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IL-1B-Mediated Signals Preferentially Drive Conversion
of Regulatory T Cells but Not Conventional T Cells into

IL-17-Producing Cells

Lequn Li, Jin Kim, and Vassiliki A. Boussiotis

Regulatory T cells (Tregs) are committed to suppressive functions. Recently, it was proposed that Tregs could produce IL-17 under
proinflammatory, polarizing conditions. We studied the role of Tregs on IL-17 production in the absence of exogenous cytokines and
insults. Using in vitro and in vivo approaches, we determined that under neutral conditions, simultaneous activation of Tregs and
naive CD4* conventional T cells in the presence of APCs resulted in conversion of Tregs into IL-17-producing cells, and
endogenous IL-1f3 was mandatory in this process. Mechanistic analysis revealed that the IL-1R1 was highly expressed on Tregs
and that IL-1f3 induced marked activation of p38 and JNK, which were involved in IL-17 production. These observations could
have important implications on therapeutic strategies using Tregs. The Journal of Immunology, 2010, 185: 4148-4153.

allows effective immune responses to diverse insults. It

has long been appreciated that naive CD4 T cells can
differentiate into IFN-y producing Thl cells and IL-4 producing
Th2 cells (1). Recently, the Th1/Th2 paradigm of Th cell differ-
entiation has been expanded following the discovery of effector
Th cells that produce 1L-17 (Th17) and exhibit effector functions
distinct from Th1 and Th2 (2-4). Several groups have shown that
polarizing culture with a combination of TGF-f3 and the proin-
flammatory cytokine IL-6 is required to induce the differentiation
of naive CD4* T cells into Th17 cells (2—4). Subsequent studies
indicated that IL-13 plays a critical role in early Th17 cell dif-
ferentiation (5).

Tight regulation of effector T cell responses is required to avoid
autoimmunity. Regulatory T cells (Tregs) prevent differentiation of
naive T cells into Th1 and Th2 (6) and suppress immune responses
driven by these two cell types (7). The role of Tregs in controlling
Th17 cells is less clear. Studies have indicated that Th17 cells are
not suppressed but rather enhanced by Treg (4, 8). In contrast,
other studies support an inhibitory role of Tregs on Th17 differ-
entiation and IL-17 production (9).

These discrepant conclusions could be due to the fact that Treg
can be converted into IL-17-producing cells (10-13). Notably,
factors involved in differentiation of Th17 cells also affect the
function of Tregs. Exposure of naive conventional T cells (Tconvs)
to IL-6 along with TGF-3 results in RORyt expression and IL-17
production (14). IL-6 may also downregulate Foxp3 and alter the

T he differentiation and function of effector CD4" T cells
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suppressive function of Tregs (15). Furthermore, in the presence of
IL-6, Tregs can be converted into IL-17—producing cells (13). Most
studies on this subject have used inflammatory settings by modu-
lating levels of polarizing cytokines in vitro or in vivo. However,
this approach might not be ideal to evaluate the physiologic role of
Tregs on IL-17 production during immune responses.

We studied the role of Tregs on IL-17 production in the absence
of exogenous polarizing cytokines or insults. We determined that
under neutral conditions, simultaneous activation of naive Tconv
and Tregs in the presence of APC induced differentiation of Tregs
but not Tconvs into IL-17 producers, and IL-1f3 was mandatory for
this function. These observations could have important implica-
tions on therapeutic strategies using Tregs.

Materials and Methods

Mice and reagents

Mouse strains used were: C57BL/6 (Charles River Laboratories, Wil-
mington, MA); B6.PL, IL-1R17/ ~, OT-II TCR-transgenic (H—Zb) specific
for chicken OVAj,3_339 (The Jackson Laboratory, Bar Harbor, ME); 2D2
TCR-transgenic (H-2°) specific for myelin oligodendrocyte glycoprotein
(MOG)35_s5 (The Jackson Laboratory); and Foxp3-GFP knock-in (from
Dr. Mohamed Oukka, Brigham and Women’s Hospital, Boston, MA).
Abs used were: anti-CD4 (GK1.5), anti-TCRva2 (B20.1), anti-IL-17A
(eBio17B7), anti-RORyt (AFKIJS-9), anti-Foxp3 (FJK-16s; eBioscience,
San Diego, CA), anti-Thyl.1 (HISS; Biolegend, San Diego, CA), anti-
TCRvB5 (MR9-4), anti-TCRva3.2 (KJ23) and anti-TCRvB11 (RR3-15;
BD Biosciences, San Jose, CA); anti-IL-1R1 (JAMA-147; Santa Cruz
Biotechnology); neutralizing Abs for TGF-B, IL-6, and IL-13; mouse
IgG1, rat IgG, goat IgG isotype controls, and blocking Ab for IL-6Ra
(R&D Systems, Minneapolis, MN); anti—p-IkB, IkB, p-p38, p38, p-JINK
(Cell Signaling Technology); and anti—{3-actin (Santa Cruz Biotechnol-
ogy). Recombinant cytokines and pharmacologic compounds used were as
follows: TGF-B (R&D Systems), IL-13 and IL-6 (eBioscience); keyhole
limpet hemocyanin (KLH), SB203580 and SP600125 (EMD4Biscoences);
PS1145 (Sigma, St. Louis, MO).

Cell purification and culture

CD4"CD25" Tregs were prepared using a specific isolation kit (Miltenyi
Biotec, Auburn, CA). Tregs from Foxp3-GFP knock-in mice were isolated
by sorting GFP* cells. CD4*CD25 CD62L" naive Tconvs were prepared
using CD4" isolation kit and CD62L-magnetic beads (Miltenyi Biotech).
Naive Tconvs (5 X 10* cells/well), Tregs (5 X 10* cells/well), and effector
Tconvs (5 X 10%ells/well) were cultured in 96-well round-bottom plates
with anti-CD3 (1 wg/ml) and mitomycin C-treated APCs (2.5 X 10 cells/
well) or with anti-CD3 (1 pg/ml) and anti-CD28 (1 pg/ml) mAbs. When
indicated, TGF-B (2 ng/ml), IL-6 (20 ng/ml), neutralizing Abs for TGF-3
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(0.2-10 pg/ml), IL-6 (4 pg/ml), IL-1B (5 pwg/ml), or blocking Abs for IL-
6Ra (4 pg/ml) were added.

Cell surface and intracellular staining

For IL-17A detection, cells were incubated with PMA (50 ng/ml), ion-
omycin (1 uM) and Golgiplug (BD Pharmingen, San Diego, CA) for 5 h,
stained with anti-CD4-Cy7 and anti-Thy1.1-perCP, fixed, permeabilized
in cytofix-permeab (eBioscience) followed by labeling of IL-17-PE. For
Foxp3 and RORvt detection cells were stained with CD4-Cy7, fixed,
permeabilized, and labeled with Foxp3-APC and RORv#-PE and analyzed
by flow cytometry.

Cytokine ELISA
Cytokine levels were measured with ELISA kits (eBioscience).
Adoptive transfer and immunization

B6.PL or IL-1R17/~ Tregs were transferred i.v. (8 X 10° cells per mouse)
into nonirradiated syngeneic IL-1R1~'~ mice, which 24 h later were im-
munized s.c. with 100 wg KLH in IFA as described (5).

Results
Simultaneous activation of naive Tconvs and Tregs in the
presence of APCs promotes IL-17 production

It is well established that supplementing T cell cultures with po-
larizing cytokines, such as TGF- and IL-6, leads to the differ-
entiation of Th17 cells (2-4, 14). Moreover, in the presence of
exogenous IL-6, Tregs can be converted into IL-17—producing
cells (13). To evaluate the physiologic role of Tregs on IL-17
production, we used neutral culture conditions in which no ex-
ogenous polarizing cytokines were supplied. Graded numbers of
Tregs were cocultured with naive Tconvs during T cell activation,
and production of cytokines was analyzed. The addition of Tregs
during culture of naive Tconvs with anti-CD3 mAb and APCs
suppressed production of IFN-y and IL-4 (Fig. 1A-B) in a dose-
dependent manner consistent with previous reports (6). In sharp
contrast, considerable amounts of IL-17 that displayed a positive
correlation with the number of Tregs were detected in the same
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FIGURE 1. Simultaneous activation of Tconvs and Tregs in the pres-
ence of APCs promotes IL-17 production. A—C, Tconvs from C57BL/6
mice were cultured with or without Tregs from Foxp3-GFP knock-in mice
with anti-CD3 mAb and APC, supernatants were harvested on day 3, and
cytokines were measured by ELISA. Representative results of five ex-
periments are shown. D, 2D2 Tconvs were cultured with OT-II Tregs and
APCs in the presence of MOGg;s_ss, OVA3zz3 339, or both peptides. Rep-
resentative results of two experiments are shown.

4149

cultures (Fig. 1C). Naive Tconvs and Tregs cultured alone with
APCs were incapable of producing IL-17.

These results suggest that coexistence of both Tregs and naive
Tconvs in the culture during T cell activation was required
for IL-17 production. To investigate whether TCR stimulation of
Tconvs and Tregs was mandatory for IL-17 production, we used
naive Tconvs from 2D2 (MOGg;s_ss-specific) mice and Tregs from
OT-1I (OVA3,3_330-specific) mice. Very low levels of IL-17 were
produced when either MOG or OVA peptide was present (Fig.
1D). In contrast, significant amounts of IL-17 were produced by
addition of both peptides (Fig. 1D) indicating that simultaneous
activation of Tconv and Treg was required.

APCs integrate signals required for production of IL-17 (16). To
investigate whether APCs were indispensable for IL-17 produc-
tion in our system, we stimulated Tconvs and Tregs with anti-CD3
and anti-CD28 mAbs without APCs. Under these conditions,
IL-17 was not detected (Supplemental Fig. 1A-C), indicating that
APCs were mandatory for IL-17 production under nonpolarizing
conditions.

Tregs acquire the ability to produce IL-17 during coculture
with Tconvs and APCs

To identify the source of IL-17, we used naive Tconvs from C57BL/
6 mice and Tregs from B6.PL C57BL/6 congenic mice that carry
the Thyla (Thyl.1) allele and can be recognized easily by flow
cytometric analysis using a Thyl.1-specific Ab. Naive Tconv and
Treg populations used in this study were confirmed by assessing
Foxp3 expression (data not shown). Culture of Tconvs with anti-
CD3 mAb and APCs did not induce IL-17—producing cells (Fig.
2A, left panel). Few IL-17—producing cells were observed during
stimulation of Tregs (Fig. 2A, middle panel). Coculture of Tregs
and Tconvs with anti-CD3 mAb and APCs did not result in robust
differentiation of Tconvs (Thyl.1 ) into Th17 cells, in contrast
to what was observed in the inflammatory milieu (4, 13). In-
stead, IL-17—producing cells developed predominantly from Tregs
(Thy1.1%; Fig. 2A, right panel). The predominant IL-17 production
from Tregs was sustained for at least 5 d of culture (Supplemental
Fig. 2A). Thus, without exogenous polarizing cytokines, Tregs are
more efficient than Tconvs in producing IL-17.

It has been reported that human peripheral and lymphoid tissues
contain a significant number of CD4*Foxp3™ T cells that have the
capacity to produce IL-17. These cells coexpress Foxp3 and
ROR~vt transcription factors (17). We examined whether the
converted IL-17" Tregs express ROR+yt and Foxp3 in our culture
system. Expression of Foxp3 levels in IL-17"Thyl.1* cells (the
source of Tregs) were higher than in Thyl.1  cells (the source of
Tconvs), but was decreased compared with IL-17 Thy1.1* Tregs
(Fig. 2C). In contrast, IL-17* Tregs expressed higher levels of
RORYt compared with both IL-17 Tregs and Tconvs (Fig. 2D).
This expression pattern of Foxp3 and RORyt in IL-17* Tregs,
IL-17" Tregs, and Tconvs sustained for at least 5 d of culture
(Supplemental Fig. 2B, 2C). These results indicate that converted
IL-17—-producing Tregs under our in vitro culture conditions co-
expressed RORyt and Foxp3. However, Foxp3 was expressed in
lower levels in IL-17—producing Tregs compared with Tregs not
producing IL-17.

Conversion of Tregs into IL-17-producing cells depends IL-13

Because our experiments were performed under neutral conditions,
we reasoned that endogenous cytokines might be involved in re-
programming Tregs into IL-17—producing cells. The first can-
didate was TGF-B, which is essential for maintenance of the Treg
phenotype (18) and is also required for development of Th17 cells
(3). In fact, we determined that substantial amounts of TGF-f3
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FIGURE 2. Generation of RORgt'IL-17* Tregs in the presence of
Tconvs and APCs. A, Thyl.1™ Tconvs and Thyl.1" Tregs were cultured
with APCs and anti-CD3 mAb either independently (left and middle
panels) or mixed at a 1:1 ratio (right panel), and production of IL-17A was
assessed by intracellular staining on day 3. B, Thyl.l™ Tconvs and
Thyl.1* Tregs were cultured at a 1:1 ratio as in A (right panel), and
production of IL-17A was assessed by intracellular staining on day 3.
Representative results of three experiments are shown. B-D, After gating
on Thyl.1"IL-17" Tconvs, Thyl.1"IL-17" Tregs and Thyl.1*IL-17*
Tregs, as indicated in the colored boxes in panel B, expression levels of
Foxp3 (C) and RORyt (D) were analyzed on day 3 of culture.

(300—400 pg/ml) were produced in the supernatant obtained from
coculture of Tconv and Treg (data not shown). We further con-
firmed that TGF-f3 was originated from cell populations present in

the culture and not from the serum present in the culture media,
because IL-17 production was detected in cultures performed in
either complete media or serum free media (Supplemental Fig. 3).
However, neutralizing TGF-3 Ab suppressed but did not eliminate
IL-17 production (Fig. 3A), suggesting that TGF-B—-independent
mechanisms were also involved in this process.

Our data revealed that APCs were required for induction of IL-17
production by Tregs. IL-6, which is mainly produced by APCs, can
induce production of IL-17 by both Tregs and Tconvs when ex-
ogenously added in polarizing cultures (13, 19). For this reason,
we evaluated the potential role of endogenous IL-6 in the con-
version process. In our experimental setting, IL-6 was detected
readily in culture supernatants (Fig. 3B). The highest amount of
IL-6 was observed when APCs were cultured with Tconvs and
reduced by the addition of Tregs (Fig. 3B). However, a combina-
tion of anti—IL-6 neutralizing and IL-6 receptor blocking Abs did
not affect IL-17 levels (Fig. 3C), although this Ab combination
blocked IL-17 production in polarizing cultures (Supplemental
Fig. 4).

IL-1-mediated signals are required for early differentiation of
Th17 cells and can mediate production of IL-17 by Foxp3* Tregs
(5, 10, 11). To determine whether IL-B was involved in the con-
version process observed in our system, we used IL-1[3 neutral-
izing Ab. As shown in Fig. 3D, addition of IL-1( neutralizing Ab
to the coculture led to the reduction of IL-17 to almost un-
detectable levels (Fig. 3D), whereas goat IgG isotype control Ab
had no effect (Supplemental Fig. 5). Thus, IL-18 but not IL-6 was
indispensable for production of IL-17 by Tregs during stimulation
with Tconvs and APCs in nonpolarizing conditions.

Because both Tconvs and Tregs might respond to IL-1f3 (5), we
examined whether IL-1( selectively mediated differentiation of
Tregs into IL-17—producing cells in our system using T cells from
IL-1R—deficient mice. Individual culture of IL-1R '~ Tconvs or
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FIGURE 3. Conversion of Tregs into IL-17-producing cells requires TGF-f3 and IL-13. A, Tconvs and Tregs were cultured with anti-CD3 mAb and
APCs. TGF- neutralizing Ab or isotype control was added, and production of IL-17A was measured on day 3. #p = 0.003. Representative results of four
experiments are shown. B, Tconvs and Tregs were cultured with anti-CD3 mAb and APCs, either individually or mixed at a 1:1 ratio, and IL-6 was
measured. C, Tconvs and Tregs were mixed at a 1:1 ratio, cultured with anti-CD3 mAb and APCs in the presence of media, anti-IL-6 neutralizing Ab, anti-
IL-6 receptor blocking Ab, or their combination, and IL-17A was assessed. Representative results of three experiments are shown. D, Tconvs and Tregs
were cultured with anti-CD3 mAb and APCs in the absence or presence of IL-1p neutralizing Ab. Results are representative of four experiments. E, Tc™ * or
TcX were cultured with Tregs from Tr" " or from Tr*° with anti-CD3 mAb and APCs, and production of IL-17A was assessed on day 3. Representative
results of two experiments are shown. TcXO, Teonvs from IL-1R1~/~ mice; TcV?, Tconvs from wild type mice; 7, Tregs from wild type mice; kO,

Tregs from IL-1R1™’~ mice.
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IL-1IR™/~ Tregs with APCs, and coculture of IL-1R ™/~ Tconvs
and IL-1R ™/~ Tregs with APCs did not result in detectable IL-17.
Similarly, no IL-17 production was observed when wild type
Tconvs, instead of IL-IR™/~ Tconvs, were used in the coculture
system. In contrast, replacement of IL-1R ™'~ Tregs with wild type
Tregs resulted in abundant IL-17 production (Fig. 3E). These re-
sults provide compelling evidence that under nonpolarizing condi-
tions, Tregs are the main source of IL-17, and IL-1R-mediated
signals are indispensable for this function.

Tregs produce IL-17 in vivo after immunization

IL-1R1™/" mice fail to produce IL-17 after immunization (5).
Based on our in vitro findings, we hypothesized that transferring
Tregs into IL-1R1~/~ mice would increase IL-17 production in
response to Ag stimulation. To investigate this possibility, we
adoptively transferred Tregs from either congenic B6.PL mice or
IL-1R1~'~ mice into IL-1R1™/" recipients that were subsequently
immunized as previously described (5). Three days after immu-
nization, IL-1R ™'~ Tregs and IL-IR ™/~ Tconvs were incapable of
producing detectable levels of 1L-17 or expressing ROR+yt (Fig.
4A, left and middle panels), consistent with previous studies (5)
that have indicated that expression of IL-1R is required for IL-17
production in vivo. In contrast, a significant percentage of IL-17
and RORwt-positive cells were detected within the adoptively
transferred Thy1.1™ Treg population (Fig. 4B) that also retained
expression of Foxp3 (Supplemental Fig. 6). Furthermore, upon in
vitro restimulation, increased levels of IL-17 were produced
by T cells isolated from immunized mice that had received
adoptively transferred wild type Tregs but not IL-1R1™/~ Tregs
(Fig. 4C). This effect was specific for IL-17 because IFN-y pro-
duction was suppressed at a comparable level upon adoptive
transfer of either wild type Tregs or IL-1R ™/~ Tregs into IL-
IR™™ mice (Fig. 4D). These results also indicate that attainment
of IL-17 production capacity might not affect the suppressive
effect of Tregs on Thl cytokine production.

Differential functional and signaling responses of Tregs and
Tconvs to IL-1P3

In our system, naive Tconvs and Tregs were under the same in-
fluence of endogenous IL-1B, but only Tregs produced IL-17,

A B

IL-1R KO Tconv IL-1R1KO Treg Th1.1+Treg
0.082 o0es] ‘o 02| Jns 75
: o
> ” 1 ]
g 4 !
Jse 1s] = 20 laz 22
IL-17A
250 —e—Notransfer
—+—WT Treg 1.500
gzoo ~a-L-IR1KO Treg §1-2°°
a
< 150 S 900
~ 3
4100 E 600
50 300
°7o 0 100 0T T g
KLH [ng/mi] KLH [ug/mi)

FIGURE 4. Tregs are capable of producing IL-17A in vivo after immu-
nization. IL-IR1™"~ or B6.PL congenic (Thyl.1%) Tregs were transferred to
IL-1R1™’" mice that were subsequently immunized with KLH in IFA. A and
B, Three days later, IL-17 A—producing cells in the draining lymph nodes were
assessed by intracellular staining. Plots represent three individual mice per
group. C and D, Five days later, splenocytes were harvested and restimulated
in vitro, and levels of IL-17A and IFN-y were assessed by ELISA.
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suggesting that Tregs might be more sensitive to IL-13-mediated
signals. To investigate this issue, we further subfractionated
Tconvs into naive (CD25~ CD62L") and effector memory (CD44*
CD62L.") CD4* T cell populations and cultured the individual cell
subsets with exogenous IL-1B. Under these conditions, Tregs
produced a substantial amount of IL-17, whereas IL-17 production
by naive Tconvs was comparable to baseline (Fig. 5A). A similar
pattern of responses were observed at least until day 5 of culture
(data not shown). Addition of IL-1f increased IL-17 production
by effector memory cells, but to a much lesser extent compared
with Tregs. These results indicate that IL-1@ preferentially drives
differentiation of Tregs but not Tconvs into IL-17 producing cells.

To determine the mechanisms of the distinct effects of IL-13 on
Tregs and Tconvs, we examined expression of IL-1R1 and IL-1p3—
mediated signaling. Expression of IL-1R1 in freshly isolated Tregs
was significantly increased compared with naive Tconvs (Fig. 5B);
it remained higher during culture in vitro (data not shown),
whereas expression of IL-1R1 in effector memory Tconv cells was
only slightly higher compared with naive Tconv cells (Supple-
mental Fig. 7). These results indicate that the different effects of
IL-1B on Tregs might be due to lineage characteristics. Based on
these findings, we hypothesized that the distinct levels of IL-1R1
expression might lead to differential activation of signal pathways
mediated by IL-1B in Tconvs and Tregs. IL-1@ binding to IL-1R
triggers activation of NF-kB and MAPKs (20). To determine the
activation status of these pathways, we examined the phosphory-
lation of IkB, p38, and JNK MAPKSs in freshly isolated naive
Tconvs and Tregs as well as IL-1(3 stimulated Tconvs and Tregs.
Increased levels of phosphorylated IkB, p38, and JNK were ob-
served in freshly isolated Tregs (Fig. 5C), indicating that IL-
1B-induced signals were constitutively activated in vivo. Incuba-
tion with IL-1p upregulated IkB phosphorylation to comparable
maximum levels in Tconvs and Tregs (Fig. 5C). IL-13 induced
robust and sustained activation of p38 in Treg that was detected
as early as 15 min. In contrast, in Tconv activation of p38 was
delayed and never reached the levels observed in Tregs. Moreover,
IL-1PB sustained high JNK phosphorylation in Tregs but not in
Tconvs (Fig. 5C).

We used pharmacologic inhibitors specific for NF-kB (21),
p38 (22), and JNK (23) to investigate the role of these pathways
on IL-17 production by Treg. Addition of the NF-kB inhibitor
PS1145 had no effect, whereas the p38 inhibitor SB20358 sig-
nificantly reduced IL-17 production at the concentration of 10
wM. More potently, the JNK inhibitor SP600125 significantly re-
duced IL-17 production at all concentrations tested and com-
pletely abrogated production of IL-17 at the concentration of 10
uM (Fig. 5D). Collectively, our results indicate that IL-1R ex-
pression and signaling are differentially regulated in Tconvs and
Tregs and that IL-1B-mediated activation of p38 and JNK is in-
volved in the conversion of Tregs into IL-17—producing cells.

Discussion

This study reveals that coculture of naive Tconvs and Tregs in the
presence of APCs during T cell activation promotes the differ-
entiation of Tregs but not naive Tconvs into IL-17—producing cells.
This study confirms and extends the previously proposed view that
the Treg phenotype is not an end stage (24). In addition, our
findings indicate that Tregs are subjected to regulation mediated
through interactions with activated Tconvs and APCs. Moreover,
although Tregs are known to mediate immunosuppressive func-
tions, our studies provide evidence that Tregs may also facilitate
proinflammatory responses by producing IL-17 during physiologic
stimulation. Using both in vitro culture and in vivo genetic ap-
proaches, we demonstrate that IL-1(3 plays an essential role in
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controlling the differentiation of Tregs into IL-17-producing cells
and that activation of p38 and JNK has an active role in this
differentiation process.

IL-17—-producing cells are the newest addition to the growing
family of Th cell subsets. However, the molecular basis of
Th17 cell differentiation is not well understood. For example, the
role of TGF-{ in the development of IL-17-producing cells is still
controversial. Differentiation of Th17 cells is guided by tran-
scription factors RORa and ROR~yt (14, 19), and TGF-$ is one
of the stimuli that can upregulate RORyt expression (25). In-
terestingly, TGF-f also induces Foxp3 expression, which inhibits
Th17 cell differentiation by antagonizing RORvyt function (26). In
fact, it is clear that TGF-$ alone cannot induce the production of
IL-17. Recent studies, however, revealed that the role of TGF-f in
IL-17 production by Tconvs was due to its inhibitory function on
both Th1 and Th2 cytokine production. As a consequence, TGF-3
maximized IL-17 production (27), suggesting that TGF-3 was not
directly required for the generation of Th17 cells.

Regardless of the mechanisms by which TGF-f3 regulates IL-17
production, most of the studies agree that TGF-f3 synergizing
with proinflammatory cytokines promotes IL-17 production by
Tconvs (4). It is worth noting that activated T cells, including
Tregs, can be the source of TGF-f3. Our studies showed that ad-
dition of TGF-$ neutralizing Ab in the culture during T cell ac-
tivation resulted in significantly reduced IL-17A production,
suggesting that TGF-B was involved in regulation of IL-17A
production. However, IL-17A was not completely abrogated and
significant amounts of IL-17 were still detected in the presence of
the highest concentration of TGF-f neutralizing Ab. Two possible
explanations can be entertained. The first possibility is that Tregs
had been subjected to the influence of endogenous TGF-f3 in vivo;
therefore, TGF-$3 neutralizing Ab could not alter TGF-f3 signals
that had been already mediated during Treg development. Indeed,
assessment of TGF-B signaling in freshly isolated Tconvs and

Tregs revealed a constitutively increased level of Smad3 phos-
phorylation in Tregs compared with naive Tconv cells (L. Li and
V.A. Boussiotis, unpublished data). At this point, it is unclear
whether such signals might program the ability of Tregs to pro-
duce IL-17 under permissive conditions. The second possibility is
that dominant factors other than TGF-@ are involved in the pro-
cess of Treg conversion into IL-17-producing cells.

We tested whether IL-6 was a key factor, because it is known that
IL-6 has a critical role in the commitment of naive T cells toward
Th17 development. Moreover, a number of studies have demon-
strated that murine Tregs are converted predominantly to Th17 cells
under the influence of IL-6 (13, 19, 28). Although we observed
detectable IL-6 levels, IL-6—neutralizing assays failed to inhibit
IL-17 production by Tregs, suggesting that IL-6 was not a domi-
nant factor driving Treg conversion into IL-17—producing cells
in our system. Previous studies have determined that IL-1B is
a critical player in driving several cell types into IL-17 pro-
ducers (5, 29, 30). Recent studies, particularly in human cells,
have underlined the dominant role of IL-1$3 over IL-6 in gener-
ating Treg-producing IL-17 (10, 11, 17), although the mechanism
of IL-1B-mediated expression of IL-17 has not been determined.
Interestingly, converted IL-17-producing peripheral Tregs retain
Foxp3 expression and their suppressive function (31). Our studies
indicated that IL-1B/IL-1R was an essential pathway for induc-
tion of IL-17 production by Tregs in our experimental system.
Furthermore, this effect of IL-1f3 on Tregs was far more profound
than on Tconvs. Mechanistic analysis revealed that resting Tregs
express higher levels of IL-1R1 compared with their non-Treg
CD4* T cell counterparts. In addition, the signals delivered
through IL-1R1, particularly via p38 and JNK MAPK activation,
were significantly more prominent in Tregs. Interestingly, a study
published during the revision of this manuscript reported that JINK
and p38 are also involved in IL-6-induced IL-17 production by
Tconvs (32). Whether these pathways are also involved in the
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conversion of Tregs by IL-6 in vivo in other experimental models
(33) remains to be determined. Identification of the signaling
pathways that link MAPKs and IL-17 production may provide
strategies to control the conversion of Tregs and Tconvs into IL-
17-producing cells.

Another significant finding of our studies was that the conversion
of Tregs into IL-17—producing cells in the absence of an in-
flammatory cytokine milieu required simultaneous activation of
Tregs and Tconvs. The mechanistic contribution of activated
CD4" T in this process remains unclear. It is possible that acti-
vated CD4" Tconvs produce IL-2, which is necessary for the
survival of Tregs. Supporting a role of IL-2 in this process, ad-
dition of IL-2 in cultures of Tregs without Tconvs, resulted in
IL-17 production (L. Li and V.A. Boussiotis, unpublished data).
Thus, IL-2 may promote development of IL-17-producing Tregs
or may be a precondition for the differentiation of Tregs into IL-
17-producing cells under the effect of different factors (11). In-
terestingly, IL-2 inhibits differentiation of Tconvs into Th17 cells,
possibly owing to an inhibitory effect of STATS binding to the
1117a promoter (34). Thus, the influence of IL-2 in the Th17 cell
differentiation program may be more complex than anticipated. In
addition, activated CD4" T cells might also indirectly affect the
fate and function of Tregs by increasing production of cytokines,
including IL-18, by APCs via CD40-CDA40L interactions (16).

In conclusion, this study reveals that although Tregs have here-
tofore been associated primarily with immunosuppressive functions
in T cell immunity, they may also facilitate proinflammatory re-
sponses by promoting IL-17 production during physiologic Ag
stimulation. These findings could have significant implications for
clinical strategies that use the administration of Tregs for the
treatment of autoimmune diseases or GVHD, in which Treg ad-
ministration could lead to enhanced rather than diminished in-
flammation. Identification of factors and signaling pathways that
control development of IL-17—producing Tregs will be highly im-
portant.
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