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Tregs	play	a	central	role	in	the	suppression	of	immune	reactions	and	prevention	of	autoimmune	respons-
es	harmful	to	the	host.	During	acute	infection,	however,	Tregs	might	hinder	effector	T	cell	activity	directed	
toward	the	elimination	of	the	pathogenic	challenge.	Pathogen	recognition	receptors	from	the	TLR	family	
expressed	by	innate	immune	cells	are	crucial	for	the	generation	of	effective	immunity.	We	have	recently	shown	
the	CD4+CD25+	Treg	subset	in	TLR2–/–	mice	to	be	significantly	reduced	in	number compared	with	WT	litter-
mate	control	mice,	indicating	a	link	between	Tregs	and	TLR2.	Here,	we	report	that	the	TLR2	ligand	Pam3Cys,	
but	not	LPS	(TLR4)	or	CpG	(TLR9),	directly	acts	on	purified	Tregs	in	a	MyD88-dependent	fashion.	Moreover,	
when	combined	with	TCR	stimulation,	TLR2	triggering	augmented	Treg	proliferation	in	vitro	and	in	vivo	
and	resulted	in	a	temporal	loss	of	the	suppressive	Treg	phenotype	in	vitro	by	directly	affecting	Tregs.	Impor-
tantly,	WT	Tregs	adoptively	transferred	into	TLR2–/–	mice	were	neutralized	by	systemic	administration	of	
TLR2	ligand	during	the	acute	phase	of	a	Candida albicans	infection,	resulting	in	a	100-fold	reduced	C. albicans	
outgrowth.	This	demonstrates	that	in	vivo	TLR2	also	controls	the	function	of	Tregs	and	establishes	a	direct	
link	between	TLRs	and	the	control	of	immune	responses	through	Tregs.

Introduction
It is now evident that the rediscovered cells known as Tregs play a 
dominant role in our immune systems (reviewed in refs. 1, 2). Two 
types of Tregs can be distinguished: CD4+CD25+ intrinsic Tregs, 
which are already present in the naive individual, and those induced 
in the periphery. TCR triggering renders intrinsic Tregs able to sup-
press both CD4+ and CD8+ lymphocytes (3, 4) via a process that is 
cell-cell–contact dependent, though the exact mechanism is not yet 
identified. Several studies have shown that their depletion results 
in autoimmune syndromes such as thyroiditis, gastritis, insulin-
dependent diabetes mellitus, colitis, and arthritis (5–8). On the 
other hand, active Tregs hinder the induction of immune responses 
against pathogens and tumors (9–11), emphasizing the importance 
of a tight control of these regulators. Importantly, IL-2 (3), IL-6 
(12), and strength of the TCR signal (13) have been reported to 
release effector T cells from Treg-mediated suppression.

Besides these control mechanisms regulating the sensitivity of 
effector T cells to suppression, still many questions remain regard-
ing regulatory mechanisms acting at the level of Tregs. Tregs are 
able to proliferate in normal unmanipulated mice (14). In addi-
tion, the finding that CD80/CD86-deficient mice have significant-
ly decreased numbers of Tregs indicates a role for costimulation 
in Treg homeostasis (15). Furthermore, mature DCs have been 
reported to induce Treg expansion (16). In line with this, TLR-trig-
gered DCs were recently shown to induce Treg proliferation by a 

cooperative action of IL-1 and IL-6 (17). Together, these reports 
provide accumulating	evidence that Treg anergy can be overcome 
when the right stimulatory environment is provided, showing that 
Tregs play a dynamic role in the control of immune responses.

One family of receptors involved in immune regulation is the 
TLR family, a class of receptors that recognizes pathogen-associ-
ated molecular patterns (PAMPs) or endogenous inflammation-
associated molecules (18). So far, 13 receptors have been identified 
with different or overlapping ligands. TLR1/2 heterodimers, for 
example, can recognize bacterial lipoproteins, TLR4 recognizes 
LPS from Gram-negative bacteria, and TLR9 recognizes bacterial 
DNA (unmethylated CG motifs). TLRs are abundantly expressed 
on innate immune cells, such as macrophages and DCs, and TLR9-
induced IL-6 production by DCs releases effector T cells from 
Treg-mediated suppression (12). Recently, TLRs were also found 
on T cells, including Tregs (19). Therefore, we hypothesized that 
some TLR ligands might directly affect Tregs. We have previously 
shown that Treg numbers in the circulation of TLR2–/– mice, but 
not TLR4–/– mice, are significantly reduced compared with their 
WT littermate controls (10). Moreover, we and others have shown 
that the immune response against the fungal pathogen Candida 
albicans is affected by Tregs (9, 10). Using highly purified intrin-
sic Tregs and conventional CD4+ T cells, we now show that TLR2 
triggering on the intrinsic Tregs results in proliferation of these 
Tregs in vitro and in vivo. Moreover, in the presence of the TLR2 
ligand Pam3Cys, the suppressive phenotype of Tregs is temporarily 
abrogated in vitro and in vivo, thereby enhancing the antifungal 
response in an acute infection model. After removal of the TLR2-
trigger, Tregs fully regained their suppressive capabilities. These 
findings demonstrate that, in addition to their effects on APCs, 
TLR ligands can directly act on intrinsic Tregs, resulting in dynam-
ic modulation of the immune response.
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antigen-4; GITR, glucocorticoid-induced TNF receptor family–related protein;  
MALP-2, macrophage-activating lipopeptide-2; MFI, mean fluorescence intensity; 
OVA-peptide, OVA-derived peptide; PAM, Pam3Cys-SKKKK; PAMP, pathogen-associ-
ated molecular pattern; PBGD, porphobilinogen deaminase.
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Results
TLR2 signaling modulates CD4+CD25+ T cell levels in vivo. Recently, we 
demonstrated decreased numbers of circulating CD4+CD25+ Tregs 
in blood of TLR2–/– mice, but not of TLR4–/– mice (10). These find-
ings suggest a role for TLR2 signaling in Treg homeostasis and/or 
function. As TLR2 signaling is critically dependent on the adaptor 
molecule MyD88 (18), we now determined the relative number of 
Tregs present in blood and spleen of MyD88-deficient mice and 
their WT littermate controls. As shown in Figure 1, MyD88–/– mice, 
like TLR2–/– mice (10), contained significantly lower numbers of 
CD4+CD25+ T cells compared with their WT controls. In contrast, 
the percentage of CD4+CD25– conventional Th cells did not differ 
between MyD88 and control mice (15.9 ± 1.2 and 17.6 ± 1.5, respec-
tively) as well as TLR2–/– mice and their controls (17.7 ± 2.1 and  
18.3  ±  1.9,  respectively).  In  Supplemental  Figure  1  (supple-
mental material available online with this article; doi:10.1172/

JCI25439DS1), representative CD4+CD25+ T cell stainings from 
individual TLR2–/– and MyD88–/– mice and their WT littermate 
controls are shown. The decreased Treg numbers  in both the 
TLR2- and MyD88-KO mice indicate that a lack of TLR2 signal-
ing is responsible for the observed decrease of CD4+CD25+ T cell 
numbers in vivo.

These results thus demonstrate a relation between the TLR2/
MyD88 signaling pathway and Treg numbers in vivo.

TLR triggering in the presence of APCs modulates Tregs in vitro. TLR2 is 
expressed by cells of the innate immune system, including APCs, as 
well as by Tregs (19). TLR-triggering compounds are known to pro-
mote APC activation (18), resulting in the production of cytokines 
affecting T cell function (12). Alternatively, some TLR ligands might 
directly act on Tregs. To address the role of TLRs in Treg function, 
we analyzed the effect of different TLR ligands on Treg proliferation 
in vitro. As expected, Tregs cultured in the presence of irradiated 
unstimulated APCs and soluble anti-CD3 did not display prolifera-
tion (Figure 2A), in accordance with their anergic state (20). Addi-
tion of various TLR ligands to these APC/Treg cocultures signifi-
cantly enhanced their proliferative capacity, resulting in increased 
numbers of Tregs (Figure 2A). This observation is in line with a 
recent report describing inflammatory cytokine production by TLR-
triggered DCs as resulting in increased proliferation of Tregs (17). 
The effect of TLR ligands on Treg proliferation is also reflected by 
the upregulation of the T cell activation marker CD25. As shown in 
Figure 2B, addition of TLR ligands LPS (TLR4), Pam3Cys-SKKKK 
(PAM, TLR2), or CpG (TLR9) all resulted in a significant increase in 
CD25 expression on Tregs. However, the increase in CD25 expres-
sion was most pronounced upon addition of PAM. Thus, these data 
show that in the presence of APCs, TLR ligands induce Treg prolif-
eration and CD25 upregulation.

TLR2 triggering in the absence of APCs modulates Tregs in vitro. To 
investigate the direct effects of these TLR ligands on intrinsic 
Tregs and conventional CD4+CD25– Th cells, highly pure (>98%) 
Tregs and Th cells were incubated with the TLR ligands plus anti-

Figure 1
Decreased CD4+CD25+ T cell numbers in MyD88-deficient mice. Blood 
and spleens from MyD88–/– mice and their littermate MyD88+/+ controls 
(4 per group) were analyzed by flow cytometry for relative CD4+CD25+ 
T cell numbers. Data indicate mean percentage of CD4+CD25+ T cell 
numbers of total CD4+ T cells ± SEM. Representative results of 3 
experiments are shown. *P < 0.02 with WT controls.

Figure 2
In vitro TLR2 signaling results in Treg proliferation. Below each graph, the specific T cell stimulation is indicated. (A) Proliferation of Tregs in the 
presence of irradiated APCs, anti-CD3, and TLR ligands. Irradiated APCs and anti-CD3 (medium control [med]) were cultured for 3 days with 
or without 104 purified Tregs and with or without the addition of TLR ligands: purified LPS (TLR4), PAM (TLR2), or CpG (TLR9). Values indicate 
average counts per minute of triplicate wells ± SD. *P < 0.02 for medium control compared with TLR ligands. (B and C) CD25 expression by 
purified CD4+CD25+/– T cells. (B) Tregs were cultured for 3 days in the presence of irradiated APCs and anti-CD3 (medium control) or with addi-
tion of purified LPS, PAM, or CpG. CD25 expression was measured by flow cytometry. Values indicate average MFI of anti-CD25–FITC–stained 
CD4+ cells of triplicates ± SD. *P < 0.02 for medium control compared with TLR ligands. (C) T cell activation in the absence of APCs. Purified 
CD4+CD25+ Tregs or CD4+CD25– conventional Th cells were cultured with IL-2 and soluble anti-CD3 (medium control) or with the addition of 
purified LPS, PAM, or CpG (no APCs present). After 3 days, CD25 expression was measured by flow cytometry. Values indicate average MFI 
of triplicates ± SD. One representative experiment out of 3 is shown. *P < 0.02 PAM with medium control.
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CD3 antibodies and IL-2 but, importantly, in the absence of APCs. 
Interestingly, only the addition of PAM, but not purified LPS or 
CpG, resulted in profoundly increased expression of T cell activa-
tion markers CD25 (Figure 2C and Supplemental Figure 2A) and 
CD69 (not shown) on Tregs. Only limited effects of TLR stimula-
tion were observed for conventional Th cells.

In contrast to highly purified LPS (TLR4 ligand), the synthetic 
TLR2 ligands Pam3Cys (TLR1/2) and macrophage-activating lipo-
peptide-2 (MALP-2; TLR2/6) as well as the natural TLR2 ligands 
in peptidoglycan, commercial  (nonpure) LPS, and heat-killed  
C. albicans (all containing TLR2 ligands) induced CD25 upregulation, 
indicating that besides synthetic TLR2 ligands, natural TLR2 ligands 
also directly affect Tregs (Supplemental Figure 2B).

Of note, differences between  the basal  levels of CD25 expres-
sion of Tregs stimulated with either anti-CD3/APCs or anti-CD3/ 
IL-2 (Figure 2, B and C) can be explained by the different amounts of 
(co)stimulatory signals Tregs receive with each different stimulation 
approach. Both approaches use anti-CD3 but differ in the use of APCs 
versus IL-2. Yet, in the absence of APCs, the TLR2 ligand PAM results 
in increased expression of T cell activation markers on Tregs.

TLR2 signaling by Tregs induces expression of CD25. To exclude that 
the effects caused by PAM were the result of contamination in 
the synthetic PAM preparation, we tested Tregs purified from 
TLR2- and MyD88-deficient mice. We found that only WT Tregs 
responded to PAM with an increase in CD25 expression, whereas 
no effect was observed for TLR2-deficient and MyD88-deficient 
Tregs (Figure 3A), indicating that PAM acts through both TLR2- 
and MyD88-dependent signaling pathways.

To further exclude that a small amount of contaminating cells 
within the FACS-sorted Treg preparations are responsible for the 
observed effects, we used CD4+CD25+ T cells from TLR2–/– mice 
that we found unable to respond to PAM (Figure 3A). To mimic 
a cellular contamination, increasing amounts of WT syngeneic 
APCs were added to FACS-sorted TLR2–/– Tregs in the presence of 

PAM/anti-CD3. The results (Figure 3B) showed that almost equal 
numbers of WT APCs were needed to increase CD25 expression 
on the TLR2-deficient Tregs. This shows that in our experiments 
with highly pure WT Tregs (Figures 2C and 3A), PAM must have 
acted directly on Tregs.

These data thus indicate that the TLR2 ligand PAM, but not 
TLR4  or  TLR9  ligands,  is  able  to  directly  trigger  Tregs  in  a 
MyD88-dependent manner.

TLR2 signals induce Treg expansion in vitro. In an attempt to estab-
lish long-lived Treg cultures, TLR ligands were added to a culture 
of purified Treg feeder cells and supplemented with soluble anti-
CD3 and IL-2. In a primary stimulation, the addition of PAM, 
LPS, or CpG increased the proliferation of Tregs (Figure 2B). In 
multiple experiments, however, the addition of LPS or CpG was 
not sufficient to obtain viable Treg lines (not shown). In contrast, 
coculturing Tregs in the presence of PAM resulted repeatedly in 
the generation of a pure CD4+CD25+ T cell line. Analysis of prolif-
eration of CFSE-labeled freshly isolated WT- and TLR2–/–-derived 
Tregs showed that WT but not TLR2–/– Tregs responded to stimu-
lation with anti-CD3 and TLR2 ligand (Figure 3C). The pheno-
typic characteristics of these PAM-cultured Tregs were consistent 
with the reported intrinsic Treg markers, including CD4, CD25, 
cytotoxic T lymphocyte–associated antigen-4 (CTLA-4), gluco-
corticoid-induced TNF receptor family–related protein (GITR), 
CD103	(1, 21), and the Treg-specific transcription factor Foxp3 
(22–24)	(Figure 4). Of note, TLR2–/– Tregs that were treated in vitro 
with the same PAM-based expansion protocol did not proliferate 
(see Figure 3C) but did express similar amounts of CD4, CD25, 
CTLA-4, GITR, CD103, and Foxp3 (data not shown). Importantly, 
WT Tregs expressed low but significant amounts of TLR2 mRNA 
(Figure 4B) as well as protein (Figure 4C), which further strength-
ens our hypothesis of TLR2-mediated control of Treg function.

Cooperation between TLR2- and TCR signaling results in Treg expan-
sion. To address the effects of combined TLR2 and TCR signaling 

Figure 3
PAM induces CD25 expression through TLR2 signaling. Below each graph, the specific T cell stimulation is indicated. (A) TLR2 and MyD88 
expression is required for PAM-mediated increase of CD25 expression. Purified WT, TLR2–/–, and MyD88–/– CD4+CD25+ T cells were cultured 
for 3 days with anti-CD3, IL-2 (medium control), or with the addition of PAM. Subsequently, the cells were harvested and CD25 expression was 
analyzed by flow cytometry. Values indicate average MFI from triplicate wells ± SD. *P < 0.02 with medium control. A representative result of 3 
experiments is shown. (B) High numbers of WT APCs are required to increase CD25 expression on TLR2–/– Tregs. Purified CD4+CD25+ T cells 
from TLR2 –/– mice were incubated for 3 days with increasing amounts of WT APCs plus the TLR2 ligand PAM and anti-CD3, and subsequently, 
CD25 expression was analyzed by flow cytometry. Values indicate average MFI from triplicates ± SD. **P < 0.05 with medium control. (C) Prolif-
eration of CFSE-labeled freshly isolated WT and TLR2–/– Tregs after stimulation with soluble anti-CD3, IL-2, and PAM. After 4 days, proliferation 
resulting in a decrease of fluorescent signal in the daughter cells was analyzed by flow cytometry and ModFit analysis software. Representative 
results of 2 experiments are shown.
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in more detail, we analyzed the expression oaf the activation mark-
er CD25 on in vitro–expanded Tregs in time. Our results show that 
TLR2 triggering of Tregs cooperated with anti-CD3–mediated 
TCR stimulation, resulting in maximal increased CD25 expres-
sion (Figure 5A) as compared with either stimulation alone. This 
shows that these cells remained responsive toward TLR2 stimu-
lation and that optimal Treg activation requires both TCR and 
TLR2 signaling. This is further demonstrated by the observation 
that the addition of PAM in combination with a strong TCR signal 
(applying plate-bound anti-CD3) induced proliferation of Tregs, 
in contrast to TLR4 or TLR9 ligands (Figure 5B). The prolifera-
tion of Tregs induced by TLR2 triggering and/or TCR stimulation 
was further visualized by their CFSE dilution profile. Illustrative 
for their anergic state, comparing untreated Treg (medium) with 
anti-CD3–stimulated Treg, TCR signaling alone did not induce 
proliferation in these cells (Figure 5C). However, the addition of 
TLR2 ligand alone induced some proliferation of Tregs as shown 
by the decrease in CFSE signal. However, maximal proliferation of 
Tregs was observed when both TCR and TLR2 stimulations were 
applied. Of note, although PAM increased the proliferation of 
Tregs up to 10 times, Treg proliferation remained low compared 
with the proliferation observed for conventional T cells.

TLR2-expanded Tregs remain suppressive. Importantly, to address 
whether  the expanded Tregs were still  capable of  suppressing 
conventional T cell responses, we performed in vitro suppression 
assays. The PAM-expanded Tregs were rested for at least 5 days 
in the absence of PAM and subsequently cocultured with freshly 
isolated CD4+CD25– conventional T cells. Analysis of the T cell 
response after 3 days showed that Tregs efficiently suppressed pro-
liferation (Figure 6A) as well as IFN-γ production (Supplemental 
Figure 2C) of freshly isolated conventional T cells (Th). Conven-

tional CD25– Th cells that were expanded using the same TLR2 
ligand–based culture protocol did not exert any suppressive effects 
(Figure 6A). In addition, the supernatant of anti-CD3–activated 
Tregs did not transfer any suppressive effects, nor did we detect any 
cytokine production by these Tregs, using the mouse inflammation 
Cytometric Bead Array (not shown). Moreover, when placed behind 
a semipermeable membrane, the PAM-expanded Tregs failed to 
suppress Th proliferation, confirming that these Tregs mediate 
suppression via cell-cell contact (Supplemental Figure 3).

To address the functional quality of the PAM-expanded Tregs, 
we compared titrated amounts of freshly isolated WT and TLR2–/– 
Tregs with in vitro–expanded PAM Tregs in an in vitro suppression 
assay. From the effective suppression of fresh Th cells by both WT 
and TLR2–/– Tregs, we can conclude that there is no qualitative dif-
ference between WT and TLR2–/– Tregs (Figure 6B). Moreover, the 
PAM-expanded WT Tregs were at least as efficient as the freshly 
isolated Tregs. Collectively, these data indicate that TLR2 trigger-
ing results in the expansion of Tregs that remain fully functional 
in the absence of TLR2 ligand.

TLR2 triggering on Tregs temporarily abrogates suppression in vitro. To 
address the functional consequences of TLR2 triggering on Tregs, 
we performed suppression assays in the presence or absence of the 
TLR2 ligand PAM. To prove that any effects of TLR2 triggering 
on suppression are dependent on TLR2 signaling by Tregs and 
not on conventional T cells or APCs, we performed a suppression 
assay with both APCs and conventional CD4+ T cells isolated from 
TLR2–/– mice but with freshly isolated WT (TLR2+/+) Tregs. This 
setup ensured that TLR2 was solely expressed by the Treg subset 
and that all PAM-induced effects were caused via TLR2 signaling 
by Tregs. The results show that PAM induced some proliferation in 
the WT Tregs, although proliferation of Tregs remained approxi-
mately 15-fold lower as compared with the TLR2–/– Th cells (Figure 
7A). As expected, PAM had no effect on TLR2–/– Th cell prolifera-
tion. In Treg/Th cocultures, WT Tregs efficiently suppressed the 
proliferation of TLR2–/– conventional Th cells. In contrast, addition 
of TLR2 ligand to the coculture completely abrogated suppression 
as observed by the restored TLR2–/– Th proliferation (Figure 7A). 
To exclusively monitor proliferation of the Th subset in Treg/Th 
coculture suppression assays, we used CFSE-labeled Th cells from 
TLR2-deficient mice and WT Tregs in a suppression assay similar 
to that described above. From the CFSE dilution profile (Figure 

Figure 4
Phenotype of PAM-expanded Treg. Expression of intrinsic Treg spe-
cific markers on PAM-expanded resting (7 days after stimulation with 
PAM) Tregs was analyzed by flow cytometry and quantitative PCR. 
(A) The PAM-expanded Tregs expressed the markers CD4, CD25, 
GITR, CTLA-4, and CD103 (indicated by thick gray, lines; correspond-
ing isotype controls are indicated by thin, black lines). CTLA-4 was 
detected by standard intracellular staining procedure. (B) Expression 
(expr.) of Foxp3 (left panel) and TLR2 (right panel) mRNA by rest-
ing PAM-expanded Tregs and conventional CD25– T helper cells was 
determined by quantitative PCR. The quantitative PCR results are indi-
cated as mean relative mRNA expression from 3 replicate measure-
ments (shown as arbitrary units relative to PBGD) ± SD. (C) Expres-
sion of Foxp3 (left panel) and TLR2 (right panel) protein determined 
by flow cytometry on resting PAM-expanded T cells (Tregs, gray lines; 
conventional T helper cells, black lines) as well as freshly isolated T 
cells (CD4+CD25+ Tregs, gray lines; CD4+CD25– Th cells, black lines). 
Corresponding isotype controls are indicated by the dotted lines. Rep-
resentative results from 2 experiments are shown.
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7B; the percentage of cells that proliferated >3 times is indicated), 
we can conclude that WT Tregs inhibit the Th proliferation in the 
coculture (to an extent similar to that reported before for this kind 
of analysis, ref. 17). The suppressive effect is, however, 
abrogated upon the addition of PAM. As expected, PAM 
had no effect on stimulated TLR2–/– Th cells. Moreover, 
when WT Tregs were pretreated overnight with anti-CD3 
and PAM, extensively washed, and subsequently added 
to TLR2–/– Th cells in a coculture suppression assay, their 
suppressive ability was also abrogated (data not shown). 
Therefore, these results demonstrate that PAM-mediated 
TLR2 signaling on Tregs is responsible for the observed 
neutralization of their suppressive effect.

TLR2 induces Treg expansion in vivo. Interestingly, we observed 
that systemic PAM administration to WT mice resulted in an 
increase in CD4+Foxp3+ T cell numbers (Supplemental Fig-
ure 1). This can be explained by a direct (see above) or indi-
rect effect (for example, via APCs) of the TLR2 ligand.

To address the in vivo significance of the direct effects 
of TLR2 triggering on Treg expansion, TLR2–/– mice were 
reconstituted with freshly isolated and fluorescent-labeled 
(CFSE) OT-II transgenic Tregs. This setup ensured that 
the infused Tregs were the only TLR2 ligand responsive 
cells in these mice. The OT-II transgenic Tregs expressed 
a TCR (Vα2+) specific for a chicken OVA–derived peptide 
(chicken OVA-peptide) in the context of the murine MHC 
class II I-Ab. The OT-II Treg–reconstituted TLR2–/– mice 
were subsequently challenged with either PAM or OVA-
peptide alone or with a combination of PAM and OVA-
peptide. Our results show that no significant proliferation 

of the infused Tregs was induced by either OVA-peptide or PAM 
alone (Figure 8A). In contrast, when PAM and OVA-peptide were 
combined, a significant part of the infused Tregs had proliferated 

Figure 5
Proliferation of PAM-expanded Tregs. (A) TLR2 and TCR 
signals cooperate to increase CD25 expression on Tregs. 
Tregs were incubated with either PAM, anti-CD3, or a combi-
nation of both in IL-2–supplemented medium. CD25 expres-
sion was analyzed daily by flow cytometry and indicated as 
MFI relative to the medium control. (B) Proliferation of Tregs 
is induced by TLR2 signaling. PAM-cultured Tregs were 
stimulated on anti-CD3–coated plates with IL-2 (medium 
control) or with addition of the indicated TLR ligands. After 
3 days, proliferation was measured by [3H]thymidine incor-
poration and shown as average cpm of triplicates relative 
to medium control ± SD. (C) Proliferation of CFSE-labeled 
PAM-expanded Tregs. The labeled Tregs were cultured for 
3 days in the presence of IL-2–supplemented medium or 
with the indicated stimulus (PAM and/or anti-CD3). Prolif-
eration resulting in a decrease of fluorescent signal in the 
daughter cells was monitored by flow cytometry and (since 
in vitro–cultured T cell lines display a more broad signal after 
CFSE labeling compared with freshly isolated T cells) ana-
lyzed using ModFit software. Representative results from 3 
experiments are shown.

Figure 6
PAM-expanded Tregs remain suppressive. (A) In vitro suppression assay. 
PAM-expanded Tregs or control conventional Th cells (0.5 × 104) were rested 
for at least 5 days in the absence of TLR ligands and subsequently cocultured 
for 3 days with 104 fresh naive CD4+ T cells, irradiated APCs, and anti-CD3. 
After 3 days, proliferation was measured and indicated as average cpm from 
triplicates ± SD. Representative results from 3 experiments are shown. (B) 
Comparison of suppressive capacity of freshly isolated WT and TLR2–/– Tregs 
with PAM-expanded Tregs. Fresh naive CD4+ Th-cells (2 × 104) were cocultured 
with titrated numbers of Tregs. After 3 days, proliferation was measured by 
[3H]thymidine incorporation. Relative suppression was calculated with prolifera-
tion in the absence of Tregs (fresh CD4+ Th cells only) set at 0 and proliferation 
at the Treg/Th ratio of 1 at 100%. Suppression/proliferation was measured from 
the average cpm in triplicate wells.
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(75% versus 12% in the mice treated with PAM alone). We con-
firmed by flow cytometry that the proliferating T cells remained 
Foxp3 positive (data not shown). Thus, TCR and TLR2 signals 
cooperate to induce proliferation of Tregs in vivo by directly affect-
ing Tregs themselves.

TLR2 modulates Treg function in vivo. To asses whether direct TLR2 
signaling of Tregs in vivo can result in a modulation of Treg func-
tion, we used an acute fungal (C. albicans) infection model in which 
the kidney is the major fungal target organ (10). We have previously 
shown that Tregs inhibit the antifungal immune response as deple-
tion of Tregs prior to a C. albicans challenge resulted in decreased 
C. albicans outgrowth from the kidney (10) and increased IFN-γ 
production by splenocytes (10). Applying this infection model in 
TLR2–/– mice reconstituted with 4 × 106 syngeneic WT Tregs, we 
ensured that all effects of PAM administration must be caused 
by TLR2 triggering of the infused Tregs since these are the only 
TLR2-expressing cells in this system. The WT Treg reconstituted 
mice were challenged with an i.v. injection of live C. albicans, and 
we monitored C. albicans outgrowth in the presence or absence of 
TLR2 ligand administration. The results showed that the WT Treg–
reconstituted TLR2–/– mice exhibited a 2 log increase in C. albicans 
outgrowth compared with the nonreconstituted TLR2–/– controls 
(Figure 8B), indicating that the infused Tregs are potent inhibitors 
of the anti–C. albicans immune response. Strikingly, administration 
of TLR2 ligand to the WT Treg–reconstituted mice restored the 
level of C. albicans outgrowth to the level of the nonreconstituted 
TLR2–/– mice	(Figure 8B), indicating that the TLR2 trigger abrogat-
ed the suppressive effects of the infused Tregs in vivo. The adminis-
tration of TLR2 ligand alone to the TLR2–/– mice did not affect the 
C. albicans outgrowth (not shown). In addition, the administration 
of PAM-expanded conventional Th cells (4 × 106 with or without	
PAM) did not affect the C. albicans outgrowth in the TLR2–/– mice 
(Figure 8C). This shows that Tregs, but not conventional Th cells, 
are able to inhibit the immune response against C. albicans. More-

over, IFN-γ production by ex vivo C. albicans–stimulated splenocytes 
was analyzed. C. albicans–stimulated splenocytes of the Treg-infused 
TLR2–/– mice produced significantly less IFN-γ compared with 
TLR2–/– controls (Figure 8D). Moreover, this suppression of IFN-γ 
production was absent in splenocytes from mice that received both 
Tregs and TLR2 ligands. Of note, TLR2 ligand alone had no effect 
on cytokine production by TLR2–/– splenocytes ex vivo (not shown). 
The above-described results demonstrate that TLR2 triggering 
abrogated the suppressive capacity of the infused Tregs in vivo. 
Since the infused Tregs were the only TLR2-expressing cells in this 
in vivo system, the abrogation of suppression can only be explained 
by a direct effect of the TLR2 ligand on the infused TLR2+/+ Tregs 
in the TLR2–/– mice.

Our combined results show that the suppressive function of Tregs 
is directly controlled by the pathogen-associated molecular pattern 
receptor TLR2. In the presence of TLR2 ligand, Treg expansion and 
a temporal loss of suppression is observed. After removal of TLR2 
ligand, the expanded Tregs regain their suppressive capabilities.

Discussion
The identification of CD25highCD4+ T cells as T cells bearing a sup-
pressive phenotype has renewed interest in Tregs (5). These Tregs 
are now emerging as major regulators of our immune systems. 
Lack of Tregs results in various autoimmune syndromes. On the 
other hand, Treg-mediated suppression might hinder the develop-
ment of effective immune responses, which are crucial for the elim-
ination of tumors and infections. Therefore, the regulators need to 
be well controlled. We now demonstrate for what we believe is the 
first time that TLR2 triggering by PAMPs present on or secreted by 
infectious organisms can directly modulate Treg function.

Our initial observation that CD4+CD25+ T cell numbers were 
decreased in TLR2-deficient but not in TLR4-deficient mice led 
us to investigate the role of TLR2 signaling on CD4+CD25+ T 
cell functionality in more detail. Analysis of blood and spleen of 

Figure 7
TLR2 controls Treg suppressor function in vitro. (A) To analyze the direct effects of TLR2 triggering on Treg suppressor function in vitro, 104 
TLR2–/– conventional T cells (Th) and 0.5 × 104 freshly isolated WT CD4+CD25+ Tregs were (co)cultured for 3 days. Soluble anti-CD3 and irradi-
ated TLR2–/– APCs were used to stimulate the T cells, ensuring that TLR2 was solely expressed by Tregs. If indicated, PAM was added at the 
start of the coculture. Data indicate average proliferation from triplicates ± SD. *P < 0.05. (B) CFSE-labeled TLR2–/– Th (105) were cocultured for 
4 days with 0.5 × 105 WT Tregs as described in A. CFSE fluorescence intensity was measured by flow cytometry. Analysis was performed on 
all the CFSE+ cells, using an exclusionary gate for the Treg subset (CFSE-negative CD25high). The percentage of cells that divided more than 3 
times is indicated. Representative results from 2 independent experiments are shown. Stim, stimulation.
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MyD88-deficient mice revealed that, in addition to TLR2, MyD88 
is also required for normal CD4+CD25+ T cell levels in vivo (Fig-
ure 1). Moreover, massive TLR2 triggering by i.v. injection of the 
TLR2 ligand PAM had the opposite effect and resulted in a sig-
nificant proliferation and increase of CD4+CD25+ T cell numbers 
(Supplemental Figure 1).

The in vivo increase of CD4+CD25+ T cells by the TLR2 ligand 
PAM might be caused by an indirect effect via APCs or by direct 
TLR2 triggering of Tregs. In vitro, we found that all TLR ligands 
tested increased Treg proliferation in the presence of irradiated 
APCs and anti-CD3 (Figure 2). However, our results also demon-
strate that the TLR2 ligand PAM, but not purified LPS or CpG, 
is able to induce proliferation of Tregs in the absence of APCs by 
directly affecting Tregs themselves. Next to PAM, MALP-2, pepti-
doglycan, and heat-killed C. albicans also resulted in Treg activation, 
emphasizing that besides synthetic ligands, natural TLR2 ligands 
can also modulate Tregs. Using the TLR2 ligand PAM, we were able 
to establish long-lived (up to 5 months), proliferating Treg lines. 
Although the exact mechanism remains to be elucidated, the find-
ing that TLR2 triggering of Tregs strongly enhances CD25 expres-
sion implies that increased sensitivity to IL-2 might be involved. 

The in vitro–expanded Tregs expressed CD4, 
CD25, GITR, CTLA-4, CD103, and Foxp3 
(Figure 4), all typical Treg markers (1, 21). 
These suppressor T cell lines further expressed 
significant amounts of  the PAM receptor 
TLR2 (Figure 4) but also remained sensitive 
to TLR2 stimulation, further emphasizing 
the direct interaction between TLR2 ligands 
and Tregs (Figure 5). Furthermore, they fully 
maintained their suppressive capacities fol-
lowing withdrawal of TLR2 ligands (Figure 
6). Interestingly, TLR2–/– Tregs expressed the 
same surface markers as WT Tregs and were 
equally efficient in the suppression of naive T 
cell responses (Figure 6 and data not shown). 
This indicates that TLR2 is not involved in 
the suppression process itself. We addition-
ally showed that the effects of TLR2 trigger-
ing  on  Tregs  temporarily  abrogated  their 
suppressive capabilities as well (Figure 7). We 
hypothesize that TLR2 induces proliferation 
of Tregs, during which there is a temporal 
loss of the suppressive phenotype.

The physiological relevance of our findings 
was assessed by infusion of TLR2+/+ Tregs 
into TLR2–/– mice, allowing for the analysis 
of direct TLR2 effects on Treg function in 
vivo. Importantly, the combination of TCR 
and TLR2 signals induced strong prolifera-
tion of Tregs in vivo (Figure 8A), confirming 
that TLR2 and TCR signals cooperate in the 
proliferation of Tregs. Furthermore, in line 
with our in vitro observations, infused WT 
Tregs inhibited antifungal immune respons-
es in TLR2–/– mice, while coadministration of 
TLR2 ligands resulted in a loss of the sup-
pressive phenotype of the infused Tregs as 
observed by the restored antifungal immu-
nity	(Figure 8, B–D).

Recently, it was found that IL-2 (3) and strong TCR signals (13) 
release effector T cells from Treg-mediated suppression. Further-
more, the presence of the TLR9 ligand CpG in a suppression assay 
containing APCs resulted in a reduced suppression by Tregs. This 
is due to TLR9-triggered production of IL-6 by the APCs render-
ing conventional T cells insensitive to Treg-mediated suppression 
(12). Another report nicely links TLR4 and TLR9 signaling with 
Treg-mediated CD8 tolerance  (25). The authors demonstrate 
that ligation of TLR4 or TLR9 on DCs is required for breaking 
Treg-mediated CD8 tolerance in vivo. However, in addition to the 
effects of TLR ligands on DCs, the results described here show that 
it is also possible that a TLR ligand directly affects Tregs, resulting 
in abrogation of suppression and expansion of the Treg subset. 
A study by Komai-Koma et al. (26) showed that TLR2 triggering 
also stimulates activated, conventional T cells. We were able to 
confirm their observations on activated conventional CD4+ T cells 
(data not shown). However, using TLR2-deficient conventional T 
cells, we demonstrate that it is the Treg subset (freshly isolated 
or in vitro expanded) that is highly sensitive for TLR2 stimula-
tion, resulting in profound proliferation and reduced suppression 
by Tregs. The effects of TLR ligands in vivo might thus be more 

Figure 8
TLR2 controls Treg suppressor function in vivo. (A) TLR2 and TCR triggering cooperate to 
induce Treg expansion in vivo. TLR2–/– mice were reconstituted with 2 × 106 freshly isolated 
and CFSE-labeled OT-II–transgenic Tregs (TCR of OT-II transgenic T cells is Vα2 and spe-
cific for the OVA-peptide presented in I-Ab). The reconstituted mice were subsequently chal-
lenged i.p. with either PAM (20 μg/mouse) or OVA-peptide [OVA-pep] (10 μg/mouse) alone 
or with the combination of PAM and OVA-peptide. After 4 days, splenocytes were isolated 
and analyzed by flow cytometry for CFSE-fluorescent signal of the infused cells. The cells 
shown are gated for the CD4+, Vα2+, CFSE+ cells, and propidium iodide–positive (death) cells 
were excluded from the analysis. The value indicates the percentage of cells within the pro-
liferative fraction (>1 division). (B and C) TLR2 triggering abrogates Treg-mediated suppres-
sion of anti–C. albicans immunity in vivo. TLR2–/– mice (5 per group) were reconstituted with  
4 × 106 WT PAM–expanded Tregs (B) or conventional Th cells (C) and challenged i.v. with 
105 live C. albicans cells 1 day later (day 0). If indicated, mice received an i.p. injection of 100 
μl saline (controls) or 20 μg PAM/100 μl saline on days –1, 1, 3, and 5. SEVEN days after 
the challenge, C. albicans outgrowth (CFU/g tissue ± SEM) from kidneys was monitored. 
(D) Ex vivo IFN-γ production (± SEM) by C. albicans–stimulated splenocytes was measured 
as described in Methods. Representative results of 2 independent experiments are shown.  
*P < 0.05 with TLR2–/– control.
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complicated than initially thought, affecting multiple cell types of 
both the innate and the acquired immune system.

Recently, a role for TLR4 on Treg homeostasis was reported (19). 
We and others (17, 26), however, did not find any effects of puri-
fied LPS on T cells (conventional or regulatory). We note that in 
contrast to purified LPS, commercially obtained LPS (containing 
contaminating TLR2 ligands; ref. 27) induced a significant CD25 
upregulation on Tregs (Supplemental Figure 2B). Thus, to exclude 
bacterial contamination in all our experiments, we only used puri-
fied LPS and synthetic TLR2 and TLR9 ligands. Moreover, we 
confirmed the purity of our TLR2 and TLR4 ligands by measur-
ing their activation capacity on TLR2- and TLR4-deficient DCs 
(Supplemental Figure 4).

An intriguing question that remains to be answered is why TLR2 
but not TLR4 is able to directly affect Tregs. TLR2 but not TLR4 
is found to promote IL-10 production by innate immune cells in 
vitro (28). The accumulating evidence that TLR2 is also involved 
in immunosuppression in vivo (reviewed in ref. 29) renders TLR2 
unique compared with other TLRs. In this context, it is interest-
ing to note a report linking the antiinflammatory glucocorticoids 
with TLR2 expression (30). These observations strengthen the idea 
that TLR2, besides having an activating function, could be involved 
in tolerance as well by acting directly on APCs and Tregs. In addi-
tion, other TLRs not tested here could act on Tregs. It was recently 
shown that TLR8 can abrogate the suppressor function of human 
Tregs (31). Although TLR8 did not induce proliferation of human 
Tregs, this report strengthens our findings of TLR2-mediated con-
trol of murine Tregs. We are now investigating the possibility that 
different TLR signals can differentially modulate Treg function.

Our finding of the abrogation of suppression after TLR2 stimu-
lation is in line with reports indicating that Tregs rapidly lose their 
ability to inhibit proliferation after receiving strong activation sig-
nals (13). In addition, Komai-Koma reported that TLR2 functions 
as a costimulatory molecule for conventional T cells, resulting in 
increased T cell expansion after TLR2 triggering on the conven-
tional T cells (26). Furthermore, the finding that TLR8 trigger-
ing combined with TCR stimulation on human Tregs resulted in 
reversal of their suppressive capabilities emphasizes the effect of 
TLR signaling on Treg-mediated suppression (31). In line with 
these reports and our own observations, we envisage that TLR2 
signaling on murine Tregs contributes to the strength of signals 
received by Tregs. This forces Tregs into the proliferative pathway, 
which is paralleled by a reversal of suppressive capabilities. Once 
in a resting state again, Tregs regain their suppressive capacities 
(see also Figure 9).

Our observation that PAMPs can directly act on Tregs provides 
new insights regarding the role of Tregs in the induction of immune 
responses. The results presented here provide evidence for a strict 
control of Tregs by TLR2 ligands. The current opinion holds that 
TLR-mediated recognition of pathogens results in DC activation 
and subsequent initiation of T cell responses. We can now add a 
direct Treg modulating capacity to TLR ligands. Applying an acute 
fungal infection model, we unequivocally demonstrate that TLR2 
triggering on Tregs abrogates their suppressive activity in vivo, 
resulting in increased IFN-γ production and decreased fungal out-
growth. These data imply that TLR2 ligands provided by a micro-
bial invasion during acute infection mediate Treg expansion and 
abrogation of Treg-mediated suppression, thus allowing a potent 
immune response to occur. However, after infection, when the 
immune system has cleared the pathogen and hence TLR2 ligands 
are declining, the expanded Tregs regain their suppressive activity 
and could help to restore the immune balance (see also schematic 
model in Figure 9). Interestingly, 2 recent reports suggested that 
CD4+CD25+ Tregs control the persistence and memory protective 
immunity against Leishmania major and C. albicans (9, 32). Based on 
the novel findings described herein, one could envisage that TLR2 
ligands provided by the pathogens (33) could first expand Tregs 
in vivo and abrogate their suppressive phenotype. When only low 
numbers of the pathogen are present, as in the persistent phase 
of L. major infection, Tregs regain their suppressive phenotype and 
could be responsible for pathogen persistence.

Finally, we note that the presence of microorganisms in the 
gut might contribute to a constant influx of TLR ligands that 
can modulate Treg numbers. In support of this hypothesis is our 
unpublished observation that germ-free mice have altered Treg 
numbers as compared with control mice. In addition to micro-
bial-derived PAMPs, TLR2 signaling can possibly be induced by 
endogenous proteins (e.g., heat shock proteins; reviewed in ref. 34). 
This would allow the modulation of the Treg compartment in a 
nonpathogenic, stress-induced (anti)inflammatory environment.

Collectively, our findings have major  implications for our 
understanding of immune regulation by both Tregs and TLRs. 
Ultimately, the knowledge that TLRs can be used to expand and 
modulate Tregs will lead to new methods for Treg-based immu-
notherapy of diseases.

Methods
Mice. C57BL/6 mice were obtained from Charles River WIGA Gmbh. TLR2–/–  
(35), TLR4–/–, and MyD88–/– (36) mice were obtained from S. Akira (Osaka 
University, Osaka, Japan). The MyD88–/– mice were backcrossed more than 

Figure 9
Model of TLR2-mediated control of Treg function. In a prein-
fection setting, Treg function is mainly regulated by TCR stim-
ulation and IL-2. During an acute infection, pathogen-derived 
TLR2 ligands promote proliferation of Tregs paralleled by 
temporarily abrogated suppression. As a result, Tregs do not 
suppress the ongoing immune response. Once the pathogen 
is cleared by the immune system, the source of TLR2 ligands 
is no longer present, and Tregs will regain their suppressive 
capabilities, thus contributing to the balance between toler-
ance and immunity. 
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8 times on the C57BL/6 background. The OVA-specific TCR transgenic 
OT-II mice (on a C57BL/6 background) were obtained from Jackson Labo-
ratory. The MyD88-KO mice were bred in our specified pathogen–free ani-
mal facility using heterozygous breeding pairs. The WT littermates were 
used as controls for the comparison of Treg numbers. All animal experi-
ments were approved by the Animal Experimental Committee of Radboud 
University Nijmegen Medical Centre and were performed in accordance 
with institutional and national guidelines.

Antibodies and flow cytometry. Directly labeled monoclonal antibodies used 
for staining by anti-CD3–PE, anti-CD4–APC, anti-Vα2–PE, anti-CD25–
FITC (clone 7D4), anti-rat–PE and all isotype controls were obtained from 
BD Biosciences — Pharmingen. Anti-mTLR2–PE (clone T2.5) and anti-
mFoxp3–PE (clone FJK; staining according to instructions by manufac-
turer) were obtained from eBioscience. Anti-hamster–APCs were obtained 
from CALTAG Laboratories. In addition, anti-GITR (DTA-1, a kind gift 
from S. Sakaguchi, Kyoto University, Kyoto, Japan, anti–CTLA-4 (clone 
9H10), anti-CD86, and anti-CD103 (BD Biosciences – Pharmingen) were 
used. Analysis of cell surface markers on lymphocytes was performed using 
a FACScalibur (BD) and CELLQuest software (version 3.3; BD Biosciences 
– Pharmingen). For analysis of relative CD4+CD25+ T cell numbers in vivo, 
50–100 μl blood was collected in heparin-coated tubes, and erythrocytes 
were lysed using standard protocols. The remaining lymphocytes were 
washed and incubated with anti-CD25–FITC and anti-CD4–APCs and 
subsequently analyzed on a flow cytometer

T cell purification and analysis. Spleens from WT or KO mice were mashed 
and filtered, and CD4+ T cells were purified using anti-mouse–CD4 Micro-
beads (MACS, Miltenyi Biotec), resulting in a 95% pure CD3+CD4+ T cell 
population, as measured by flow cytometry. CD4+CD25– and CD4+CD25+ 
T cell subsets were obtained by flow cytometry purification of the presort-
ed CD4+ T cells; CD4 cells were stained with APC-conjugated CD4 mAb 
and FITC-conjugated CD25. For exclusion of MHC class II+ cells and B 
cells, anti-I-Ab (17/227, mouse IgG2a) and PE-conjugated goat anti-mouse 
IgG were used. Cell sorting was performed on a Coulter Altra HyPerSort 
cell sorter. The purity of each cell preparation was greater than 98%. Puri-
fied CD4+ T cell subsets were subsequently cultured for 3 days in complete 
medium (Iscoves IMDM [Invitrogen Corp.], 9% FCS, 2 μM l-glutamine, 
50 μM β-mercapthoethanol, and 1% antibiotic-antimycotic [Invitrogen 
Corp.]) with 1 μg/ml anti-CD3 (BD Biosciences — Pharmingen) and 5 
Cetus units (cU; 1 cU = 5 IU) IL-2/ml with or without TLR ligands. Unless 
indicated otherwise, TLR ligands were used at the following concentra-
tions: PAM and MALP-2, both 2 μg/ml (EMC Microcollections); nonpuri-
fied and purified E. coli LPS, 10 μg/ml (obtained from Sigma-Aldrich and 
subsequently purified as described in ref. 27); peptidoglycan, 10 μg/ml 
(Sigma-Aldrich); purified LTA, 10 μg/ml (obtained from T. Hartung, Uni-
versity of Konstanz, Konstanz, Germany); heat-killed C. albicans hyphe 
and conidia, 2 × 104 CFU per well of 96-well plate (strain UC 820); and 
CpG ODN 1668, 1 μg/ml (5′-TCCATGACGTTCCTGAATGCT-3′; Sigma-
Aldrich). After 3 days of culture, the cells were harvested, stained with APC-
conjugated anti-CD4 and FITC-conjugated anti-CD25, and analyzed. Data 
indicate mean fluorescence intensity (MFI) presented as the average MFI of 
3 measurements with SD indicated.

Treg culture and suppression assay. Purified CD4+CD25+ T cells, 104 per 
well of a 96-well plate, were stimulated weekly with 105 irradiated APCs 
(CD4-MACS bead depleted splenocytes), 2 μg/ml PAM, 1 μg/ml anti-CD3 
(145-2C11; BD Biosciences — Pharmingen), and 20 cU IL-2/ml complete 
medium. The cells were washed 3 days after stimulation and maintained in 
culture medium supplemented with 20 cU IL-2/ml. When necessary, dead 
cells were removed by ficol density gradient. Cultured Tregs were used in 
assays at least 6 days after stimulation. Bone marrow cells were cultured 
for 7 days in complete medium in the presence of 20 ng/ml mIL-4 and 

mGM-CSF (PrepoTech) to obtain bone marrow–derived DCs. Suppres-
sion assays were performed as follows: freshly sorted CD4+CD25– naive T 
cells (20 × 103) and either cultured or freshly isolated Tregs (5 × 103) were 
mixed and cocultured for 3 days. If indicated, the T cells were stimulated 
with TLR ligands and with either plate-bound anti-CD3 (2.5 μg/ml) or 
soluble anti-CD3 (1 μg/ml) plus 105 irradiated APCs in complete medi-
um. In a number of coculture experiments, resting TLR2–/– CD25– con-
ventional T cells were used as responders. These cells were maintained in 
culture for a maximum of 6 weeks, using weekly restimulation assays with 
irradiated APCs, anti-CD3 (1 μg/ml), and 20 cU IL-2/ml. After 3 days of 
coculture, supernatant was collected for cytokine analysis using a mouse 
inflammation CBA kit (BD Biosciences). Proliferation was measured by 
overnight (20 hours) [3H]thymidine incorporation. In addition, suppres-
sion/proliferation was monitored by analysis of CFSE-labeled (1 μM) T 
cells. CFSE-labeled cells (105) were cultured with the indicated stimulus 
for 4 days, and subsequently, CFSE fluorescence intensity was measured 
by flow cytometry. The transwell-suppression assay was performed in a  
24-well culture plate (Corning), using 106 freshly isolated CFSE-labeled 
CD4+ T cells cocultured with an equal number of Tregs or with Tregs 
behind a semipermeable membrane (0.4 μm; Millipore). The T cells were 
stimulated with 106 irradiated APCs (also in the upper chamber of the tran-
swell) and 1 μg/ml anti-CD3 in a total volume of 1 ml culture medium. For 
monitoring proliferation of in vitro–expanded Tregs by CFSE-fluorescence 
(in vitro–expanded T cells displayed a broad CFSE signal as compared with 
freshly isolated T cells), we made use of ModFit LT software (version 3.0; 
Verity Software House) to illustrate the number of daughter generations 
after 4 days of proliferation.

Quantitative PCR. Relative mRNA levels were determined using  the 
ABI PRISM 7000 Sequence Detection System and SYBR Green Reagent 
(Applied Biosystems; 4309155). cDNAs were synthesized from 2.0 μg 
of total RNA using Moloney murine leukemia virus reverse transcrip-
tase (Invitrogen Corp.; 28025-013). PRISM samples contained 1 × SYBR 
Green Master Mix, 1.5 μl 5 μM primers, and 25 ng synthesized cDNA 
in a 25-μl volume. The following primers were used: mTLR2 forward 
(5′-AACCTCAGACAAAGCGTCAAATC-3′), mTLR2 reverse (5′-ACCAA-
GATCCAGAAGAGCCAAA-3′) (both from Biolegio bv); mFOXP3 forward 
(5′-AGGAGAAGCTGGGAGCTATGC-3′), mFOXP3 reverse (5′-GGTGGC-
TACGATTGCAGCAA-3′); porphobilinogen deaminase (PBGD) forward 
(5′-CCTACCATACTACCTCCTGGCTTTAC-3′), PBGD reverse (5′-TTT-
GGGTGAAAGACAACAGCAT-3′) (all from Sigma-Aldrich). Mean relative 
mRNA expression from 3 replicate measurements was calculated using 
ABI PRISM 7000 SDS software (version 1.0; Applied Biosystems). Values 
are expressed as arbitrary units relative to PBGD.

In vivo Treg proliferation. Spleen and inguinal lymph nodes from OT-II 
transgenic mice were isolated and mashed into single-cell suspension. 
Subsequently, the cells were stained with anti-CD25–FITC and isolated 
using anti-FITC MACS beads (Miltenyi Biotec). Contaminating CD8+ 
T cells and B cells were removed using negative depletion with Dynal 
beads. In this way, up to 95% pure CD4+CD25+ T cells were obtained. 
The OT-II transgenic Tregs were CFSE labeled (5 μM) and injected i.p. 
into TLR2–/– mice (2 × 106 per mouse). Four hours later, mice were chal-
lenged i.p. with 20 μg/mouse PAM and/or 10 μg/mouse OVA-peptide 
(ISQAVHAAHAEINEAGR, obtained from J.W. Drijfhout, Leiden Univer-
sity Medical Centre, Leiden, The Netherlands; peptide was synthesized 
by standard Fmoc chemistry, and purity [95%] was checked by HPLC). 
Four days later, the mice were sacrificed, spleens were isolated, and the 
splenocytes were stained with anti-CD4–APCs, anti-Vα2–PE, and prop-
idium iodide and analyzed by flow cytometry. In addition, the cells were 
stained with anti-Foxp3–PE and CD4-APCs to confirm that the CFSE+ 
cells were still Foxp3+.
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C. albicans infection model. We used a nonlethal C. albicans infection model 
as described (10). Briefly, 105 CFUs of C. albicans strain UC 820 were inject-
ed i.v. in mice on day 0. The mice, 5 per group, received, if indicated, 2 × 106 
WT in vitro–expanded Tregs or Th cells i.v. in 100 μl saline on days –2 and 
–1 (4 × 106 in total per mouse). On days –1, 1, 3, and 5, all mice received 100 
μl saline or 20 μg Pam3Cys/100 μl saline. At day 7, kidneys and livers were 
aseptically removed, weighed, and homogenized in sterile saline in a tis-
sue grinder. The number of viable C. albicans cells was determined by plat-
ing serial dilutions on Sabouraud dextrose agar plates. The colonies were 
counted after 24 hours at 37°C and indicated as CFU/g tissue. The spleens 
were also isolated from the mice and were used for the analysis of cytokine 
production in response to heat-killed C. albicans. Splenocytes (5 × 106 in  
1 ml complete medium) were stimulated with 107 heat-killed C. albicans 
cells. The supernatants were collected after 48 hours of incubation at 37°C 
in 5% CO2, and measurement of IFN-γ in the supernatant was performed by 
a commercial ELISA (BioSource International; detection limit 16 pg/ml),  
according to the instructions of the manufacturer.

Statistics. Statistical analysis was performed with Student’s t test using 
2-tailed distribution.
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