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Summary

We describe de novo generation of IL-17-producing T
cells from naive CD4 T cells, induced in cocultures of

naive CD4 T cells and naturally occurring CD4+ CD25+

T cells (Treg) in the presence of TLR3, TLR4, or TLR9

stimuli. Treg can be substituted by TGFb1, which, to-
gether with the proinflammatory cytokine IL-6, sup-

ports the differentiation of IL-17-producing T cells,
a process that is amplified by IL-1b and TNFa. We could

not detect a role for IL-23 in the differentiation of IL-17-
producing T cells but confirmed its importance for their

survival and expansion. Transcription factors GATA-3
and T-bet, as well as its target Hlx, are absent in IL-17-

producing T cells, and they do not express the negative
regulator for TGFb signaling, Smad7. Our data indicate

that, in the presence of IL-6, TGFb1 subverts Th1 and
Th2 differentiation for the generation of IL-17-produc-

ing T cells.

Introduction

CD4+ T cells can be divided into different subsets with
distinct differentiation profiles and functional character-
istics. The best-characterized subsets are Th1, Th2, and
Treg, whose development is specified by the transcrip-
tion factors Tbet, GATA-3, and Foxp3, respectively (Fon-
tenot et al., 2005; Szabo et al., 2000; Zheng and Flavell,
1997). A unique subset characterized by production of
IL-17 and crucially involved in the pathogenesis of cer-
tain autoimmune diseases such as rheumatoid arthritis
and EAE as well as allergen-specific responses was re-
cently identified (Cua et al., 2003; Kolls and Linden,
2004; Langrish et al., 2005; Nakae et al., 2002). IL-17 pro-
motes granulopoiesis and neutrophil accumulation,
and, while it plays an active role in inflammatory dis-
eases, also has been shown to protect mucosal barrier
functions due to stimulation of tight junction formation
and mucin secretion (Chen et al., 2003b; Kinugasa
et al., 2000). Thus, neutralization of IL-17 enhances dex-
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tran sulfate sodium (DSS)-induced inflammatory bowel
disease (Ogawa et al., 2004).

It has so far been unclear how de novo differentiation
of IL-17-producing T cells is stimulated. Although DC-
derived IL-23 was shown to increase IL-17 secretion
from activated CD4+ T cells (Aggarwal et al., 2003;
Langrish et al., 2005), IL-23 is not sufficient to induce dif-
ferentiation of IL-17-producing cells from naive CD4+ T
cells in vitro, suggesting the involvement of additional
or other factors in the de novo development of this T
cell subset. The rationale underlying the existence of
multiple subsets of CD4+ T cells is their crucial role in or-
chestration and control of immune responses. Cytokine-
mediated crossregulation of each other’s responses is
an important principle of immune regulation (O’Garra
et al., 2004), involving IL-4-mediated downregulation of
IL-12Rb2 (Szabo et al., 1997) or IFN-g mediated inhibi-
tion of Th2 development (Fitch et al., 1993). In addition,
interference strategies involving suppressive cytokines
such as TGFb1 (Letterio and Roberts, 1998) or IL-10
(Moore et al., 2001) play an important role in the control
of immune responses. These immunoregulatory func-
tions are strongly influenced by interactions with den-
dritic cells that act as go betweens for the innate and
adaptive immune system through integration of patho-
gen-derived signals and release of immune-modulating
mediators (Reis e Sousa, 2004). The naturally occurring
CD4+ CD25+ T cell subset (Treg) has been suggested to
be dedicated to the control of immune pathology and
autoimmunity, substantiated by the finding that absence
of the Foxp3 transcription factor that controls the gener-
ation of this subset results in a fatal autoimmune disor-
der (Fontenot and Rudensky, 2005; Sakaguchi, 2005).
Treg suppress the expansion of potentially pathogenic
T cells in vivo (Almeida et al., 2002; Annacker et al.,
2000; Maloy and Powrie, 2001) and inhibit the prolifera-
tion and IL-2 transcription of naive CD4+ T cells in vitro
(Thornton and Shevach, 1998). Interestingly, however,
it appears that Treg do not suppress T cell proliferation
in vitro in the presence of an inflammatory stimulus such
as LPS. The blockade of suppression under these con-
ditions was attributed to the secretion of IL-6 and other
unidentified cytokine(s) by LPS-stimulated dendritic
cells acting on the responder CD4+ T cells (Pasare and
Medzhitov, 2003). In this paper, we show that, despite
restoration of proliferative function in CD4 T cells cul-
tured with Treg in the presence of LPS, their IL-2 and
especially their IFN-g responses are still profoundly sup-
pressed. However, the presence of Tregs in a proinflam-
matory cytokine milieu resulted in differentiation of naive
CD4+ T cells to IL-17 production. We provide evidence
that the component involved in differentiation of naive
CD4 T cells to IL-17 producers is TGFb1, which, together
with DC-derived IL-6, is essential for de novo differenti-
ation of IL-17-producing T cells from naive CD4 T cells
in vitro, a process that is amplified by IL-1b and TNFa.
IL-17-producing T cells are distinct from Th1 T cells,
as shown by absence of IFN-g transcription as well as
absence of the transcription factor T-bet and its target
Hlx. Our data indicate that a critical balance of pro- and
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Figure 1. LPS Stimulation Overcomes Treg-

Mediated Inhibition of Proliferation but Not

IL-2 and IFN-g and Results in IL-17 Produc-

tion

FACS-sorted naive CD4+ T cells and BMDC

were stimulated with anti-CD3 alone or in

a 1:1 mixture with FACS-sorted Treg in the

absence (white bars) or presence (black

bars) of LPS. (A) Proliferation was assessed

after 48 hr by 3H-thymidine incorporation;

(B) IL-2 protein in culture supernatants as-

sessed by CTLL-2-assay. (C and D) mRNA

for IL-2 assessed at 1–2 hr intervals, of

BMDC and naive CD4+ T cells alone (trian-

gles) or mixed with Tregs (circles), in the ab-

sence (C) or presence (D) of LPS. Values are

plotted as fold increase over mRNA levels in

DC at time point 0. (E), (F), (G), and (H) show

intracellular staining for IFNg and IL-17 of

CD4+ T cells (gated on naive T cell input), cul-

tured for 4 days as described above. Shown

are naive cells alone (E), mixed with Treg (F),

naive alone in presence of LPS (G), and mixed

with Treg (H). Error bars represent SD values.
antiinflammatory cytokines is conducive to differentia-
tion of IL-17-producing T cells, thereby potentially
tipping the balance toward more severe inflammatory
reactions that might aggravate immune pathology.

Results

Coculture of Naive CD4 T Cells with Treg

in the Presence of LPS Induces IL-17 Production
Coculture of naive CD4 T cells and Treg at a 1:1 ratio in
the presence of DC and LPS abrogates the suppressive
function of Treg on T cell proliferation, as previously
shown (Pasare and Medzhitov [2003] and Figure 1A).
However, the IL-2 response remained suppressed, as
indicated by the reduced amounts of IL-2 protein in
the supernatant whether or not LPS was present in the
cultures (Figure 1B). Since it is difficult to quantitate
IL-2 protein levels in these cocultures due to the sub-
stantial consumption of IL-2 by Treg (Barthlott et al.,
2005; de la Rosa et al., 2004), we assessed levels of
mRNA for IL-2. While, in cocultures of naive CD4 T cells
and Treg in the presence of DC and LPS, mRNA levels
for IL-2 were partially restored compared with cocul-
tures without LPS, the major peak of IL-2 message
around 6 hr after activation remained absent (Figures
1C and 1D). Furthermore, the suppression of IFN-g-
producing cells, which is evident in the presence of
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Figure 2. Treg Provide TGFb for Differentiation of IL-17-Producing CD4+ T Cells

FACS-sorted naive CD4+ T cells were mixed 1:1 with FACS-orted Treg and cultured for 4 ays with BMDC, anti-CD3, nd LPS and (A) isotype control

antibody, (B) anti-TGFb, or (C) anti-IL-10. Naie CD4+ T cells cultured under identical conditions as above, but in the absence of Treg, are shown in

the absence (D) or presence (E) of TGFb. Dot plots show intracellular staining for IFNg and IL-17 of CD4+ T cells, gated on the naie CD4+ T cell

input. (F) Naive CD4+ T cells cultured as above, in presence of indicated concentrations of TGFb1. Percentages of IL-17-negative (closed bars) or

IFNg-positive (open bars) T cells are shown.
Treg (Figure 1E versus Figure 1F) was still enforced in
the presence of LPS (Figure 1, GvsH). However, instead
of IFN-g, a substantial proportion of CD4 T cells cocul-
tured with Treg in the presence of LPS secreted IL-17
(Figure 1H versus Figure 1G), and this effect titrated
with the number of Treg present in the culture (see Fig-
ure S1 in the Supplemental Data available with this arti-
cle online).

The Component Involved in Differentiation
of IL-17 Producers Is TGFb1

Tregs are known to be a potent source of TGFb1, an im-
munosuppressive cytokine produced by multiple cell
types (Maloy and Powrie, 2001). IL-10 is another sup-
pressive cytokine implicated in the action of Treg, but
its delayed induction in T cells in vitro (Barthlott et al.,
2005) makes it a less likely candidate in the differentia-
tion of IL-17 producers. In order to test the involvement
of TGFb1 or IL-10 in this process, neutralizing antibodies
specific for either TGFb or IL-10 were added to cocul-
tures of naive CD4+ T cells, Treg, and DC in the presence
of LPS. As shown in Figure 2B, the addition of anti-TGFb
suppressed the generation of IL-17-producing T cells,
whereas anti-IL-10 only caused a slight reduction in
the proportion of IL-17-producing T cells (Figure 2C).
Furthermore, addition of as little as 25 pg/ml of TGFb1
to cultures of naive T cells with DC and LPS without
any Treg was sufficient to deviate differentiation from
Th1 T cells (Figure 2D) to IL-17-producing T cells (Fig-
ures 2E and 2F).
DCs Stimulated by Different TLR Ligands
in a MyD88-Dependent Fashion Are Crucial

for CD4 Differentiation to IL-17 Production
Given that generation of IL-17-producing CD4 T cells de-
pended on the presence of LPS, the involvement of
TLR4 triggering of DC seemed essential for this path-
way. In order to test whether other TLR ligands could
substitute for LPS, we added either CpG or polyI:C, trig-
gering TLR9 or TLR3, respectively, to cultures contain-
ing naive CD4 T cells, Treg, and DC. As shown in Figures
3A and 3B, ligands for TLR3 and -9 were also able to in-
duce differentiation of IL-17-producing T cells. The ab-
sence of IL-17-producing T cells in cultures containing
DC from MyD882/2 mice (Figure 3D) compared with
wild-type DC in the presence of LPS (Figure 3C) sug-
gests the involvement of inflammatory cytokines rather
than mere upregulation of costimulatory molecules on
DC, a process that is MyD88 independent (Kaisho
et al., 2001). In order to determine whether cell-cell con-
tact between DC and T cells was essential for differenti-
ation to IL-17 or whether soluble mediators secreted by
DC were sufficient, DC-free cultures were set up, and
activation of naive CD4 T cells was achieved by addition
of beads coated with anti-CD3 and anti-CD28. Figures
3E and 3F show that addition of LPS to naive CD4 T cells
on their own or in the presence of Treg does not suffice
to induce either IFN-g or IL-17 differentiation, ruling out a
direct effect of LPS on T cells and illustrating the impor-
tance of DC for T cell differentiation processes. The ad-
dition of conditioned medium (CM) from LPS-stimulated



Immunity
182
Figure 3. Differentiation of IL-17-Producing CD4+ T Cells Requires

a DC Factor or Factors that Are Soluble, MyD88 Dependent, and

Induced by TLR Ligation

Panels show intracellular staining for IFNg and IL-17 of CD4+ T cells,

gated on the naive CD4+ T cell input after 4 days of culture. FACS-

sorted naive CD4+ T cells were mixed 1:1 with FACS-sorted Treg

and cultured with BMDC, anti-CD3 and either PolyI:C (A) or CpG

(B). Purified naive CD4+ T cells were cultured with either C57BL/6

BMDC (C) or C57BL6 MyD882/2 BMDC (D), and anti-CD3, LPS,

and TGFb. Sorted naive CD4+ T cells were cultured with anti-CD3

and anti-CD28 coated beads and LPS in the absence (E) or presence

of equal numbers of sorted Treg (F). CM was obtained from BMDC

cultured for 12–14 hr in the presence of LPS. Sorted naive CD4+ T

cells were cultured in this medium with anti-CD3- and anti-CD28-

coated beads in the absence (G) or presence of TGFb (H).
DC on its own caused differentiation of IFN-g producers
(Figure 3G). However, in the presence of TGFb1, CM
from LPS stimulated DC-induced IL-17-producing
CD4+ T cells and suppression of IFN-g-producing Th1
cells (Figure 3H). Thus, soluble mediator(s) from DC to-
gether with TGFb1 are important for differentiation of
IL-17-producing T cells.

Identification of DC-Derived Cytokines Involved
in Differentiation of IL-17 Producers

Previous reports suggested that IL-23 is a crucial cyto-
kine in the development of IL-17-producing CD4+ T cells,
although as yet no studies have shown that IL-23 will di-
rect the differentiation of naive CD4 T cells into IL-17-
producing T cells (Langrish et al., 2005; Murphy et al.,
2003; Vanden Eijnden et al., 2005). We show here that
the addition of anti-p40 antibody, which blocks both
IL-12 and IL-23, to cultures of naive CD4+ T cells with
TGFb1 and CM from LPS-stimulated DC does not
suppress IL-17 production (Figure 4C). IL-6 is a likely
candidate for the generation of IL-17-producing T cells,
because we first detected their development in the ex-
perimental system described by Pasare et al. in which
IL-6 was described to overcome the proliferative defect
of naive CD4 T cells when cocultured with Treg (Pasare
and Medzhitov, 2003). Furthermore, IL-6 and IL-23p19
are closely related members of the subfamily of helical
cytokines, exhibiting a wide range of often overlapping
biological functions (Oppmann et al., 2000). Indeed, ad-
dition of a neutralizing antibody specific for IL-6 to cul-
tures of naive CD4+ T cells and DC-conditioned medium
abolished the generation of IL-17 producers (Figure 4D),
thus supporting the assumption of its involvement. In a
DC free culture system with anti-CD3- and anti-CD28-
coated beads, addition of IL-6 together with TGFb1 to
naive CD4 T cells stimulated by antibody-coated beads
induced a dose-dependent increase in IL-17 differentia-
tion (Figure 4E, panels). The differentiation of IL-17-pro-
ducing T cells was further augmented by the presence of
two additional DC-derived proinflammatory cytokines,
TNFa and IL-1b (Figure 4F).

Addition of IL-23 induced a low degree of Th1 devel-
opment but no IL-17, whether alone or in combination
with TGFb1 (Figures 4G and 4H), thus making it unlikely
that this cytokine is responsible for de novo generation
of IL-17-producing T cells. Various blocking antibodies
and additional cytokine combinations were tested
(shown in Figure S2), further emphasizing the obligatory
role IL-6 and TGFb1 are playing in the differentiation of
IL-17-producing T cells and illustrating the accessory
function of IL-1b and TNF-a.

Distinction of Th1 and IL-17-Producing T Cells

and an Active Role for TGFb1
In order to study the differentiation of IL-17-producing
CD4+ T cells and their relation to Th1 cells, we made
use of IFN-g gene knockin bicistronic reporter mice
(Yeti) expressing a yellow fluorescent protein (eYFP)
(Stetson et al., 2003). Modification of the IFN-g locus al-
lowing access to transcription factors correlates with
the presence of mRNA and is reported by YFP staining.
While Yeti mice faithfully report the presence of cytokine
mRNA, translation of the downstream fluorescent re-
porter is less stringently regulated, and cells that have
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Figure 4. Differentiation of IL-17-Producing CD4+ T Cells Requires Combinations of DC-Derived Proinflammatory Cytokines

Dot plots show intracellular staining for IFNg and IL-17 of sorted naive CD4+ T cells after 4 days of culture with anti-CD3- and anti-CD28-coated

beads. (Top row) CD4+ T cells cultured in CM from DC stimulated with LPS for 12–14 hr (A), CM supplemented with TGFb (B), or supplemented

with TGFb and anti-IL-12/IL-23 (C), or TGFb and anti-IL-6 (D). (Second row) CD4+ T cells cultured with anti-CD3- and anti-CD28-coated beads and

TGFb, and indicated concentrations of IL-6 (E), or IL-6, IL-1b, and TNFa (F). (Third row) CD4+ T cells cultured with anti-CD3- and anti-CD28-coated

beads with IL-23 (G), or IL-23 in combination with TGFb (H).
once upregulated IFN-g remain YFP positive. Therefore,
it is possible to ascertain whether an IL-17-producing T
cell has ever opened the IFN-g locus during differentia-
tion and thus would allow us to see whether Th1 and IL-
17-producing T cells are related, as has previously been
suggested (Bettelli et al., 2004). In vitro stimulation of
YFP-negative sorted naive CD4+ T cells from Yeti mice
with DC in the presence of LPS induced YFP-positive
(IFN-g producing) T cells (Figure 5A), whereas the addi-
tion of TGFb induced IL-17 production but no YFP-pos-
itive T cells (Figure 5B), indicating that differentiation to
IL-17 progresses without opening of the IFN-g locus.

In fact, the addition of neutralizing antibodies to IL-12/
23, IFNg, and IL-4 without addition of TGFb1 was suffi-
cient to induce the differentiation of IL-17-producing T
cells in the presence of LPS-stimulated DC (Figure 5C).
This result is in line with a role for TGFb1 in preventing
Th1 and Th2 differentiation in the presence of IL-6,
thus allowing the diversion to differentiation of IL-17-
producing T cells. However, in a DC-free system, addi-
tion of the Th1/Th2 blocking antibody cocktail could
not substitute for TGFb1 and thus did not result in IL-
17-producing T cells (Figure 5D). The apparent paradox
is resolved by the finding that addition of anti-TGFb1 to
cultures containing DC prevented the appearance of IL-
17-producing T cells despite the presence of neutraliz-
ing antibodies to IL-12/23, IFNg, and IL-4 (Figure 5F).
Thus, LPS-stimulated DC produce TGFb1 themselves,
albeit in amounts that cannot support IL-17 differentia-
tion without further blockade of cytokines that promote
differentiation of the other T cell subsets. We observed
that addition of IL-12, IL-18, or IL-4 to primary
cultures containing IL-17-promoting cytokines resulted
in dose = -dependent reduction of IL-17-producing
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Figure 5. Blockade of Th1 and Th2 Allows

Differentiation of IL-17-Producing T Cells

Dot plots show intracellular staining for IFN-g

or YFP expression and IL-17 of sorted naive

CD4+ T cells after 4 days of culture. Yeti

YFP2 naive CD4+ T cells cultured with DC

stimulated with LPS (A), and TGFb (B). Naive

CD4+ T cells cultured with DC stimulated

with LPS (C) or naive T cells stimulated in

the absence of DC with anti-CD3, anti-

CD28, IL-6/TNFa, and IL-1b (D), cultured in

the presence of anti-IL-4, anti-IL12/23 (p40),

and anti-IFNg. (E) The response of naive T

cells cultured in the presence of DC and

LPS with the antibodies shown in (C) and (D)

and, in addition, anti-TGFb. (F) Response of

naive T cells cultured in the absence of DC

(conditions as outlined in [D]) and including

the antbodies outlined for (E).
T cells (data not shown), indicating sensitive crossregu-
lation of CD4 T cell subsets.

IL-17-Producing T Cells Do Not Express Th1 or Th2

Transcription Factors or Smad7
Restimulation of primary cultures containing IL-17-pro-
ducing T cells with IL-2 resulted in outgrowth of IFN-g
producers (Figure 6B). In contrast, the addition of IL-23
promoted further expansion of IL-17-producing T cells
(Figure 6C). This confirms the reported role of IL-23 in
supporting growth and survival of activated IL-17 pro-
ducers (Aggarwal et al., 2003; Langrish et al., 2005).
Finally, analysis of the expression of transcription fac-
tors showed clearly that IL-17-producing T cells express
neither GATA-3 nor T-bet or its target Hlx (Figures 6D–
6F), which further sets them apart as a distinct subset.
TFGb signaling is subject to negative regulation via
transcriptional induction of Smad7, which competes
for receptor-regulated phosphorylation of Smad2 and
Smad3 by the activated TGFb receptor complex (Nakao
et al., 1997) and enhances receptor degradation (Shi and
Massague, 2003). As shown in Figure 6G, the inhibitor of
TGFb signaling, Smad 7 is induced in Th1 T cells but ab-
sent in Th2 and IL-17-producing T cells.

Discussion

This paper describes the in vitro differentiation of IL-
17-producing CD4+ T cells from naive CD4+ T cell pre-
cursors and provides evidence for the involvement of
a uniquely balanced combination of pro- and antiinflam-
matory cytokines. Dendritic cells stimulated via different
Toll-like receptors provide a range of proinflammatory
cytokines that promote the development of Th1 T cells,
notably IL-12 and IL-18. However, a similar stimulus in
the presence of TGFb1, a pleiotropic cytokine that is
made by multiple cells types (Gorelik and Flavell,
2002), deviates differentiation to IL-17-producing T
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Figure 6. IL-17-Producing CD4+ T Cells Are Distinct from Th1 and Th2 Subsets and Are Maintained by IL-23

Dot plots show intracellular staining for IFN-g and IL-17 of sorted naive CD4+ T cells after 4 days of culture. Naive CD4+ T cells were activated with

plate bound anti-CD3 and anti-CD28 for 3 days in the presence of TGFb, IL-6, IL-1b, and TNFa and rested for 3 days (A), then restimulated with

plate bound anti-CD3 and anti-CD28 for 3 days in medium supplemented with IL-2 (B) or IL-23 (C) and rested for 4 days before analysis. mRNA

levels of the transcription factors T-bet (D), Hlx (E), and GATA-3 (F), and Smad inhibitor Smad7 (G) were determined in CD4+ T cells stimulated

with plate bound anti-CD3 and anti-CD28 for 3 days under neutral, Th1 (IL-12), Th2 (IL-4), or Th IL-17 (cytokine mix) polarizing conditions and

rested for 3 days before RNA isolation.
cells. TGFb1 has a critical function as an antagonist of
Th1 development affecting IFN-g as well as T-bet (Gor-
elik et al., 2002; Lin et al., 2005), but also interferes
with Th2 differentiation (Chen et al., 2003a; Gorelik
et al., 2000; Heath et al., 2000). Indeed, a combination
of anti-IL-12/23, anti-IFN-g, and anti-IL-4 was recently
shown to support the development of IL-17-producing
T cells (Harrington et al., 2005; Park et al., 2005). Our
study confirmed that this combination of antibodies in
the presence of LPS-stimulated DC allows generation
of IL-17-producing T cells, and it should be noted that
we detected IL-17 differentiation in the absence of
IL-23. This is in agreement with a role of TGFb1 in block-
ing Th1 and Th2 differentiation, thus allowing the diver-
sion to IL-17 T cell differentiation.

However, our data indicate that there may be an addi-
tional, more active role for TGFb1 in this process, since,
even in the presence of antibodies that strongly inhibit
Th1 and Th2 generation, TGFb was essential to allow
IL-17 differentiation. Antibodies to TGFb abrogated the
positive effect of antibodies to IL-12/23, IFNg, and IL-4
on differentiation of IL-17-producing T cells, implicating
DC as the cellular source of TGFb1 in these cultures.
However, it appears that the amount of TGFb1 they pro-
duce in primary cultures is obviously not sufficient to
promote IL-17 differentiation without further blockade
of Th1/Th2-promoting cytokines. A critical balance
between IFNg- and TGFb-mediated signals crucially in-
fluences the extent of Smad3 activation (Ulloa et al.,
1999), so that any interference with the IL-12/IFNg axis
will shift the balance in favor of TGFb.

Since disruption of TGFb1 signaling in T cells results in
inflammation and autoimmunity (Gorelik and Flavell,
2000; Kulkarni et al., 1993; Shull et al., 1992), it may at
first appear counterintuitive to invoke TGFb1 in the initi-
ation of a highly proinflammatory T cell subset. How-
ever, it has long been recognized that TGFb1 not only
has antiinflammatory potential but can, under certain
circumstances, also potentiate inflammation (Wahl,
1994). This dichotomy of action depends on local versus
systemic expression (Allen et al., 1990; Wahl et al., 1993),
as well as concentration and timing between TCR-trig-
gered activation and signaling through the TGFb recep-
tor (McKarns and Kaminski, 2000). Notably, local admin-
istration of TGFb1 precipitated inflammatory responses
and recruitment of neutrophils in experimental arthritis
models (Allen et al., 1990; Fava et al., 1991). These
experimental models predate the discovery of IL-17-
producing T cells, but since they evoke typical charac-
teristics of this proinflammatory T cell subset, it would
in fact be very interesting to reevaluate these models
in light of our findings concerning the role of TGFb1 in
the differentiation of IL-17-producing T cells.

In agreement with a recent publication (Harrington
et al., 2005), we did not find the Th1 lineage transcription
factor T-bet and its target, the homeoprotein Hlx (Mullen
et al., 2002), expressed in IL-17-producing T cells. How-
ever, T-bet-deficient mice are protected from EAE
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(Bettelli et al., 2004; Lovett-Racke et al., 2004), although
this autoimmune disease appears to be mostly driven by
IL-17-producing T cells (Cua et al., 2003). While this may
indicate involvement of Th1 T cells in EAE, it is also
worth considering that Tbet expression in dendritic cells
is important for their function in innate immunity (Lugo-
Villarino et al., 2005) and thus may play a role in the dif-
ferentiation of IL-17-producing T cells. The absence of
Smad 7, an inhibitor of TGFb signaling (Hayashi et al.,
1997; Nakao et al., 1997), also sets IL-17-producing T
cells apart from Th1 T cells.

IL-6, the other obligatory component in the differenti-
ation of IL-17-producing T cells, has an important role in
many aspects of immune responses (Taga and Kishi-
moto, 1997). Notably, its absence results in decreased
induction of EAE as well as collagen-induced arthritis
(Alonzi et al., 1998; Eugster et al., 1998; Ohshima et al.,
1998; Okuda et al., 1998; Rochman et al., 2005), both dis-
eases in which IL-17 is strongly involved. Despite the
fact that TGFb1 and IL-6 alone were capable to drive
the initial differentiation of IL-17-producing T cells, their
numbers were amplified by IL-1b and TNF-a. Synergistic
roles of IL-6, TNF-a, and IL-1b have been described pre-
viously, and deficiency in any one component reduces
onset of severity of pathology (Hata et al., 2004). Since
IL-17 itself has been implicated in induction of TNF-a,
IL-1b, and IL-6 (Fossiez et al., 1998; Langrish et al.,
2005), it is likely that there is positive feedback control
also involving cytokine production from T cells once
IL-17-producing cells have been generated. However,
in the case of TNF-a, it seems clear that it is DC-derived,
not T cell-derived, TNF-a that is instrumental in driving
IL-17 differentiation, since IL-17 production in recipients
of adoptively transferred T cells from TNF-a-deficient
mice was found to be normal (Nakae et al., 2002).

IL-23, which has been implicated in the generation of
IL-17 responses from preactivated CD4+ T cells, does
not appear to play a role in de novo generation of IL-
17-producing T cells. The protection against induction
of EAE and CIA in p19 knockout mice, together with
the absence of IL-17-producing T cells in such mice,
was thought to reflect a direct involvement of IL-23 in
the generation of IL-17-producing T cells (Langrish
et al., 2005; Murphy et al., 2003). While p192/2 mice
were reported to have elevated levels of TNFa, IL-6,
and IL-1b early after immunization with MOG (Cua
et al., 2003), the levels of these cytokines were reduced
in p192/2 mice 42 days after immunization with collagen,
when control mice showed chronic disease (Murphy
et al., 2003). Our data suggest that p192/2 mice are
capable of generating IL-17-producing T cells, but the
absence of IL-23 may compromise their survival and
thereby limit the positive feedback loop that upregulates
IL-6, IL-1b, and TNF-a. The importance of IL-23 in driving
the survival and expansion of activated IL-17 producers
as previously suggested (Aggarwal et al., 2003; Harring-
ton et al., 2005; Langrish et al., 2005; Park et al., 2005)
was confirmed in our study.

Although it is clear that there are many cellular
sources for TGFb1 (Fahlen et al., 2005; Letterio, 2005),
an intriguing feature in the generation of IL-17-produc-
ing T cells was the apparent involvement of Treg in the
differentiation of IL-17-producing T cells in our study.
What could be the contribution of Treg to this phenom-
enon? Treg have been shown to secrete TGFb1 (Belghith
et al., 2003), and some of them express TGFb1 on their
surface (Nakamura et al., 2001), but the role of TGFb1
in their suppressive function is somewhat controversial
(Piccirillo et al., 2002). Given that DCs appear to be
able to secrete some TGFb themselves, an alternative
explanation for the function of Treg may be their strong
suppression of both Th1 and Th2 responses via the inhi-
bition of IFNg and IL-4. In addition, Treg may increase
the production of TGFb1 by DC. Furthermore, we have
recently shown that Treg induce MyD88-independent
IL-10 production in DC (M.V. and B.S., unpublished
data), whose suppression of IL-12 might aid the devel-
opment of IL-17-producing T cells. While anti-IL-10
was not sufficient to suppress IL-17 differentiation, it
nevertheless caused a reduction in the proportion of T
cells that were able to produce IL-17 (Figure 2C).

The perceived role of Treg is in downregulation of
inflammatory responses, whereas IL-17 is thought to be
highly proinflammatory. Under physiological conditions
in vivo, the number of Treg present in the vicinity of an on-
going infection may not be sufficient to skew T cell differ-
entiation. Furthermore, there may be a strict temporal reg-
ulation of the effect, since delaying the addition of Treg to
naive T cells for 6 hr abrogated the generation of IL-
17-producing T cells (data not shown). Nevertheless, the
potential connection of Treg that play a well-documented
protective role in inflammatory bowel disease (Powrie,
1995) and IL-17, which is beneficial at mucosal sites, rep-
resents another intriguing aspect of immune regulation.

Taken together, our data suggest an important role for
TGFb, which together with IL-6 can mediate the de novo
differentiation of IL-17-producing T cells from naive pre-
cursors. While part of the effect of TGFb1 consists of
suppressing Th1 and Th2 differentiation, thus allowing
diversion to IL-17 differentiation, the fact that blocking
of TGFb in the context of Th1/Th2 antibody blockade
abolishes IL-17 production suggests that it also has
a more direct role in the differentiation of IL-17-produc-
ing T cells. Our data furthermore provide a logical expla-
nation for the apparent paradox that TGFb can play both
anti- and proinflammatory roles in the immune system.

Experimental Procedures

Mice

C57BL/6, C57BL/6 Ly5.1, C57BL/6 Yeti (Stetson et al., 2003), C57BL/

6 MyD882/2, and C57BL/6 Rag12/2 mice were bred under SPF con-

ditions, and experimental animals were kept in conventional but

pathogen-free animal facilities at the National Institute for Medical

Research (London, United Kingdom) in accordance with local guide-

lines.

Cell Purification

Single-cell suspensions from spleens and lymph nodes were stained

with anti-CD25-phycoerthrin (PE) followed by anti-PE magnetic

microbeads (Miltenyi Biotec, Surrey, United Kingdom) and enriched

by positive selection on an AutoMACS (MACS, Miltenyi Biotec,

GmbH), according to the manufacturer’s instructions. The positive

fraction was then sorted on a Moflo cytometer (Cytomation, Fort

Collins, Colorado) to obtain pure populations of CD4+CD25+ T cells

(>99% purity); the negative fraction was sorted into CD252 CD44lo

CD62Lhi CD4+ T cells (>99.5% purity).

Generation of Bone-Marrow-Derived DC

Bone-marrow-derived DCs (BMDC) were generated as described

previously (Stockinger and Hausmann, 1994). Briefly, femurs and
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tibia were flushed with culture medium, and 3 3 106 bone marrow

cells were cultured in petri dishes (NUNC) in 10 ml culture medium

containing 10% supernatant of Ag8653 myeloma cells transfected

with murine granulocyte macrophage colony stimulating factor

(GM-CSF) cDNA. On day 4 of culture, nonadherent granulocytes

were removed and GM-CSF medium replaced. Loosely adherent

cells were transferred to a fresh dish on day 6 of culture and used

from day 6 to day 8 as the source of dentritic cells (>95% purity).

In Vitro Stimulation and Exogenous Cytokines

The culture medium used was Iscove’s modified Dulbecco medium

(IMDM) (Sigma) supplemented with 5% heat-inactivated FACS, 2 3

1023 M L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin,

and 5 3 1023 M mercaptoethanol (all Sigma).

Cells were cultured in 2 ml volume, containing 1 3 105 BMDC,

2.5 3 105 sorted naive CD4+ T cells with or without 2.5 3 105

CD4+CD25+ T cells, stimulated with soluble 0.5 mg/ml anti-CD3

(45-2C11), or immobilized anti-CD3 (1 mg/ml) and 10 mg/ml anti-

CD28 (37.51) or 5 ml anti-CD3 and anti-CD28-coated beads (Dynal

Biotech, Oslo, Norway). TLR stimuli used were 100 ng/ml LPS

(from Salmonella Minnesota R595, ultrapure TLR4 grade) (Alexis

Biochemicals, Lausen, Switzerland), 200 nM CpG (1668) (Invitrogen),

100 mg/ml PolyI:C (Amersham Biosciences, New Jersey). Exogenous

cytokines used were TGFb (1 ng/ml) (Sigma), IL-1b (10 ng/ml), IL-4

(10 ng/ml), IL-6 (20 ng/ml), TNFa (10 ng/ml), (All ImmunoTools,

Germany), IL-12 (5 ng/ml) (Preprotech EC Ltd, United Kingdom),

and IL-23 (10 ng/ml) (kind gift from Dr. A. O’Garra).

Quantitative mRNA Analysis of Cytokines

and Transcription Factors

RNA was extracted using 1-bromo-3-chloro-propane (Sigma) and

reverse transcribed with oligo d(T)16 (Applied Biosystems, Branch-

burg, New Jersey) according to the manufacturer’s protocol. The

cDNA served as template for the amplification of genes of interest

and the housekeeping gene (Hprt) by real-time PCR, using TaqMan

Gene Expression Assays (Hprt, Mm00446968_m1; IL-2,

Mm00434256_m1; Tbet, Mm00450960_m1; GATA3, Mm00484683_m;

Hlx, Mm00468656_m1; Smad7, Mm00484741_m1) (all Applied Bio-

systems, Foster City, California), universal PCR Master Mix (Applied

Biosystems, Warrington, United Kingdom) and the ABI-PRISM 7900

Sequence Detection System (Applied Biosystems, Foster City, Cal-

ifornia). Target gene expression was calculated using the compara-

tive method for relative quantitation upon normalization to Hprt gene

expression.

Antibodies and Flow Cytometry

Anti-CD4 APC (RM4-5), anti-CD25 PE (PC61), anti-CD44 PE (IM7),

anti-CD62L APC (MEL14), anti-CD45.2 Biotin (104), anti-IFNg FITC

(XMG1.2), and anti-IL-6 (MP5-20F3) were purchased from eBio-

science (San Diego, California); Streptavidin APC was purchased

from Molecular Probes (Eugene, Oregon); and anti-IL-17 PE from

BD Biosciences (United Kingdom). Anti-TGFb (1D11.16) and isotype

control (Ox-1) were a kind gift from Dr. A. Cooke. Anti-CD3 (145-

2C11), anti-CD28 (37.51) anti-IFNg (R46A2), anti-IL-4 (11B11) anti-

IL-12/IL-23 p40 (C17.8), and anti-IL-10 (JES5 16E3) were purified

from hybridoma supernatant in our laboratory using standard proce-

dures. All antibodies were used at 10 mg/ml for blocking. For deter-

mination of intracellular cytokine production, cells were restimulated

with 500 ng/ml PdBu, 500 ng/ml ionomycin, and 1 mg/ml BrefeldinA

(all Sigma) for 4 hr at 37ºC. Cells were then stained for surface

markers, fixed in 1% paraformaldehyde in PBS, and permeabilized

with 0.1% NP40 PBS, followed by labeling with specific cytokine

Abs or isotype controls. Cells were analyzed on a FACSCalibur (Bec-

ton Dickinson, San Jose, California) using Cellquest software (Bec-

ton Dickinson) and further analyzed using FlowJo software (Tree

Star, Inc).

Supplemental Data

Supplemental Data include three figures and can be found with this

article online at http://www.immunity.com/cgi/content/full/24/2/

179/DC1/.
Acknowledgments

We thank Anne O’Garra for critical comments on the manuscript.

This work was supported by the Medical Research Council UK.

R.M.L. is supported by grant NIH AI30663.

Received: September 13, 2005

Revised: November 28, 2005

Accepted: January 4, 2006

Published: February 14, 2006

References

Aggarwal, S., Ghilardi, N., Xie, M.H., de Sauvage, F.J., and Gurney,

A.L. (2003). Interleukin-23 promotes a distinct CD4 T cell activation

state characterized by the production of interleukin-17. J. Biol.

Chem. 278, 1910–1914.

Allen, J.B., Manthey, C.L., Hand, A.R., Ohura, K., Ellingsworth, L.,

and Wahl, S.M. (1990). Rapid onset synovial inflammation and

hyperplasia induced by transforming growth factor beta. J. Exp.

Med. 171, 231–247.

Almeida, A.R., Legrand, N., Papiernik, M., and Freitas, A.A. (2002).

Homeostasis of peripheral CD4(+) T cells: IL-2Ralpha and IL-2 shape

a population of regulatory cells that controls CD4(+) T cell numbers.

J. Immunol. 169, 4850–4860.

Alonzi, T., Fattori, E., Lazzaro, D., Costa, P., Probert, L., Kollias, G.,

De Benedetti, F., Poli, V., and Ciliberto, G. (1998). Interleukin 6 is

required for the development of collagen-induced arthritis. J. Exp.

Med. 187, 461–468.

Annacker, O., Burlen-Defranoux, O., Pimenta-Araujo, R., Cumano,

A., and Bandeira, A. (2000). Regulatory CD4 T cells control the size

of the peripheral activated/memory CD4 T cell compartment. J. Im-

munol. 164, 3573–3580.

Barthlott, T., Moncrieffe, H., Veldhoen, M., Atkins, C.J., Christensen,

J., O’Garra, A., and Stockinger, B. (2005). CD25+ CD4+ T cells com-

pete with naive CD4+ T cells for IL-2 and exploit it for the induction of

IL-10 production. Int. Immunol. 17, 279–288.

Belghith, M., Bluestone, J.A., Barriot, S., Megret, J., Bach, J.F., and

Chatenoud, L. (2003). TGF-beta-dependent mechanisms mediate

restoration of self-tolerance induced by antibodies to CD3 in overt

autoimmune diabetes. Nat. Med. 9, 1202–1208.

Bettelli, E., Sullivan, B., Szabo, S.J., Sobel, R.A., Glimcher, L.H., and

Kuchroo, V.K. (2004). Loss of T-bet, but not STAT1, prevents the de-

velopment of experimental autoimmune encephalomyelitis. J. Exp.

Med. 200, 79–87.

Chen, C.H., Seguin-Devaux, C., Burke, N.A., Oriss, T.B., Watkins,

S.C., Clipstone, N., and Ray, A. (2003a). Transforming growth factor

beta blocks Tec kinase phosphorylation, Ca2+ influx, and NFATc

translocation causing inhibition of T cell differentiation. J. Exp.

Med. 197, 1689–1699.

Chen, Y., Thai, P., Zhao, Y.H., Ho, Y.S., DeSouza, M.M., and Wu, R.

(2003b). Stimulation of airway mucin gene expression by interleukin

(IL)-17 through IL-6 paracrine/autocrine loop. J. Biol. Chem. 278,

17036–17043.

Cua, D.J., Sherlock, J., Chen, Y., Murphy, C.A., Joyce, B., Seymour,

B., Lucian, L., To, W., Kwan, S., Churakova, T., et al. (2003). Interleu-

kin-23 rather than interleukin-12 is the critical cytokine for autoim-

mune inflammation of the brain. Nature 421, 744–748.

de la Rosa, M., Rutz, S., Dorninger, H., and Scheffold, A. (2004).

Interleukin-2 is essential for CD4+CD25+ regulatory T cell function.

Eur. J. Immunol. 34, 2480–2488.

Eugster, H.P., Frei, K., Kopf, M., Lassmann, H., and Fontana, A.

(1998). IL-6-deficient mice resist myelin oligodendrocyte glycopro-

tein-induced autoimmune encephalomyelitis. Eur. J. Immunol. 28,

2178–2187.

Fahlen, L., Read, S., Gorelik, L., Hurst, S.D., Coffman, R.L., Flavell,

R.A., and Powrie, F. (2005). T cells that cannot respond to TGF-

beta escape control by CD4(+)CD25(+) regulatory T cells. J. Exp.

Med. 201, 737–746.

Fava, R.A., Olsen, N.J., Postlethwaite, A.E., Broadley, K.N., David-

son, J.M., Nanney, L.B., Lucas, C., and Townes, A.S. (1991).

http://www.immunity.com/cgi/content/full/24/2/179/DC1/
http://www.immunity.com/cgi/content/full/24/2/179/DC1/


Immunity
188
Transforming growth factor beta 1 (TGF-beta 1) induced neutrophil

recruitment to synovial tissues: implications for TGF-beta-driven

synovial inflammation and hyperplasia. J. Exp. Med. 173, 1121–

1132.

Fitch, F.W., McKisic, M.D., Lancki, D.W., and Gajewski, T.F. (1993).

Differential regulation of murine T lymphocyte subsets. Annu. Rev.

Immunol. 11, 29–48.

Fontenot, J.D., and Rudensky, A.Y. (2005). A well adapted regulatory

contrivance: regulatory T cell development and the forkhead family

transcription factor Foxp3. Nat. Immunol. 6, 331–337.

Fontenot, J.D., Rasmussen, J.P., Williams, L.M., Dooley, J.L., Farr,

A.G., and Rudensky, A.Y. (2005). Regulatory T cell lineage specifica-

tion by the forkhead transcription factor foxp3. Immunity 22, 329–

341.

Fossiez, F., Banchereau, J., Murray, R., Van Kooten, C., Garrone, P.,

and Lebecque, S. (1998). Interleukin-17. Int. Rev. Immunol. 16, 541–

551.

Gorelik, L., and Flavell, R.A. (2000). Abrogation of TGFbeta signaling

in T cells leads to spontaneous T cell differentiation and autoimmune

disease. Immunity 12, 171–181.

Gorelik, L., and Flavell, R.A. (2002). Transforming growth factor-beta

in T-cell biology. Nat. Rev. Immunol. 2, 46–53.

Gorelik, L., Fields, P.E., and Flavell, R.A. (2000). Cutting edge: TGF-

beta inhibits Th type 2 development through inhibition of GATA-3 ex-

pression. J. Immunol. 165, 4773–4777.

Gorelik, L., Constant, S., and Flavell, R.A. (2002). Mechanism of

transforming growth factor beta-induced inhibition of T helper

type 1 differentiation. J. Exp. Med. 195, 1499–1505.

Harrington, L.E., Hatton, R.D., Mangan, P.R., Turner, H., Murphy,

T.L., Murphy, K.M., and Weaver, C.T. (2005). Interleukin 17-produc-

ing CD4+ effector T cells develop via a lineage distinct from the T

helper type 1 and 2 lineages. Nat. Immunol. 6, 1123–1132.

Hata, H., Sakaguchi, N., Yoshitomi, H., Iwakura, Y., Sekikawa, K.,

Azuma, Y., Kanai, C., Moriizumi, E., Nomura, T., Nakamura, T., and

Sakaguchi, S. (2004). Distinct contribution of IL-6, TNF-alpha, IL-1,

and IL-10 to T cell-mediated spontaneous autoimmune arthritis in

mice. J. Clin. Invest. 114, 582–588.

Hayashi, H., Abdollah, S., Qiu, Y., Cai, J., Xu, Y.Y., Grinnell, B.W., Ri-

chardson, M.A., Topper, J.N., Gimbrone, M.A., Jr., Wrana, J.L., and

Falb, D. (1997). The MAD-related protein Smad7 associates with the

TGFbeta receptor and functions as an antagonist of TGFbeta signal-

ing. Cell 89, 1165–1173.

Heath, V.L., Murphy, E.E., Crain, C., Tomlinson, M.G., and O’Garra,

A. (2000). TGF-beta1 down-regulates Th2 development and results

in decreased IL-4-induced STAT6 activation and GATA-3 expres-

sion. Eur. J. Immunol. 30, 2639–2649.

Kaisho, T., Takeuchi, O., Kawai, T., Hoshino, K., and Akira, S. (2001).

Endotoxin-induced maturation of MyD88-deficient dendritic cells.

J. Immunol. 166, 5688–5694.

Kinugasa, T., Sakaguchi, T., Gu, X., and Reinecker, H.C. (2000). Clau-

dins regulate the intestinal barrier in response to immune mediators.

Gastroenterology 118, 1001–1011.

Kolls, J.K., and Linden, A. (2004). Interleukin-17 family members and

inflammation. Immunity 21, 467–476.

Kulkarni, A.B., Huh, C.G., Becker, D., Geiser, A., Lyght, M., Flanders,

K.C., Roberts, A.B., Sporn, M.B., Ward, J.M., and Karlsson, S. (1993).

Transforming growth factor beta 1 null mutation in mice causes ex-

cessive inflammatory response and early death. Proc. Natl. Acad.

Sci. USA 90, 770–774.

Langrish, C.L., Chen, Y., Blumenschein, W.M., Mattson, J., Basham,

B., Sedgwick, J.D., McClanahan, T., Kastelein, R.A., and Cua, D.J.

(2005). IL-23 drives a pathogenic T cell population that induces au-

toimmune inflammation. J. Exp. Med. 201, 233–240.

Letterio, J.J. (2005). TGF-beta signaling in T cells: roles in lymphoid

and epithelial neoplasia. Oncogene 24, 5701–5712.

Letterio, J.J., and Roberts, A.B. (1998). Regulation of immune re-

sponses by TGF-beta. Annu. Rev. Immunol. 16, 137–161.

Lin, J.T., Martin, S.L., Xia, L., and Gorham, J.D. (2005). TGF-beta 1

uses distinct mechanisms to inhibit IFN-gamma expression in
CD4+ T cells at priming and at recall: differential involvement of

Stat4 and T-bet. J. Immunol. 174, 5950–5958.

Lovett-Racke, A.E., Rocchini, A.E., Choy, J., Northrop, S.C., Hus-

sain, R.Z., Ratts, R.B., Sikder, D., and Racke, M.K. (2004). Silencing

T-bet defines a critical role in the differentiation of autoreactive T

lymphocytes. Immunity 21, 719–731.

Lugo-Villarino, G., Ito, S., Klinman, D.M., and Glimcher, L.H. (2005).

The adjuvant activity of CpG DNA requires T-bet expression in den-

dritic cells. Proc. Natl. Acad. Sci. USA 102, 13248–13253.

Maloy, K.J., and Powrie, F. (2001). Regulatory T cells in the control of

immune pathology. Nat. Immunol. 2, 816–822.

McKarns, S.C., and Kaminski, N.E. (2000). TGF-beta 1 differentially

regulates IL-2 expression and [3H]-thymidine incorporation in CD3

epsilon mAb- and CD28 mAb-activated splenocytes and thymo-

cytes. Immunopharmacology 48, 101–115.

Moore, K.W., de Waal Malefyt, R., Coffman, R.L., and O’Garra, A.

(2001). Interleukin-10 and the interleukin-10 receptor. Annu. Rev. Im-

munol. 19, 683–765.

Mullen, A.C., Hutchins, A.S., High, F.A., Lee, H.W., Sykes, K.J., Cho-

dosh, L.A., and Reiner, S.L. (2002). Hlx is induced by and genetically

interacts with T-bet to promote heritable T(H)1 gene induction. Nat.

Immunol. 3, 652–658.

Murphy, C.A., Langrish, C.L., Chen, Y., Blumenschein, W., McClana-

han, T., Kastelein, R.A., Sedgwick, J.D., and Cua, D.J. (2003). Diver-

gent pro- and antiinflammatory roles for IL-23 and IL-12 in joint

autoimmune inflammation. J. Exp. Med. 198, 1951–1957.

Nakae, S., Komiyama, Y., Nambu, A., Sudo, K., Iwase, M., Homma, I.,

Sekikawa, K., Asano, M., and Iwakura, Y. (2002). Antigen-specific T

cell sensitization is impaired in IL-17-deficient mice, causing sup-

pression of allergic cellular and humoral responses. Immunity 17,

375–387.

Nakamura, K., Kitani, A., and Strober, W. (2001). Cell contact-depen-

dent immunosuppression by CD4(+)CD25(+) regulatory T cells is

mediated by cell surface-bound transforming growth factor beta.

J. Exp. Med. 194, 629–644.

Nakao, A., Afrakhte, M., Moren, A., Nakayama, T., Christian, J.L.,

Heuchel, R., Itoh, S., Kawabata, M., Heldin, N.E., Heldin, C.H., and

ten Dijke, P. (1997). Identification of Smad7, a TGFbeta-inducible

antagonist of TGF-beta signalling. Nature 389, 631–635.

O’Garra, A., Vieira, P.L., Vieira, P., and Goldfeld, A.E. (2004). IL-10-

producing and naturally occurring CD4+ Tregs: limiting collateral

damage. J. Clin. Invest. 114, 1372–1378.

Ogawa, A., Andoh, A., Araki, Y., Bamba, T., and Fujiyama, Y. (2004).

Neutralization of interleukin-17 aggravates dextran sulfate sodium-

induced colitis in mice. Clin. Immunol. 110, 55–62.

Ohshima, S., Saeki, Y., Mima, T., Sasai, M., Nishioka, K., Nomura, S.,

Kopf, M., Katada, Y., Tanaka, T., Suemura, M., and Kishimoto, T.

(1998). Interleukin 6 plays a key role in the development of anti-

gen-induced arthritis. Proc. Natl. Acad. Sci. USA 95, 8222–8226.

Okuda, Y., Sakoda, S., Bernard, C.C., Fujimura, H., Saeki, Y., Kishi-

moto, T., and Yanagihara, T. (1998). IL-6-deficient mice are resistant

to the induction of experimental autoimmune encephalomyelitis

provoked by myelin oligodendrocyte glycoprotein. Int. Immunol.

10, 703–708.

Oppmann, B., Lesley, R., Blom, B., Timans, J.C., Xu, Y., Hunte, B.,

Vega, F., Yu, N., Wang, J., Singh, K., et al. (2000). Novel p19 protein

engages IL-12p40 to form a cytokine, IL-23, with biological activities

similar as well as distinct from IL-12. Immunity 13, 715–725.

Park, H., Li, Z., Yang, X.O., Chang, S.H., Nurieva, R., Wang, Y.H.,

Wang, Y., Hood, L., Zhu, Z., Tian, Q., and Dong, C. (2005). A distinct

lineage of CD4 T cells regulates tissue inflammation by producing

interleukin 17. Nat. Immunol. 6, 1133–1141.

Pasare, C., and Medzhitov, R. (2003). Toll pathway-dependent

blockade of CD4+CD25+ T cell-mediated suppression by dendritic

cells. Science 299, 1033–1036.

Piccirillo, C.A., Letterio, J.J., Thornton, A.M., McHugh, R.S., Ma-

mura, M., Mizuhara, H., and Shevach, E.M. (2002). CD4(+)CD25(+)

regulatory T cells can mediate suppressor function in the absence

of transforming growth factor beta1 production and responsive-

ness. J. Exp. Med. 196, 237–246.



Differentiation of IL-17-Producing T Cells
189
Powrie, F. (1995). T cells in inflammatory bowel disease: protective

and pathogenic roles. Immunity 3, 171–174.

Reis e Sousa, C. (2004). Toll-like receptors and dendritic cells: for

whom the bug tolls. Semin. Immunol. 16, 27–34.

Rochman, I., Paul, W.E., and Ben-Sasson, S.Z. (2005). IL-6 increases

primed cell expansion and survival. J. Immunol. 174, 4761–4767.

Sakaguchi, S. (2005). Naturally arising Foxp3-expressing

CD25+CD4+ regulatory T cells in immunological tolerance to self

and non-self. Nat. Immunol. 6, 345–352.

Shi, Y., and Massague, J. (2003). Mechanisms of TGF-beta signaling

from cell membrane to the nucleus. Cell 113, 685–700.

Shull, M.M., Ormsby, I., Kier, A.B., Pawlowski, S., Diebold, R.J., Yin,

M., Allen, R., Sidman, C., Proetzel, G., Calvin, D., et al. (1992). Tar-

geted disruption of the mouse transforming growth factor-beta 1

gene results in multifocal inflammatory disease. Nature 359, 693–

699.

Stetson, D.B., Mohrs, M., Reinhardt, R.L., Baron, J.L., Wang, Z.E.,

Gapin, L., Kronenberg, M., and Locksley, R.M. (2003). Constitutive

cytokine mRNAs mark natural killer (NK) and NK T cells poised for

rapid effector function. J. Exp. Med. 198, 1069–1076.

Stockinger, B., and Hausmann, B. (1994). Functional recognition of

in vivo processed self antigen. Int. Immunol. 6, 247–254.

Szabo, S.J., Dighe, A.S., Gubler, U., and Murphy, K.M. (1997). Reg-

ulation of the interleukin (IL)-12R beta 2 subunit expression in devel-

oping T helper 1 (Th1) and Th2 cells. J. Exp. Med. 185, 817–824.

Szabo, S.J., Kim, S.T., Costa, G.L., Zhang, X., Fathman, C.G., and

Glimcher, L.H. (2000). A novel transcription factor, T-bet, directs

Th1 lineage commitment. Cell 100, 655–669.

Taga, T., and Kishimoto, T. (1997). Gp130 and the interleukin-6 family

of cytokines. Annu. Rev. Immunol. 15, 797–819.

Thornton, A.M., and Shevach, E.M. (1998). CD4+CD25+ immunoreg-

ulatory T cells suppress polyclonal T cell activation in vitro by inhib-

iting interleukin 2 production. J. Exp. Med. 188, 287–296.

Ulloa, L., Doody, J., and Massague, J. (1999). Inhibition of transform-

ing growth factor-beta/SMAD signalling by the interferon-gamma/

STAT pathway. Nature 397, 710–713.

Vanden Eijnden, S., Goriely, S., De Wit, D., Willems, F., and Goldman,

M. (2005). IL-23 up-regulates IL-10 and induces IL-17 synthesis by

polyclonally activated naive T cells in human. Eur. J. Immunol. 35,

469–475.

Wahl, S.M. (1994). Transforming growth factor beta: the good, the

bad, and the ugly. J. Exp. Med. 180, 1587–1590.

Wahl, S.M., Allen, J.B., Costa, G.L., Wong, H.L., and Dasch, J.R.

(1993). Reversal of acute and chronic synovial inflammation by

anti-transforming growth factor beta. J. Exp. Med. 177, 225–230.

Zheng, W., and Flavell, R.A. (1997). The transcription factor GATA-3

is necessary and sufficient for Th2 cytokine gene expression in CD4

T cells. Cell 89, 587–596.


	TGFbeta in the Context of an Inflammatory Cytokine Milieu Supports De Novo Differentiation of IL-17-Producing T Cells
	Introduction
	Results
	Coculture of Naive CD4 T Cells with Treg in the Presence of LPS Induces IL-17 Production
	The Component Involved in Differentiation of IL-17 Producers Is TGFbeta1
	DCs Stimulated by Different TLR Ligands in a MyD88-Dependent Fashion Are Crucial for CD4 Differentiation to IL-17 Production
	Identification of DC-Derived Cytokines Involved in Differentiation of IL-17 Producers
	Distinction of Th1 and IL-17-Producing T Cells and an Active Role for TGFbeta1
	IL-17-Producing T Cells Do Not Express Th1 or Th2 Transcription Factors or Smad7

	Discussion
	Experimental Procedures
	Mice
	Cell Purification
	Generation of Bone-Marrow-Derived DC
	In Vitro Stimulation and Exogenous Cytokines
	Quantitative mRNA Analysis of Cytokines and Transcription Factors
	Antibodies and Flow Cytometry
	Supplemental Data

	Acknowledgments
	References


