6 '~ mice were more susceptible to myasthenia gravis (45).
In other Th1 models of autoimmunity STAT6 was also shown to
exert a protective effect (46). According to our present findings
these effects might result from the STAT6 effects increasing Treg
cell generation. In contrast, STAT6 deficiency or anti-IL-4 treat-
ment ameliorates kidney disease in lupus nephritis (47), reduces
incidence of kidney disease with a dramatic increase in survival in
New Zealand mice (48). These findings suggest that the role of
STAT6 might vary according to the pathogenesis of disease as it
affects both Treg cells, inflammation, and Th2 responses required for
autoantibody production. The role of Foxp3 in Th2 or Th17 difter-
entiation further increases the heterogeneity of responses (33).

In summary, our findings demonstrate the involvement of
STAT®G in the development and survival of Treg cells. The absence
of STAT6 impaired the generation of Ag-specific CD4"CD25™
Foxp3™ cells in the thymus and the constitutive expression of a
transcriptionally active form of STAT6 promoted an increase in
the fraction of cells expressing Foxp3, a key marker of the Treg
cell lineage in CD4™ T cells. Therefore STAT6 might be a key
target molecule in the control of inflammatory autoimmune dis-
eases by inducing either Th2 T cell differentiation with the pro-
duction of anti-inflammatory cytokines or Foxp3 expression and
Treg cell generation.
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