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FIGURE 5. Pam3CSK4 augments Treg survival and induces Bcl-x; but not Bel-2 expression. A, FACS-sorted GFP* Treg cells were cultured with
plate-bound anti-CD3 (0.4 wg/ml) and IL-2 for 7 days in the absence (left panel) or presence (right panel) of Pam3CSK4. The cells were then analyzed
by flow cytometry. FSC/SSC plots and the percentage of live cells (high FSC) are indicated (top panel). Gated live cells were analyzed for GFP expression
(middle panel). Viability of the total cell population was measured as the percentage of 7-AAD and annexin V excluding cells (bottom panel). Percentage
of live (7-AAD ™~ AnnexinV ) Treg cells were calculated by combined data from three independent experiments (below). Values of p were calculated using
the Mann-Whitney U test. B, Treg cells were stimulated with plate-bound anti-CD3 (0.4 ug/ml) and IL-2 in the absence (left panel) or presence (right panel)
of Pam3CSK4 for the indicated times. Bcl-2 and GFP expression was determined by flow cytometry. C, Treg cells were stimulated as in B for the indicated
times. The cells were then lysed and analyzed by Western blot for mouse Bcl-x; (top panel). B-Actin (bottom panel) was used as the loading control. All

data are representative of three different experiments with similar results.

EAE induction and then were treated with four injections of
Pam3CSK4. TLR2 /'~ mice that were not reconstituted with
Treg cells all developed severe EAE. In contrast, mice recon-
stituted with Treg cells had a marked reduction in disease se-
verity (Fig. 8). Treatment of the reconstituted mice with
Pam3CSK4 had no effect on the ability of the transferred Treg
cells to modulate the induction of disease. Thus, brief treatment

of mice with a TLR2 agonist does not reverse the suppressive
function of Treg cells.

Discussion

Most studies on TLR signaling have been focused on their function
in cells of the innate immune system. Studies from a number
of groups (4, 6, 14, 24) have demonstrated that TLRs can be
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FIGURE 6. Pam3CSK4 enhances Ag-specific Treg proliferation in
vivo. CD4"CD25" (1 X 10°) were purified by cell sorting from OT-II-
transgenic mice, CFSE-labeled, and injected into TLR2™'~ mice via the
tail vein. Twenty-four hours later, the recipient mice were immunized by
s.c. injection in the flank with OVA peptide (10 pg/mouse) in IFA and
simultaneously injected with either PBS or Pam3CSK4 (100 wg/mouse)
i.p. Five days after immunization, the draining lymph nodes were removed
and analyzed by flow cytometry for CFSE content of the transferred cells
by gating on Va2 VB5*Foxp3™ cells. A, Each plot indicates percentages
of proliferating (CFSE'®Y) vs resting (CFSE™") Treg cells challenged with
OVA or OVA and Pam3CSK4. The overlay of CFSE histograms is shown
in the right panel (Ag alone, black line; Ag and Pam3CSK4, gray dashed
line). B, The total vs proliferating OT-II Foxp3™ cell counts in draining
lymph nodes from TLR2 ™/~ mice were calculated using CFSE profiles.
Data are representative of two different experiments with similar results.

expressed by conventional CD4* and CD8™ T cells, as well as by
Foxp3™ Treg cells. Stimulation of TLRs on conventional T cells in
all studies results in enhancement of T cell activation and prolon-
gation of TCR survival in vitro and in vivo. In most, but not all
studies (25), T cells require activation as a prerequisite to TLR
responsiveness. This requirement for prior TCR activation would
prevent nonspecific activation of T cells by TLR ligands. A con-
fusing picture has emerged from the analysis of the function of
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FIGURE 7. Pam3CSK4-pretreated Treg cells prevent the activation of
scurfy effector T cells in RAG ™/~ mice. Peripheral lymph node and spleen
cells (5 X 10° from 7-day-old scurfy mice (SC) were either transferred
alone into male RAG ™/~ mice or cotransferred with Treg cells (1 X 10°)
that had been expanded for 3 days by stimulation with plate-bound anti-
CD3 and IL-2 in the presence or absence of Pam3CSK4. Twenty-eight
days after transfer, the ears and livers were evaluated histologically. Values
indicate average histological score of five mice = SD.
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FIGURE 8. Pam3CSK4 treatment does not attenuate Treg-mediated
prevention of EAE. Three groups (five mice in each) of TLR2™/~ mice
were immunized with MOG peptide/CFA on day 0 and injected with per-
tussis toxin on days 0 and 2 for EAE induction. One group was untreated,
while the other two had received GFP™ Treg cells (1 X 10°) i.v. from WT
mice 1 day before EAE induction. Pam3CSK4 (20 pg/mouse) i.p. was
injected into one of the groups that had received Treg cells on day —1, 1,
3, and 5. Mice were then monitored daily for disease until day 30. EAE
clinical scores for control () and for Treg-treated mice without ([]) or
with (A) administration of Pam3CSK4 are shown. Data are representative
of two different experiments with similar results.

TLRs on both human and mouse Treg cells. Some studies (5, 7, 16)
have shown that engagement of TLR2 on mouse Treg cells or
TLRS on human Treg cells results in enhancement of their sup-
pressive functions, while other studies have claimed that engage-
ment of TLR2 on mouse Treg cells (5, 16) of TLRS in human Treg
cells (17) reverses Treg suppressive function. Two major problems
exist in the interpretation of these studies. First, a consensus view
(26) has yet to emerge as to the mechanisms used by Treg cells to
suppress their targets in vivo or in vitro. It is therefore difficult to
determine how TLRs modulate suppression either positively or
negatively. Second, since the TLRs are widely expressed on both
conventional T cells and innate immune cells, contamination of the
Treg preparation with non-Treg cells may have been responsible
for the differences between the studies.

To avoid the problems encountered when Treg cells are isolated
based on CD25 expression, we have reexamined the effects of TLR
expression on murine Treg cells using highly purified Treg cells
isolated from mice expressing enhanced GFP under the control of
the Foxp3 promoter. We initially tested TLR2, TLR3, TLR7/8, and
TLR9Y agonists to determine whether they could enhance the pro-
liferation of Treg cells in culture when stimulated with anti-CD3.
No changes were seen in the presence of anti-CD3 alone, but
TLR2, TLR7/8, and TLRO agonists all augmented the proliferative
responses of Treg cells in the presence of soluble anti-CD3 and
APC, while significant enhancement of proliferation to plate-
bound anti-CD3 and IL-2 was only seen with the TLR2 agonist
Pam3CSK4. We concluded from these studies that the augmenta-
tion of the Treg response by TLR7/8 and TLR9 agonists was likely
to be indirect and mediated via the APC, whereas TLR2 stimula-
tion had a direct effect on the Treg cells. We therefore focused our
studies on the potential role of TLR2 in modulation of Treg func-
tion. Augmentation of proliferation was associated with enhanced
Treg cell survival in culture and enhanced expression of the anti-
apoptotic protein Bcl-x;. A similar increase in Bcl-x;, but not
Bcl-2 levels, was seen when conventional CD4" T cells were
treated with poly(I:C) or CpG DNA (9).

In contrast to previous studies, we were unable to detect TLR2
expression on the cell surface using the commercially available
anti-TLR2 Abs. Low levels of TLR2 mRNA expression were
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detected in unactivated Foxp3™ T cells, while TLR2 mRNA could
not be detected in freshly isolated Foxp3™ T cells. Following TCR
activation, a modest increase in TLR2 mRNA expression was seen
both in Foxp3™ and Foxp3~ T cells, but the level of TLR2 mRNA
was augmented 10-fold in the Foxp3™ T cells in the presence of
the TLR2 agonist, suggesting a positive feedback on TLR2 ex-
pression by stimulation in the presence of the TLR2 agonist. A
similar positive effect of a TLR agonist on TLR expression was
observed (27) when human y8 T cells were stimulated with poly(I:
C). It has also been reported that TLR2 transcription is increased
during infection with Pneumocystis carinii where the host utilizes
TLR?2 to recognize major surface glycoprotein of the infecting or-
ganism (28). Although TLR2 can exist as a homodimer or het-
erodimerize with TLR1 and TLR6, the TLR2-TLR1 complex ap-
pears to be the most critical for costimulation of Treg proliferation,
as significant enhancement of proliferation was only seen with the
TLR2/TLR1 ligand, Pam3CSK4, and not with the TLR2/TLR6
ligand, Pam2CSK4, or with the natural ligand for TLR2/TLR2
homodimers, LTA-SA. It will therefore be interesting to determine
whether activation of the TLR2-TLR1 heterodimeric complex on
Treg cells can modulate immune responses to different microbial
pathogens.

Both of the previous studies (5, 16) on the function of mouse
Treg cells also reported augmentation of Treg proliferation in the
presence of TCR activation and Pam3CSK4. They concluded from
this observation that the enhanced proliferative responses of the
Treg cells should result in abrogation of their suppressive ability.
However, abrogation of Treg suppressive function was not seen
under conditions where Treg cells are actively proliferating. Ad-
dition of a high concentration of IL-2 to cocultures of Treg cells
and responders masks the suppressive effects of Treg cells on re-
sponder cell proliferation, but does not reverse the capacity of the
Treg cells to inhibit the production of IL-2 or IFN-vy by the re-
sponder T cells (29, 30). Proliferation of Treg cells can also be
induced in the presence of activated bone marrow-derived DCs
and inhibition of responder T cell proliferation is also not seen
under those conditions. However, suppression of IL-2 production
by the responder cells is not reversed (31).

Since TLR2 is expressed by both responder T cells and APC,
analysis of the effects of TLR2 engagement on Treg suppressive
ability is only possible in assays using WT Treg and responder T
cells/APC from TLR2 ™/~ mice. In contrast to previous studies, the
addition of Pam3CSK4 to these cocultures had no effect on Treg-
mediated suppression of proliferation over a broad range of Treg
cell:responder ratios. Previous studies also claimed that overnight
exposure of Treg cells to a TLR2 agonist also abrogated their
suppressive capacity, while in our studies continuous exposure of
the Treg cells to the agonist for 3 days had no effect on their ability
to suppress when they were added immediately to cocultures in the
absence of a rest period or even when the agonist was also added
to the cocultures. There are several potential reasons for the dif-
ferences between our results and those reported previously. First,
as noted above, Treg cells in our studies were purified based on
Foxp3 expression and were therefore much less likely to be con-
taminated with CD4"CD25%Foxp3~ T effector cells. In our
hands, the TLR2 agonist markedly enhanced the proliferation of
conventional T cells. Second, in both the studies of Sutmuller et al.
(16) and Liu et al. (5), very low levels of proliferation were ob-
served in cultures of responder cells alone, high ratios (1:1 or 1:2)
of Treg cells to responder cells were tested, and the magnitude of
the reversal of suppression (30—40%) was not impressive. Liu et
al. (5) also claimed that the transient increase in Foxp3 mRNA
induced by TCR activation of Treg cells was blocked by exposure
to the TLR2 agonist, but did not analyze Foxp3 protein expression.
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In our hands, culture of the Treg cells for several days in the
continuous presence of Pam3CSK4 has absolutely no effect on the
expression of Foxp3 protein expression.

Conclusions based solely on in vitro studies with Treg cells
must be interpreted with caution, as Treg function in vivo may be
mediated by different mechanisms. Treatment of mice with
Pam3CSK4 resulted in a moderate increase in the proliferation of
Ag-specific Treg cells in response to immunization with Ag. Sim-
ilar results were seen in the studies of Sutmuller et al. (16) al-
though they did not observe significant proliferation in the pres-
ence of Ag alone. It should be noted that Treg suppression of the
expansion of Ag-specific T cells in vivo may be accompanied by
expansion of the Treg cells (32). Thus, proliferation of Treg cells
in vivo as in vitro does not indicate abrogation of Treg suppressive
capacity. We used two different models to determine whether
TLR2 engagement inhibited Treg function in vivo. The first model
was similar to the one used by Liu et al. (5) and involved pretreat-
ment of the Treg cells with Pam3CSK4 before transfer in vivo.
One of the most sensitive assays for Treg function in vivo is the
ability of Treg cells to suppress the transfer of a global autoim-
mune syndrome by scurfy T cells to RAG ™'~ mice (19). Treg cells
expanded and treated with Pam3CSK4 were as suppressive as Treg
cells expanded in the absence of the TLR2 ligand. In contrast, Liu
et al. (5) claimed that a brief exposure to Pam3CSK4 delayed the
ability of Treg cells to treat inflammatory bowel disease and com-
pletely inhibited the ability of the animals to clear Leishmania
major. We also used the system originally described by Kohm
et al. (23) in which supplementation of normal mice with Treg
cells from WT mice modulates the induction of EAE induced by
immunization with a MOG peptide. When TLR2 /™ recipient
mice were supplemented with WT Treg cells and treated with mul-
tiple injections of Pam3CSK4 during the induction of EAE, the
decrease in disease severity was identical to that seen in mice not
treated with the TLR2 ligand. The treatment regimen used was
very similar to the one used by Sutmuller et al. (16) in their studies
of mice infected with C. albicans. However, they observed an
enhancement of the magnitude of colonization of the mouse with
Candida albicans when WT Treg cells were transferred to
TLR2 ™'~ mice and abrogation of this enhancement when the mice
were treated with Pam3CSK4. Again, it is very difficult to deter-
mine the reasons for the differences between these results. Our
studies used two well-characterized models of Treg-mediated
modulation of autoimmune disease, while the other studies used
models of immune responses to pathogens. In any case, it appears
that TLR2 stimulation does not reproducibly modulate Treg func-
tion in vivo.

One of the most interesting questions raised by these studies is
the significance of expression of TLRs on Treg cells. Taken to-
gether, our studies and those of Crellin et al. (15) and Zanin-
Zhorov et al. (7) indicate that stimulation of Treg cells via TLR2
or TLRS either enhances their suppressor function or their expan-
sion and survival. Superficially, enhancement of Treg function
should be deleterious to the immune response to a TLR ligand-
expressing pathogen. In many respects, one would have predicted
that TLR ligands should actually abrogate Treg function in re-
sponse to pathogens as suggested by some studies. Alternatively,
as proposed by Crellin et al. (15), early in the immune response,
the TLR signal delivered to APC results in cytokine production
that together with the direct action of the TLR ligands on re-
sponder T cells renders them resistant to suppression. The simul-
taneous stimulation of Treg cells with the TLR ligands would both
result in enhancement of Treg viability and proliferation. When the
acute response to the pathogen begins to subside, TLR-mediated
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enhanced Treg function can then play a critical role in the preven-
tion of immune pathology or in maintaining low levels of patho-
gens that are needed for maintenance of immunologic memory
(33). Further detailed analysis of the different signaling pathways
modulated by TLR ligands in Treg cells compared with T effector
cells may offer insights to the development of agents that can be
used to selectively expand Treg cells in culture for use in cellular
biotherapy or to enhance Treg function in vivo as a component of
the treatment of autoimmune disease.
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