






FSL-1. Of note, we observed a significant shift of CFSE-unlabeled
Fr. I (Fig. 7) and Fr. II (Fig. 8) Tregs to a Th17-like phenotype in
the presence of Pam3Cys. Furthermore, a smaller shift of CFSE-
labeled CD25+CD452 Tresps (Fr. VI) toward IL-17 production
was also observed in cocultures with both Fr. I (Fig. 7) and Fr. II
(Fig. 8) Tregs. By contrast, FSL-1 did not significantly affect the
IL-17 phenotype of Tregs or Tresps. Thus, although we cannot
rule out that the proliferation of small percentages of preexisting
IL-17+ Tregs occurs, these data are consistent with a TLR2-driven
shift of the majority of Tregs toward a Th17-like phenotype.

TLR2-induced reduction of Treg suppression is reversed by
anti–IL-6 and anti–IL-17

Our next aim was to investigate the functional role of IL-6, known
to inhibit Treg function (27), in TLR2-induced reduction of Treg
function. Cells were incubated either in monoculture or in co-

culture at different ratios in the absence or presence of neutral-
izing anti–IL-6. As previously observed (Fig. 1), Pam3Cys
reduced the suppressive functions of Tregs at 1:16, 1:8, and 1:4
Treg/Tresp ratios (p = 0.01, 0.03, 0.014, respectively; Fig. 9A).
Neutralization of IL-6 abrogated Pam3Cys-mediated reduction of
Treg suppression at the indicated Treg/Tresp ratios (p = 0.013,
0.011, and 0.016, respectively). Anti–IL-6 alone did not signifi-
cantly affect Treg suppressive function (Fig. 9A). To test further
the role of IL-6 in Treg function, we measured the expression of
IL-17 and IL-22 by Tregs stimulated with Pam3Cys in the pres-
ence or absence of neutralizing anti–IL-6 Ab. IL-22, an IL-10
family member, is highly expressed by Th17 cells, and its ex-
pression can be induced by TGF-b signaling in the presence of IL-
6 and other proinflammatory cytokines (38). Both IL-22 and IL-17
were induced by Pam3Cys in Treg monocultures, and IL-6 neu-
tralization reduced their induction (Fig. 9B). These data suggest

FIGURE 8. IL-17 expression by effector Tregs and Tresps in coculture. CFSE-labeled Tresps (CD4+CD252CD45RA+ cells, Fr. VI) were cultured alone

or with unlabeled effector Tregs (CD4+CD45RA2CD25+++, Fr. II) at 1:16, 1:8, and 1:4 Tresp/Treg ratios. CFSE dilution and intracellular expression of IL-

17 were assessed after 96 h of culture in the absence or presence of Pam3Cys or FSL-1. Histograms show percentages of dividing CFSE-labeled Tresps

cultured in the indicated conditions. Dot plots show percentages of IL-17+ (upper panels) and IL-172 (lower panels). Dividing CFSE-labeled Tresps are

shown in the right-hand panels, and non-CFSE labeled Tregs are shown in the left-hand panels (percentages underlined). One representative experiment of

three is shown.
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that IL-6 induced by TLR2 stimulation contributes to the re-
duction of Treg suppressive function.
We then directly addressed the functional role of IL-17 in our

system. Tregs and Tresps that were FACS-sorted as described in Fig.
1Bwere incubated either in monoculture or in coculture at different
ratios in the absence or presence of neutralizing anti–IL-17. Similar

to our findings with neutralizing anti–IL-6 Abs, neutralization of
IL-17 abrogated Pam3Cys-mediated reduction of Treg suppression

(Fig. 9C). In addition, IL-17 neutralization blocked the expression
of IL-17A and IL-22 induced by Pam3Cys (Fig. 9D). Thus, IL-17
also appears to contribute to TLR2-mediated reduction of Treg

suppression. At the same time, neutralization of either IL-6 or
IL-17 prevents the emergence of Tregs with a Th17 phenotype. A

working model that summarizes some of our key observations is
presented in Fig. 10 and discussed in the following section.

Discussion
We studied the effect of TLR2 stimulation on the suppressive
function of human Treg populations and found that the suppres-
sive activity of both naive and effector Tregs is inhibited by the
TLR2 ligand Pam3Cys, leading to increased responder T cell
proliferation. We provide evidence that T cell-derived IL-6 con-
tributes to such effect and that reduced suppressive activity is
observed in association with a shift of Treg populations into a
“Th17-like” phenotype marked by increased expression of RORC
and decreased expression of FOXP3 (Fig. 10).

FIGURE 9. Role of IL-6 and IL-17 in Pam3Cys-induced reduction of the suppressive functions of Tregs. FACS-sorted CD4+CD252 Tresps and CD4+

CD25hiCD127neg Tregs were cocultured in the absence or presence of 5 mg/ml Pam3Cys and 10 mg/ml neutralizing anti–IL-6 Ab (A) or anti–IL-17 (C) at

1:16, 1:8, and 1:4 Treg/Tresp ratios. Cells were incubated for 72 h then pulsed with [3H]thymidine and incubated for a further 16 h before harvesting and

measuring [3H]thymidine incorporation. Proliferation is expressed as counts per minute (n = 3). *p , 0.05, **p , 0.01. Tregs were cultured in the absence

or presence of 5 mg/ml Pam3Cys and 10 mg/ml neutralizing anti–IL-6 (B) or anti–IL-17 (D) for 72 h and then intracellularly stained for the expression of

IL-17 and IL-22. For intracellular cytokine staining, cells were stimulated with PMA/ionomycin in the presence of brefeldin A in the last 5 h of culture. One

representative experiment of three is shown.
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Our finding that the TLR1/2 agonist Pam3Cys reduces the
suppressive functions of Tregs is in agreement with two previous
findings in murine (4, 11) and, most recently, human (10) cells. In
the mouse, Sutmuller et al. and Liu et al. independently demon-
strated that TLR2 ligation leads to reduced Treg suppressive
function and proliferative expansion of TLR2-stimulated Tregs (4,
11). Controversy remained, however, as Chen et al. (39) found that
TLR2 stimulation of murine Tregs did not reduce their suppressive
function but enhanced their survival by inducing the antiapoptotic
protein Bcl-xL. In human Tregs, a mixture of synthetic lipo-
peptides including Pam3Cys, FSL-1, and Pam2Cys enhanced
AKT phosphorylation and reduced Treg suppressive function (10).
Human Tregs have also been reported to respond to HSP60 in
a TLR2-dependent manner, leading to an increase in their sup-
pressive function, mediated by cell–cell contact mechanisms and
the secretion of TGF-b and IL-10 (12). In agreement with Oberg
et al. (10), we found that pretreatment of Tregs before coculture
with Tresps significantly affected Treg functions, whereas pre-
treatment of Tresps before cocultures with Tregs was not effective.
The observation that, in contrast to the TLR1/2 agonist Pam3Cys,
the TLR2/6 agonist FSL-1 did not significantly affect Treg func-
tion is in partial agreement with the cited Oberg et al. study (10).
In contrast to their study, however, we found little variability in
the response of different normal subjects to TLR1/2 and TLR2/6
stimulation and were thus able to study the biological effects of
individual TLR2 agonists instead of using them as mixtures.
Predominant effects of TLR2 agonists on Tregs are also consistent
with the significantly higher expression of TLR2 and its hetero-
dimeric partner TLR1 on Treg populations compared with that
on Tresps. We also wanted to compare the potency of highly pu-
rified (.98%) CD4+CD25hiTregs (FACS-sorted as either CD4+

CD25hiCD127neg or CD4+CD45RA+CD25++ and CD4+CD45RA2

CD25+++) with magnetic bead-purified, CD4+CD25+/hi cells
(.95% pure) in suppressing CD4+CD25neg responder cells. Al-
though bead-purified Tregs are known to contain nonsuppressive

T cells (40), the degree of suppression exerted by bead-purified
and by FACS-sorted CD4+CD25hiCD127neg Treg populations was
comparable. Differences between our findings and those reported
by Oberg et al. (10) on the one hand and Zanin-Zhorov et al. (12)
on the other may be due to methodological differences, including
the use of different TLR2 stimuli. Neither previous study specif-
ically focused on the role of Th17-type cytokines in response to
TLR2 stimulation.
Multiple mechanisms for how Tregs suppress Tresps have

been reported (41). Among cytokine mediators of Treg suppres-
sion, TGF-b and IL-10 have been well characterized and shown
to inhibit proliferation and/or cytokine production by effector/
responder T cells. Membrane-bound TGF-b can mediate Tregs
suppression in a cell contact-dependent fashion, which can be
reversed by high concentrations of anti–TGF-b (42, 43). In view
of the inhibitory function of TGF-b, its increased expression by
Tregs (and, to a lesser extent, Tresps) in response to TLR2 stim-
ulation was unexpected. Because such upregulation of TGF-b was
accompanied by an increase in IL-6, we hypothesized that the
simultaneous induction of IL-6 and TGF-b might be involved in
driving Tregs to a Th17 phenotype. This is consistent with current
models whereby IL-6, in combination with TGF-b, can drive
Th17 cell differentiation in both mouse (25) and (with IL-1b and
IL-23) human (44) T cells. Moreover, a fraction of human
CD45RA2FOXP3+ memory Tregs has been reported to constitu-
tively express the Th17 lineage-specific transcription factor RORC
and to secrete IL-17 (29).
We found that in the presence of TCR activation, Pam3Cys

induced the production of IL-17A, IL-17F, and IL-22 in CD4+

enriched cells, with potency comparable with a Th17 differenti-
ation mixture of cytokines and Abs. Sorted populations of CD25hi

CD127neg Tregs, as well as CD45RA+CD25++ (naive) and
CD45RA2CD25+++ (effector) Tregs were directly susceptible to
induction of IL-17, with an associated reduction of the FOXP3/
RORC expression ratio. FSL-1 stimulation had a weaker or absent
effect on these parameters, in keeping with the lower expression
of TLR6 on the indicated Treg fractions. We found a significant
downregulation of FOXP3 expression upon TLR1/2 stimulation in
contrast with the recent report by Oberg et al. (10). Such differ-
ence may be due to the different concentrations of agonists used
in the two studies (1 mg/ml of individual stimuli in their study and
5 mg/ml in ours) and, in several experiments, their use of a com-
bination of TLR2 agonists (Pam3Cys, Pam2Cys, and FSL-1) in
contrast to individual agonists used in our study.
Of note, upregulation of CCR6, a chemokine receptor prefer-

entially expressed on Th17 cells (32), by Pam3Cys-stimulated
CD4+CD25+CD127neg Tregs and a lack of significant effects on
Th1 markers (IFN-g and T-bet) further suggests that TLR2 stim-
ulation may promote a Th17-like phenotype and/or the specific
expansion of a population of preexisting IL-17+FOXP3+ Tregs
described by Ayyoub et al. (29). Also relevant to this possibility is
the report by Beriou et al. (14) that a subset of human Tregs,
characterized by a lack of expression of HLA-DR, comprises
a small percentage (8.9%) of IL-17+FOXP3+ Tregs. These cells
display transiently reduced suppressive function when induced to
secrete IL-17 by stimuli such as IL-1b and IL-6 (14). Our data
indicate that reduced suppressive function of Pam3Cys-stimulated
Tregs was associated with potent induction of IL-6 (as well as IL-
17 and IL-22) in cocultures of Treg and Tresp. IL-6 was also in-
duced in individual cultures of naive and effector Treg and Tresp,
indicating that each of the populations analyzed was a source of
IL-6. Furthermore, a population of “memory non-Tregs” (Fr. III)
produced the highest levels of baseline and induced IL-6, whereas
naive Tresps (Fr. VI) were not a significant source of the cytokine.

FIGURE 10. Model of reduced suppressive function of Tregs and Th17

development after TLR2 stimulation. This model emphasizes the role of

TLR2 in 1) the differentiation of Tregs toward a Th17-like phenotype

(dotted arrow) with reduced suppressive function and 2) the production of

IL-6 leading to inhibition of the suppressive functions of Tregs (solid line).
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The observed shift toward IL-17 production in both naive (Fig.
7) and effector Tregs (Fig. 8) cocultured with Tresps in the
presence of Pam3Cys suggests that a drive toward a Th17-like
phenotype is predominant over the expansion of preexisting,
small populations of IL-17+FOXP3+ Tregs. Such a TLR2-driven
Th17 conversion would be consistent with recent observations in
murine Tregs (24). The fact that IL-6 neutralization abrogated
TLR2-induced inhibition of Tregs indicates a mechanistic role for
this cytokine in mediating TLR2 effects and is consistent with its
known inhibitory function on Treg suppressive activity (27). Of
note, because our experimental paradigm does not include APCs,
it is T cell-derived IL-6 that directly or indirectly influences Treg,
and possibly Tresp, function (45). Further studies will be required
to establish the relative importance of autocrine and paracrine
effects of IL-6 and the possible involvement of IL-6/IL-6R “trans-
signaling” (46). Similar to the effect of anti–IL-6, and perhaps
more surprisingly, neutralization of IL-17 also blocked TLR2-
induced reduction of Treg function and the induction of its own
intracellular accumulation and the production of IL-22. Whether
IL-17 directly and principally acts on Treg or Tresp populations
remains to be established. In our experimental system, Tregs may
differentiate into a Th17-like phenotype with reduced suppressive
function but may also produce sufficient IL-6, IL-17, and IL-22
in response to TLR2 stimulation to abrogate the function of other
Tregs (Fig. 10). Together, our data suggest a mechanistic link
between loss of Treg suppressive activity and the phenotypic
change to a Th17-like profile.
We conclude that TLR2 regulates Treg function by inducing

Tregs to produce and secrete IL-6, which acts on Tregs to reduce
their suppressive function, and by promoting an IL-17–secreting
phenotypic shift, which may well be reversible as suggested by
others (14). TLR2 activation by pathogens may also expand pre-
existing circulating memory-like IL-17+FOXP3+ Tregs (29). We
can speculate that such mechanisms would enable populations
of circulating Tregs to adapt their functions to more effective
responses to infections. In case of chronic activation of these
pathways, one could envision an increased risk of autoimmunity.
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