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TLR4 signaling in effector CD4+ T cells
regulates TCR activation and
experimental colitis in mice
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TLRs sense various microbial products. Their function has been best characterized in DCs and macrophages,
where they act as important mediators of innate immunity. TLR4 is also expressed on CD4* T cells, but its physi-
ological function on these cells remains unknown. Here, we have shown that TLR4 triggering on CD4* T cells
affects their phenotype and their ability to provoke intestinal inflammation. In a model of spontaneous colitis,
1110/-Tlr4~/- mice displayed accelerated development of disease, with signs of overt colitis as early as 8 weeks
of age, when compared with 1110/~ and Il110~/-Tlr9~/~ mice, which did not develop colitis by 8 months. Similar
results were obtained in a second model of colitis in which transfer of naive Il110~-Tlr4~/~ CD4* T cells into
Ragl~/- recipients sufficient for both IL-10 and TLR4 induced more aggressive colitis than the transfer of naive
1110~ CD4* T cells. Mechanistically, LPS stimulation of TLR4-bearing CD4" T cells inhibited ERK1/2 activa-
tion upon subsequent TCR stimulation via the induction of MAPK phosphatase 3 (MKP-3). Our data therefore

reveal a tonic inhibitory role for TLR4 signaling on subsequent TCR-dependent CD4* T cell responses.

Introduction

IL-10 is an antiinflammatory cytokine that regulates T cell pro-
liferation and functions (1). I/107~ mice develop spontaneous
chronic enterocolitis with mucosal infiltration of lymphocytes,
macrophages, and neutrophils (2) similarly to that observed in
the mucosal tissues of humans with inflammatory bowel disease.
The role of CD4* T cells in colitis induction was confirmed in
mice with a T cell-specific inactivation of the /10 gene (3), as
these mice develop the same inflammatory phenotype observed
in 11107/~ mice. The enterocolitis in the I/10~~ mice is largely attrib-
uted to dysfunctional Tregs. As in many other models of intesti-
nal inflammation, the inflammatory response in the intestinal
mucosa in this model of colitis depends on luminal bacteria and/
or their inflammatory components (4, 5).

As TLRs recognize various signature microbial products (6), their
activation pathways are central for the physiologic function of
innate immunity. TLR-activated dendritic cells and macrophages
produce proinflammatory cytokines and chemokines and express
high levels of costimulatory molecules. Conversely, recent stud-
ies demonstrated that TLR signaling in intestinal epithelial cells
inhibit inflammatory responses and support colonic homeostasis
(7-9). The role of TLR expression on CD4* T cell functionality has
not been fully explored.

Since TLR and TCR share signaling pathways, e.g., MAPK, we
hypothesized that TLR signaling in effector CD4"* T cells regu-
lates their subsequent TCR activation. To address the role of TLR
signaling in effector CD4" T cells in colitis development, we used
2 models of intestinal inflammation: (a) colitis in I/10~~ mice and
(b) colitis induced by adoptive transfer of naive CD4* T cells into
Ragl~~ recipients. Surprisingly, our results demonstrate that TLR4
expressed on effector CD4* T cells plays an inhibitory role in the
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inflammatory profile of colitogenic T cells independent of TLR4
expression on innate immune cells.

Results
TLR4 deficiency aggravates IL-10-dependent colitis. Previous studies
have identified the TLR expression profile of T cells (10). To inves-
tigate the potential role of these receptors in the development of
colitis, we crossed Tlr47/~ or Tlr9~/- mice onto Il107/- animals. We
followed the animals for 2 months and then analyzed their colons
for signs of inflammation. While I10~~ and 1l10~~-Tlr9~/~ mice did
not develop obvious signs of intestinal inflammation at the age
of 8 months, the II107-Tlr47/- mice demonstrated overt colitis at
the age of 8 weeks, i.e., thickening of the intestinal wall, diarrhea,
enlarged spleen and mesenteric lymph nodes (MLNs) (Supple-
mental Figure 1; supplemental material available online with this
article; doi:10.1172/JCI40055DS1). Histological analysis of the
colon revealed that [l107~Tlr47/~ mice developed severe inflam-
mation, with a high degree of epithelial crypt hyperplasia (Figure
1A, transverse section) and marked infiltration of mononuclear
cells in the colonic lamina propria (LP) (Figure 1B, cross section).
Figure 1C displays quantitative morphometric analysis of these
inflammatory parameters. In addition, we observed goblet cell
depletion in the mucosal layers and an increase in epithelial cell
proliferation (data not shown).

The colitis observed in 1l107/-Tlr4/~ mice could result from
altered microflora in these animals. To evaluate this possibility,
we co-housed young I110~/~ with diseased Il10/-Tlr4/~ mice in the
same cage to allow colonization of these 2 groups with the same
microflora (11). Age- and sex-matched /107~ mice housed sepa-
rately served as controls. I/107~ mice, under each housing condi-
tion, were monitored weekly for signs of intestinal inflammation
for an additional period of 6 weeks, and histological evaluation
was performed at the end of this period. Under these conditions,
the co-housed /107~ mice showed no difference in the develop-
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Figure 1

TLR4 deficiency aggravates
colitis in //70-- mice. (A) Histo-
logical analysis of 8-week-old
B6, /110, 1110--TIr9~-, and
1110--Tlr4-- mice maintained
under specific pathogen—free
conditions showing increased
epithelial crypt hyperplasia
in 1110TIr4-- mice (origi-
nal magnification, x100). (B)
Cross-sectional analysis of
colons from the different mice
showing greater cellular infiltra-
tion in the mice lacking TLR4
(original magnification, x100).
(C) Quantitative measurement
of crypt length and cellular infil-
tration in the different groups
of mice at 8 weeks of age.
(D) Histological analysis of
4-week-old //70-- mice housed
with or without 7- to 8-week-old
1110--TIr4-- mice (original mag-
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ment of intestinal inflammation compared with II10~~ mice
housed in separate cages (Figure 1D). Quantification of crypt
length and cellular infiltration showed no difference between the
colons of these 2 different groups (Figure 1E). Taken together,
these data indicate that the lack of TLR4 accelerates the intestinal
inflammation in the I/10~~ host.

Characterization of the inflammatory profile in 11107~Tlr4~~ mice. To
determine the inflammatory profile associated with colitis, we mea-
sured the mRNA levels of cytokines, chemokines, and cell markers
in tissue homogenates obtained from the colons of each group of
mice at 8 weeks of age. Consistent with the inflammatory pheno-
type, we found that I1107-Tlr4~~ mice had increased transcript levels
of inflammatory cytokines such as IL-6, IFN-y, IL-1f, and IL-17A,
as well as chemokines (keratinocyte chemoattractant [KC], mac-
rophage inflammatory protein 1o [MIP1a], MIP1f, CCL22, and
CXCL10). The mRNA levels of the cellular markers F4/80 (mac-
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rophages), MPO (neutrophils), and CD3d/CD4 (T cells) were also
increased in the Il107-Tlr4~/~ mice as compared with the other test-
ed groups (Table 1). To quantify the inflammatory mediators pro-
duced by the inflamed colons, we cultured ex vivo colonic explants
(CEs) from 11107~ and Il107~Tlr47~ mice. Supernatants from these
cultures where then analyzed by ELISA. As shown in Figure 2A, the
CEs from I110~/~-Tlr4~/~ mice released high amounts of IL-17A, IFN-y,
and TNF-a, whereas these cytokines were barely detectable in the
supernatants harvested from the I/10/~ CEs. To further evaluate the
inflammatory phenotype in the colons of these mice, intraepithe-
lial lymphocytes (IELs) and LP lymphocytes (LPLs) from [/107~ and
II10/~Tlr47/~ mice were isolated and stimulated with anti-CD3/
CD28 Abs. Colonic lymphocytes from 1/10~~Tlr47/~ mice produced
significantly higher levels of proinflammatory cytokines such as
IL-6, IL-17A, TNF-a, or IFN-y when compared with colonic lym-
phocytes from Il107~ mice (Figure 2, B and C).
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Table 1

qRT-PCR analysis of RNA samples isolated from colon of mice of the dif-

by CEs taken from recipients transferred with naive CD4*
T cells from I1107~Tlr47/~ mice as compared with recipi-

ferent genotypes ents transferred with naive CD4* T cells from I/10~~ mice
(Figure 3F). We next analyzed the cytokine production by
B6 1o 110--Tird+ 110--Tirg-+ CD4' T cells harvested from different organs of the recipi-
Cytokines ent mice. CD4" T cells from the spleen, MLNs, and colonic
IL-6 054 +0.11 1+0.22 6.33 = 0.504 1.49+0.48 mucosa (IELs and LPLs) were isolated and stimulated
[112p40 022+0.16  1+0.18 20.8 +1.398 0.91+0.11 with anti-CD3/CD28 Abs. While there was no significant
p 8
IFN-y 0.68+0.13 1+0.32 11.8+0.248 1.88 +0.38 difference in the cytokine production by splenic CD4*
IL-18 041021 1x014 17.8+0.588 1.08+0.09 T cells, we found that MLN CD4* T cells isolated from recip-
IL-23p19 038+008  1+0.81 211+ 0-32i 0.430.37 ients reconstituted with naive I/10~-Tlr4 /- cells produced
TNF-a 0.51£0.38  11.03 3.06.+0.08 0.95+0.71 higher levels of IFN-y. Moreover, the CD4* IELs and LPLs
IL-17 0.26+0.31 1+0.08 761058 061055 from these recipients produced higher levels of IL-6, IFN-y
Chemokines . . ’ ;
KC 0484021 1+031 941 1 0.718 111£019 and IL-17A (Figure 3G). Of note, the adoptive transfer of
MIP1a. 071 ; 013 1 ; 008 809 ; 0225 207 ; 036 naive Tlr47/~ CD4* T cells to Rdg17/7 recipients also resulted
MIP1p 057+046 1+018 13.9 + 0.288 159 +0.52 in greater loss of body weight and in more severe colitis
CCL19 0.59 +0.15 1+0.09 7.38 + 0.398 1.74 +0.74 than that induced by B6 naive CD4"* cells (Supplemental
CXCL10 0.71+0.28 1+0.54 3.73+041A 1.03 +0.08 Figure 3). To explore whether the increased inflammatory
CCL22 0.62 +0.31 1+0.35 1.95+£1.73 1.14+£0.48 phenotype observed after adoptive transfer of I1107-Tlr47/~
Cell markers T cells was due to decreased Treg development, we checked
F4/80 049+039 1027 252 0-23: 0.91+0.21 the frequency of Foxp3* cells by IHC in colonic tissue from
MPO 101:018 1009 10.0 +0.39 191316 Ragl~/~ recipients transferred with the indicated CD4*
CD3d 075+011 1011 13.7+0.38° 2670241 T cell populations. Consistent with previous results (13)
CD4 0.68 +0.09 1+£012 3.64 +0.28* 1.04 £ 0.08 ) ’

Results were normalized to those obtained from //70-- mice, which were designated
as 1 unit. Data are expressed as mean + SD of 6 mice/group. AP < 0.05. BP < 0.01.

TLR4 expression on effector CD4* T cells restrains colitis in an adoptive
transfer model. Colitis in I/10~~ mice depends on CD4" T cells (3). To
determine whether the accelerated colitis observed in 11107/~ Tlr4~/~
is dependent on effector CD4* T cells, we carried out 2 different
experiments. First, we selectively depleted the CD4* population by
injecting anti-CD4 depleting Abs into I1107-Tlr4~~ mice (Supple-
mental Figure 2A). Depletion of CD4" cells resulted 2 weeks later
in significant inhibition of crypt hyperplasia, cellular infiltration,
and suppression of the colonic proinflammatory cytokine profile
(Supplemental Figure 2, B and C). Second, we transferred naive
CD4* T cells (i.e., CD4*CD45RBM) from 1110/~ or from 11107/~
Tlr4~~ donor mice to Ragl~~ recipients (12) and evaluated the
subsequent colitis 8 weeks later. As a control, we cotransferred
CD4*CD4SRB°CD25* Tregs from wild-type CS7BL/6 (B6) mice
along with the naive CD4* subsets from Il107/~ or Il107/-Tlr47/~
mice. We observed that naive CD45RBM T cells from 1[10~-Tlr4~~
induced greater body weight loss than those from Il10~~ mice
(Figure 3A). As expected, the cotransfer of CD4SRB°CD25* T cells
from B6 mice inhibited the induction of colitis in the recipients
(Figure 3B). In accordance with the body weight data, histological
analysis of the colonic tissues revealed more severe inflammation
in mice that received the naive CD4" T cells from the /107 Tlr4 7/~
mice. The colitis in these recipients was characterized by depletion
of goblet cells and marked abnormalities in the crypt structure,
such as crypt hyperplasia, cellular infilctration, and distorted crypt
orientation (Figure 3C). Morphometric quantification of the crypt
length (Figure 3D) and the number of infiltrating cells (Figure 3E)
revealed a significant increase in these inflammatory parameters
in mice transferred with naive TLR4-deficient CD4* cells. In some
areas, we detected crypt abscesses that were not detected upon
transfer of naive CD4" T cells from 1107/~ mice (Figure 3C). Fur-
thermore, increased proinflammatory cytokines were generated
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the presence of Foxp3* cells was higher in the highly
inflamed colons, i.e., the frequency of Foxp3* Tregs aris-
ing from the 1l10/-Tlr47/- CD45RBM naive population was
increased when compared with the number of Foxp3* Tregs
observed in the colons of mice receiving I/10~~ CD45SRBM
cells (Supplemental Figure 4, A and B). Similar numbers of Foxp3*
cells were found in the mice receiving Treg cells from B6 mice
(cotransfer groups). Collectively, these data suggest that TLR4 liga-
tion exerts a tonic inhibitory effect on colitogenic CD4* T cells.

To further verify this effect, we injected anti-TLR4 blocking Ab
to [1107/~ mice. The blockade of TLR4 resulted in an increase in the
production of proinflammatory cytokines by MLN CD4"* T cells
after anti-CD3/CD28 Ab stimulation (Supplemental Figure SA).
Similarly, CEs from these mice displayed higher levels of IL-6, IFN-y,
IL-17A, and TNF-a (Supplemental Figure 5B). Taken together,
these data demonstrate that the lack of TLR4 on IL-10-deficient
CD4* T cells impacts their inflammatory profile.

Naive CD4* T cells express functional TLR4. The expression of TLR4
on naive CD4" T cells was recently reported (14, 15). Others groups
documented TLR4 expression in Tregs (16) as well as in colitogenic
LP CD4" cells (17). Consistent with these reports, we detected TLR4
expression in gated CD3"CD4" cells from spleen of B6 and 1110/~
mice (Supplemental Figure 6). As expected, TLR4 expression was
absent in the double-deficient Il107/-Tlr4/~ mice (Supplemental
Figure 6). Our finding that TLR4-deficient effector CD4" T cells dis-
play different inflammatory phenotypes at various sites (Figure 3,
F and G) led us to hypothesize that TLR4 expression on these
cells may be the result of a site-specific or an activation-induced
regulation. We therefore analyzed the level of TLR4 expression in
FACS-sorted CD4" T cells isolated from spleen and MLN of 1110
mice by quantitative RT-PCR (qPCR). The purity of the analyzed
CD4* populations was greater than 99% (data not shown). First,
we observed different levels of TLR4 expression in CD4" T cells
isolated from different organs (Figure 4A), and the lowest expres-
sion was observed in LPLs and IELs. Second, and consistent with
a previous report (15), we observed that the expression of TLR4 in
these cells was downregulated by TCR stimulation (Figure 4B).
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1110--Tir4-- mice develop an increased colonic proinflammatory profile. (A) Cytokine levels in CE supernatants after 24 hours of culture (ELISA).
Represented values are normalized to milligrams of cultured colonic tissue. (B and C) Cytokine levels obtained from LPLs (B) and IELs (C)
isolated from the colons of //70-- and //710--TIr4~- mice and stimulated with anti-CD3/CD28 Abs for 24 hours Data represent mean + SEM of 3

different experiments. *P < 0.05, **P < 0.01.

Since TLR4 deficiency in effector CD4" T cells affected their
inflammatory phenotype in vivo, we explored TLR4 signaling in
CD4" T cells. LPS stimulation led to the activation of the NF-xB
signaling pathway (Figure 4C), as well as to the phosphorylation of
members of the MAPK family, i.e., p38, JNK, and ERK1/2 (Figure
4D). As expected, MLN-derived CD4* T cells from Tlr4~/~ mice were
unresponsive to LPS stimulation (Figure 4, E and F).

TLR4 signaling downregulates IEN-y production through ERK1/2 inhibi-
tion. As LPS is a soluble mediator, its interaction with its receptor
(TLR4) on CD4" T cells is not restricted to lymphoid organs. This
is in contrast to the cognate TCR-MHCII complex interaction of
T cells with APCs. We therefore reasoned that at intestinal muco-
sal sites, there is a considerable chance of having TLR4-stimulated
CD4* T cells prior to their TCR engagement. To further explore
the impact of LPS signaling on CD4" T cell function, splenic CD4*
T cells from OVA-transgenic (OT-II) mice were prestimulated with
LPS, or left unstimulated, before being cocultured with OVA-
loaded bone marrow dendritic cells (BMDCs; wild-type) for S days.
Interestingly, LPS pretreatment significantly reduced the produc-
tion of IFN-y by CD4* T cells while increasing the production of
IL-17A (Figure 5A). The levels of other cytokines, such as TNF-a or
IL-2, remained unaffected by LPS pretreatment followed by TCR
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stimulation (data not shown). Similar data were observed in the
BMDC-free system, in which CD4* T cells from B6 mice (spleen,
MLN, and colonic LP) were stimulated with LPS followed by anti-
CD3/CD28 Abs (Supplemental Figure 7, A and B).

To delineate the signaling mechanism by which LPS exerts its
regulatory effect on subsequent TCR activation, we isolated FACS-
sorted MLN CD4"* T cells from Il10~ mice and incubated them in
the presence or absence of LPS for 2 hours and then stimulated
them with anti-CD3/CD28 Abs. LPS stimulation alone induced
the translocation of NF-kB (Figure 5B). However, LPS pretreat-
ment had no significant effect on the TCR-dependent NF-xB
translocation compared with that observed after TCR activation
alone (Figure 5B). In contrast, phosphorylation of MAPK family
members was strongly affected by the LPS pretreatment. Specifi-
cally, TLR4 triggering prior to TCR stimulation strongly inhibited
p-ERK1/2 levels, whereas p-p38 levels were only slightly affected
by LPS pretreatment (Figure SC). Similarly, using intracellular
staining (FACS), we detected a 3-fold difference in geometric mean
fluorescence (GMF) intensity of p-ERK1/2 after 2 hours of LPS
pretreatment (Figure 5D). A similar trend of p-ERK1/2 inhibition
was also observed for lower concentrations of LPS (Supplemen-
tal Figure 8, A and B). Activation of nuclear factor of activated
Volume 120 573
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TLR4 expression on CD4+ T cells restrains colitis in an adoptive transfer model. (A and B) Percentage of initial body weight of Rag - recipients
transferred with /170~ and 1I10--Tir4-- FACS-sorted naive CD45RB" T cells (A) and cotransferred with regulatory CD45RB°CD25+ Tregs (B6)
(B). (C) Microscopic evaluation revealed mild inflammation in the colons of //70-- CD45RB" recipients, while severe inflammation was observed
in the colon of //10--Tir4-- CD45RB" recipients (original magnification, x100). (D and E) Quantitative analyses of crypt length and cellular infiltra-
tion performed in colonic tissues from the recipient mice. Asterisks represent significant differences compared with control group (group receiving
11107 naive and B6 Tregs). (F) Cytokine levels in CE supernatants after 24 hours of culture. (G) CD4+ T cell cytokine response. CD4+ cells from
colon (IELs and LPLs), MLNs, and spleen were isolated from Rag7-" recipients and stimulated with anti-CD3/CD28 Abs. Cytokine levels were
determined 24 hours later. Data represent mean + SEM of 2 independent experiments. *P < 0.05, **P < 0.01.
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T cells-1 (NFAT-1) was unaffected by LPS pretreatment (Figure
SE). Of note, costimulation of TLR4 and TCR did not have the
same inhibitory impact on either the activation of ERK1/2 or the
production of IFN-y (Supplemental Figure 9).

Since pretreatment with LPS resulted in a significant reduction
in IFN-y production (Figure 5A) and inhibition of ERK1/2 phos-
phorylation (Figure 5C) in CD4* T cells, we asked whether these
findings are linked. To explore this issue, we pretreated the CD4*
T cells with the specific MEK1/2 inhibitor UO126 before TCR
stimulation with anti-CD3/CDCD28 Abs. Similarly to LPS pre-
treatment, UO126 pretreatment reduced the mRNA expression
level of IFN-y (Figure SF), while the transcript levels of other pro-
inflammatory cytokines such as IL-6 and IL-17A were not signifi-
cantly altered by MEK/ERK inhibition (data not shown).

TLR4 signaling regulates subsequent TCR signaling events via the induc-
tion of MAPK phosphatases. The lack of ERK1/2 activation induced
by LPS treatment of CD4" T cells could be explained by either
diminished phosphorylation by MEK1/2 or increased dephos-
phorylation of p-ERK1/2 by specific phosphatases. As shown in
Supplemental Figure 10, LPS pretreatment did not inhibit the
TCR-dependent phosphorylation of MEK1/2, indicating that
inhibition of p-ERK1/2 is not due to an upstream event. MAPK
enzymes undergo inactivation by MAPK phosphatases (MKPs),
also known as dual-specificity protein phosphatases (DUSPs),
which dephosphorylate both phosphothreonine and phosphoty-
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Figure 4

CD4+ T cells express functional TLR4. (A) qPCR analysis of Tir4
expression in unstimulated CD4+ T cells from spleens (Sp), MLNs,
LPLs, and IELs of //70-- mice. Total splenocytes (Total Sp) were
used as a positive control. (B) gPCR analysis of TIr4 expression in
spleen CD4+ T cells before and 24 hours after anti-CD3/CD28 Abs
stimulation. (C and D) MLN CD4+ T cells were treated with LPS for the
indicated times. Nuclear lysates were examined for NF-«xB activation
(EMSA) (C), and cytosolic lysates were tested for ERK1/2, p38, and
JNK activation by immunoblotting with phospho-specific Abs (D). (E
and F) NF-kB and ERK activation in Tir4-- MLN CD4+ T cells after LPS
stimulation. All CD4+ T cells used were FACS sorted, and purity was
greater than 98% in all experiments. Stimulation was carried out with
100 ng/ml of LPS in all experiments. Data represent mean + SEM and
are representative of 3 independent experiments (4 mice per experi-
ment were used in A and B). *P < 0.05, **P < 0.01.

rosine residues on activated MAPKs (18). Since the expression of
several MKPs was documented in T cells (19-21), we tested whether
TLR4 triggering regulates p-ERK1/2 through the induction of
MKPs. Indeed, we found that LPS stimulation of I/107/- CD4*
T cells led to a marked increase in cytosolic MKP-3 (Figure 6A).
In accordance with these data, freshly isolated MLN CD4* T cells
from I110~-Tlr4~~ mice showed reduced expression of MKP-3 (Fig-
ure 6B). Moreover, LPS pretreatment led to increased levels of both
nuclear MKP-1 and cytosolic MKP-3 upon subsequent anti-CD3/
CD28 Abs stimulation (Figure 6C). In contrast, TCR activation
alone did not induce any activation of MKP-1 or MKP-3 in these
cells at the tested time period (Figure 6C). The phosphorylation
level of SHIP-1, a phosphatase that is associated with LPS tolerance
in macrophages (22), was largely unaffected by LPS stimulation of
11107~ CD4" T cells or in I1107-Tlr47/~ mice (Figure 6, A and B). In
contrast, a slight increase in the TCR-dependent phosphorylation
of SHIP-1 was observed after LPS pretreatment (Figure 6C).

As MKP-3 was downregulated in I[107/-Tlr47/~ CD4" T cells (Fig-
ure 6B), and since it was shown to specifically regulate ERK1/2
while minimally affecting other MAPKs (23), we next explored its
impact on I1107- CD4* T cell activation profile by gene silencing
(Figure 6D). MKP-3 knockdown abrogated the LPS-dependent
downregulation of ERK1/2 activation in vitro, as determined
by FACS-based intracellular staining (Figure 6E). LPS pretreat-
ment resulted in a marked decrease in both the percentage of
p-ERK1/2-positive cells and the GMF intensity in the control
siRNA transfected cells, whereas such an effect was not observed
in MKP-3 siRNA transfected cells (Figure 6E). MKP-3 knockdown
also abrogated the LPS-dependent downregulation of IFN-y pro-
duction by anti-CD3/CD28 Abs stimulation but did not affect
IL-17A production (Figure 6F).

TLR4 signals through 2 adaptors, MyD88 and TRIF. To further
explore the mechanism by which TLR4 exerts its control over MKP-3
activation, we examined whether this effect is dependent on the
MyD88- or the TRIF-mediated signaling. We stimulated MLN-
derived CD4" T cells from Il107/-Myd88 /- or I110/~/LPS2 mice (the
LPS2 mouse has a Trif 7~ phenotype) (24) with LPS and checked the
subsequent MKP-3 activation. Interestingly, MKP-3 activation was
unaffected in the absence of MyD88 but was strongly reduced in
LPS2 CD4" T cells (Supplemental Figure 11). These data indicate
that TLR4 activates MKP-3 in a TRIF-dependent manner and pro-
vide a possible explanation for the different phenotypes observed
in I1107/-Tlr47~ and Il10~-Tlr9~/~ mice (Figure 1, A and B).
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Figure 5

TLR4 signaling in CD4+ T cells downregulates IFN-y production through ERK1/2 inhibition. (A) Splenic CD4+ T cells from OT-Il mice were incu-
bated for 2 hours in the presence of 100 ng/ml LPS or medium alone. The cells were then washed and cultured for 5 days with OVA-loaded

BMDCs. After coculture, the CD4+ cells were restimulated, and the s

ecretion of cytokines was determined 24 hours later. (B) NF-xB activa-

tion was assessed in nuclear extracts by EMSA. (C) Cytosolic lysates were immunoblotted for MAPK protein activation after anti-CD3/CD28
Ab stimulation with or without LPS (100 ng/ml) for 2 hours prior to TCR stimulation. (D) LPS-dependent regulation of ERK1/2 phosphorylation
was confirmed by phospho-protein analysis by flow cytometry as described in Methods. Numbers within histograms denote the percentage of
p-ERK1/2—positive cells in stimulated cells when compared with control cells. (E) Activation of NFAT-1 was measured by immunoblotting of nuclear
extracts from CD4+ cells stimulated as in C. (F) RT-PCR analysis of CD4* T cells incubated with the MEK/ERK1/2 inhibitor UO126 or vehicle
(DMSO) before being stimulated with anti-CD3/CD28 Abs for the indicated times. Data in A—F represent mean + SEM of 3 independent experi-
ments. *P < 0.05. All experiments, except in A, were carried out with FACS-sorted MLN-derived CD4+ cells from //70-- mice (purity, >98%).

To validate that the increased inflammation observed in the
absence of TLR4 signaling in the I/10~~ mice is related to the lack
of induction of MKPs, we inhibited MKPs in vivo using a cell-per-
meable, quinone-based inhibitor of dual-specificity phosphatases,
NSC 95397, which inhibits both MKP-1 and MKP-3 (25). Injec-
tion of a single dose of this compound into I/10~ mice resulted
3 days later in significant body weight loss and diarrhea as com-
pared with vehicle-treated mice (Supplemental Figure 12, A and
B). Furthermore, the number of CD4" T cells present in MLNs of
mice treated with NSC 95397 was also increased when compared
with vehicle-treated mice (Supplemental Figure 12C). In addition
to these signs of intestinal inflammation, the administration of
576
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this compound in vivo resulted in the upregulated expression of
p-ERK1/2 in freshly isolated MLN-derived CD4" T cells (Figure
6G). More importantly, stimulation of these MLN CD4* T cells
with anti-CD3/CD28 Abs resulted in increased production of
proinflammartory cytokines (Figure 6H). Finally, in vivo blockade
of TLR4 signaling in I/10~~ mice by administration of anti-TLR4
blocking Abs led to a reduction in the basal expression of MKP-1
and MKP-3 in freshly isolated CD4" T cells from spleen and MLN
(Supplemental Figure 13). In addition, as discussed above, in vivo
blockade of TLR4 led to increased production of proinflammatory
cytokines by stimulated MLN CD4" T cells and by CEs (Supple-
mental Figure 5, A and B). However, no changes in body weight or
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Figure 6

TLR4 modulates TCR-dependent MAPK phosphatase activation. (A) Immunoblot analysis of the indicated phosphatases after LPS stimula-
tion of CD4+ cells at different time points. (B) Expression of MKPs and p-SHIP1 in freshly isolated, unstimulated CD4+ cells from //70-- and
1110--TIr4-- mice. (C) Immunoblotting of protein extracts from CD4+ T cells stimulated with LPS or left untreated before stimulation with anti-
CD3/28 Abs for different periods of time. (D) Analysis of the siRNA knockdown in CD4+ T cells 24 hours after transfection with either MKP-3
or control siRNA (Ctrl). (E) TCR-dependent phosphorylation of ERK1/2 24 hours after transfection with MKP-3 or control siRNA. Numbers
within histograms denote percentage of p-ERK1/2—positive cells in stimulated cells when compared with control cells. (F) Cytokine levels
measured from 24-hour supernatants of cells treated as in E. Data represent mean + SEM. (G) p-ERK expression in freshly isolated CD4+ cells
from /70~ mice treated with MKP inhibitor in vivo (NSC 95397) or vehicle. (H) Cytokine levels after 24 hours of anti-CD3/28 Ab stimulation
of MLN-derived CD4+ T cells isolated from //70-- mice 3 days after injection of NSC 95397 or vehicle. Data represent mean + SEM. Data are
representative of at least 2 independent experiments. *P < 0.05. All experiments were carried out with FACS-sorted MLN-derived CD4+ cells
from 1110~ or II10--Tir4-- mice (purity, >98%). Stimulation was carried out with 100 ng/ml LPS in all experiments. The lanes shown in B were
run on the same gel but were noncontiguous.
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histological score (crypt elongation and infiltration) were observed
in mice treated with TLR4 blocking antibody. Repeated treat-
ment and/or longer follow-up may be required to identify colonic
inflammation induced by TLR4 blockade.

Collectively, these data indicate that TLR4 signaling in colito-
genic CD4" T cells regulate their activation mainly through the
induction of MKP-3 that restrains p-ERK levels upon subsequent
TCR stimulation (Figure 7).

Discussion
TLR activation of APCs (i.e., dendritic cells or macrophages) by
their signature microbial ligands, leads to the induction of an
inflammatory program that enhances APC maturation (26). The
mature APC provokes CD4* T cell activation, proliferation, and
differentiation (26, 27). Recent evidence and this study indicate
that certain TLRs are also expressed in CD4* T cells, suggesting
that their ligands may affect T cell functions (10, 14-17).
Vivarium conditions affect the age at which colitis develops and
the severity of colitis in I/107~ mice (28). While signs of colitis were
barely detectable in 8-month-old Il107~ or 1l107-Tlr9~/~ mice, we
could easily identify severe colitis in 8-week-old /107~ Tlr4 /- mice
(Figures 1 and 2, Table 1, and Supplemental Figure 1). Although
the TLR4 deficiency in innate immune cells contributes to colitis
severity (9, 29), the impact of its deficiency in effector CD4* T cells,
in these models, has not been investigated. To further explore the
latter, we adoptively transferred naive 11107-Tlr47/~ CD4" T cells into
IL-10-sufficient and TLR4-sufficient Ragl /- recipients. The transfer
of these CD4" T cells produced higher levels of proinflammatory
cytokines and induced more aggressive colitis as compared with that
in recipients transferred with naive I/107~ CD4" T cells (Figure 3).
The colitis observed in 1/10~~ mice was originally described as
a Thl-mediated inflammation, which could be ameliorated by
neutralizing Abs to IL-12p40 and IFN-y (2, 30). Recently, Th17
cells were shown to inflict the colonic immunopathology in these
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Figure 7

Proposed mechanism of TLR4-dependent regulation of TCR
activation (conditional activation). TLR4 triggering of CD4+
T cells activates NF-kB and MAPK pathways. However, the
induction of MKP1 and MKP3 occurs mainly via the TRIF
pathway. The high levels of MKP-1 and MKP-3 restrain a
subsequent TCR-dependent activation of p38 and ERK,
respectively. This activation of phosphatases in CD4+ T cells
by TLR4 restrains subsequent TCR-induced phosphoryla-
tion events and, hence, modulates CD4+ T cell responses
and their inflammatory phenotypes. AP-1, activator protein 1;
MKK, MAPK kinase.

mice (31). It is most likely that these 2 inflammatory cytokines
contribute to the development of colitis at different stages. IFN-y
is required for the initiation, whereas IL-17 is required for the per-
petuation of colitis, as was documented recently (32).

At the molecular level, pretreatment of CD4" T cells with LPS
decreased ERK1/2 phosphorylation upon TCR stimulation (Fig-
ure 5). This effect can be attributed, largely, to the induction of
certain MKPs, in particular MKP-3. The induced MKP-3 dephos-
phorylated p-ERK1/2 and therefore restrained the subsequent
intensity of TCR signaling and, hence, cytokine production. The
different kinetics in the induction of MKP-1 and -3 levels by LPS
or by LPS followed by TCR stimulation (Figure 6, A and C) may
suggest the involvement of transcriptional and posttranslational
events. Indeed, ERK1/2 activation was shown recently to play a
key role in MKP3 gene transcription (33) and in posttranslational
modification necessary for MKP-1 activation (34-36). MKPs are
highly regulated under inflammatory conditions. Indeed, gluco-
corticoids or IL-10 induce MKP-1 expression (37-39), while IFN-y
attenuates it and therefore enhances MAPK activation (40). Our
data also indicate the important role of TLR4 signaling in the
induction of MKP-1 and -3 in CD4* T cells, especially at intesti-
nal mucosal sites. Taken together, these observations explain why
the combined deficiency of IL-10 and TLR4 in [l107-Tlr47/~ mice
makes these animals so susceptible to the development of aggres-
sive colitis at an early age.

Interestingly, in our study and others (41, 42), certain aspects of
the cytokine profile induced by LPS in TLR4-sufficient CD4* T cells
in vitro (Figure SA) did not fully correlate with the pattern seen in
vivo. Specifically, we found IL-17A levels to be increased after LPS
and anti-CD3/CD28 stimulation in vitro, whereas 1110/~ Tlr47/~ mice
had increased IL-17A levels compared with 1/10~~ mice (Figure 2,
Figure 3, and Table 1). This discrepancy may be explained by the
different conditions involved in CD4* T cell activation in vivo (e.g.,
different TCR-MHCII interactions, the involvement of costimula-
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tory molecules other than CD28, and the co-triggering of CD4*
T cells by other TLR agonists) compared with those we used in
vitro. Of note, both in vitro and in vivo data indicate the inhibition
of IFN-y production by CD4* T cells after LPS pretreatment.

The role of the adaptor protein MyD88 in commensal-dependent
colitis in I1107~ mice was recently addressed (43). In that study, the
genetic co-deletion of MyD88 completely abolished the induction
of colitis, CD4* T cell activation, and Th1 phenotype differentiation
in the LP. Our data indicate that the results obtained with 1110/~
Myd88~/~ cannot be extrapolated to all TLR-deficient I/10~~ mice,
as different MyD88-dependent TLRs have different impacts on the
activation profile of innate immune cells and adaptive immune
cells, as was demonstrated in this study. This TLR-dependent dif-
ferential activation of innate versus adaptive cells regulates the phe-
notype of colitis in the I/10~~ host (Figures 1 and 2).

A recent publication addressed the role of Treg function in
the absence of IL-10 and TLR4 signals (i.e., [l1107/-Tlr47/~ mice)
in a model of intestinal inflammation mediated by Helicobacter
bepaticus (13). In accordance with our data, the authors reported
an increase in intestinal inflammation in I/10~-Tlr47~ mice with
enhanced production of Th1/Th17 cytokines from effector CD4*
T cells, accompanied by an increase in IFN-y-producing Foxp3*
Treg cells. Thus, TLR4 signaling enhances the regulatory function
of Tregs (13) and, as presented in this study, inhibits the inflam-
matory function of activated effector CD4* T cells. It is therefore
most likely that these 2 different effects of TLR4 synergize in the
regulation of intestinal inflammation.

In summary, our results demonstrate that LPS stimulation mod-
ulates the subsequent TCR signaling and the subsequent inflam-
matory phenotype of the related effector CD4* T cells, independent
of the expression of this receptor in innate immune cells. Both TLR
and TCR signaling pathways utilize members of the MAPK family.
As presented above, TLR activation of these pathways influences
the subsequent TCR-mediated signaling events and CD4* T cell
function. In this respect, our findings expand the current mean-
ing of “LPS tolerance” to include the restraining effects of LPS
on CD4" T cell function. These data underline the importance of
what we term conditional activation of CD4* T cells. Here, CD4*
T cells are triggered by cytokine or other innate immune receptors
that use certain signaling pathways/molecules shared by TCR. The
impact of conditional activation on the cytokine and proliferative
T cell responses can be determined and appreciated only after a
subsequent TCR activation (Figure 7). This mechanism therefore
explains the dissimilar activation profile of CD4* T cells isolated
from different organs observed in this (Figure 3G) and other stud-
ies and underlines the physiological role of conditional activation
in the regulation of T cell responses.

Methods

Mice. Six- to 10-week-old mice were used for all the experimental proce-
dures. Specific pathogen-free B6 mice were purchased from Harlan. Ragl”/~
and /107~ mice on the B6 background were originally purchased from The
Jackson Laboratory and maintained under specific pathogen-free condi-
tions in our vivarium. Tlr4~/~, Tlr27/~, Tlr97/-, and Myd88~/~ mice were pro-
vided by S. Akira (Osaka University, Osaka, Japan), and LPS2 mice (B6)
were provided by B. Beutler (The Scripps Research Institute, San Diego,
California, USA). All mice were bred in our vivarium. All TLR-deficient
strains were backcrossed onto the B6 background for 10 generations. To
generate the double-KO mice (e.g., Il107/~Tlr47/~), 11107~ mice were inter-
crossed with the different Tlr7/~ related mice. All experimental procedures
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were approved by the IACUC of UCSD. Transgenic OT-II mice were pur-
chased from The Jackson Laboratory.

Reagents. LPS from Salmonella minnesota Re595 was prepared and used as
described previously (44, 45). Chicken OVA and the MKP inhibitor NSC
95397 were purchased from Sigma-Aldrich. The specific ERK inhibitor
UO126 was purchased from Promega.

Culture and stimulation of CD4" cells. Complete RPMI 1640 (Irvine Scientific)
medium supplemented with 10% heat-inactivated FCS, 2 mM L-glutamine,
100 U/ml penicillin, and 100 pg/ml streptomycin was used throughout the
experiments. Spleen- and MLN-derived CD4* T cells were negatively selected
by using the CD4" Isolation Kit (Miltenyi Biotec). The enriched CD4* popu-
lation was then stained with anti-CD3 and anti-CD4 monoclonal Abs (both
from eBioscience) and FACS-sorted with a MoFlow Cytometer equipped
with Summit Software (Dako). Purity of the enriched populations was great-
er than 99% in all the experiments. After sorting, CD4* T cells were cultured
in complete RPMI medium and stimulated with 5 ug/ml plate-bound anti-
CD3 and 1 ug/ml anti-CD28 Abs. Twenty-four hours culture supernatants
were collected for cytokine analysis using ELISA (eBioscience). For the sig-
naling experiments, FACS-sorted CD4* T cells were pre-stimulated with 100
ng/ml of LPS for 2 hours or left untreated, before stimulation with 5 ug/ml
anti-CD3 and 1 pg/ml anti-CD28 Abs for the indicated time points.

Splenic CD4* T cells from TCR transgenic mice specific for OVA (OT-II)
were isolated as described above. BMDCs were cultured and harvested as
previously described (46, 47). BMDCs were loaded with 2 pug/ml of I-Ad-
restricted OVA peptide (OVA323.330: ISQAVHAAHAEINEAGR, PeptidoGenic
Research) 2 hours before the addition of OT-II CD4* cells to the culture.
After S days of coculture, CD4* T cells were recovered and restimulated
with anti-CD3 and anti-CD28 Abs for 24 hours. Supernatants were then
collected and cytokines levels measured by ELISA.

For the inhibition of ERK1/2 phosphorylation, splenic CD4* T cells from
11107~ mice were incubated for 30 minutes with 10 uM UO126 or vehicle
(DMSO), before the stimulation with anti-CD3/CD28 Abs. Cells were then
collected at different times, and their RNA was isolated and subjected to
quantitative RT-PCR analysis.

Evaluation of colitis. The entire colon was excised, opened longitudinally,
rolled onto a wooden stick, fixed with Bouin’s solution, and embedded
in paraffin. Five-micrometer tissue sections were prepared, deparaffinized,
and stained with H&E. Colons were analyzed for 2 parameters, crypt length
and inflammatory cell infiltration. Crypt lengths were measured on 2 rep-
resentative photographs of each colon, and means of the 2 longest crypts
were calculated. Inflammatory cell infiltration into the LP was evaluated
on a representative high-magnification photograph of each colon by man-
ual counting. The resulting cell counts were related to the area of the image
and are expressed as numbers of infiltrating cells per mm? tissue.

Isolation of RNA and quantitative RT-PCR. The isolation of RNA was carried
out using an RNeasy Mini Kit (QIAGEN) according to the manufacturer’s
instructions. After isolation, RNA was treated with DNase I (Invitrogen) to
digest contaminating DNA. One microgram of RNA sample was then used
for reverse transcription and synthesis of cDNA using Superscript III First-
Strand system (Invitrogen). Quantitative real-time PCR was performed
on an AB7300 (Applied Biosystems) using SYBR Green PCR Master Mix
(Applied Biosystems). GAPDH expression was used as internal reference in
all PCR experiments. RT-PCR primers (Supplemental Table 1) for specific
target genes were designed based on their reported sequences and synthe-
sized by IDT Technologies.

Culture of CEs. Cytokine levels in the cultured media of CEs were mea-
sured by ELISA as previously described (48). Briefly, 3- to 4-cm colonic
samples were weighed and washed in RPMI 1640 medium containing
100 ug/ml streptomycin and 100 U/ml penicillin. The CEs were cultured
for 24 hours in complete RPMI 1640 at 37°C and 5% CO,. Culture super-
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natants were then collected and cytokine levels measured using sandwich
ELISAs for IL-6, TNF-a, IFN-y, and IL-17A (eBioscience).

Induction of colitis by adoptive transfer of CD45RB" CD4* T cells. Splenocytes
from 11107/, 11107/~ Tlr47/-, and B6 donor mice were enriched for CD4*
T cells using immunomagnetic bead separation as described above. Cells
were stained with PE-Cy5-anti-CD4 (L3T4) (eBioscience), PE-anti-CD25
(PC61),and FITC-anti-CD45RB (16A) (BD Biosciences — Pharmingen) and
sorted into naive CD4*CD45RB" and regulatory CD4*CD45RBl°CD25*
populations (purity, >98%) with a MoFlow Flow Cytometer (Dako) using
Summit software. Seven- to 9-week-old RAG1-deficient mice were used as
recipients. To eliminate the risk of infection by pathogens in the recipi-
ents, we added to the food an antibiotic cocktail containing amoxicillin
(0.6 mg/g food), clarithromycin (0.1 mg/g food), metronidazole (0.2 mg/g
food), and omeprazole (0.004 mg/g food) (Bio-Serv) for 2 weeks before the
T cell transfer. After antibiotic treatment, sex-matched mice were trans-
planted by i.p injection with 5 x 105 CD45RB" naive T cells from 11107/ or
11107/-Tlr4”~ mice. For the cotransfer experiments, 2 x 105 CD45RBl°CD25"
Tregs from B6 mice were coinjected with the naive CD4* T cell population.
After reconstitution, mice were monitored for signs of intestinal inflam-
mation such as weight loss and diarrhea. Diseased animals were sacrificed
for analysis between 8 and 10 weeks after transfer. Crypt length and infil-
tration of cells into the LP were determined as described above.

Isolation of LPLs and IELs. Isolation of LPLs and IELs was performed as
described previously (49). Briefly, colons were washed with PBS and cut
into 1-cm pieces. The intestinal pieces were incubated with HBSS/5 mM
EDTA/1 mM DTT solution for 20 minutes at 37°C under rotation. After
this predigestion step, the pieces were filtered through a 100-um cell strain-
er, and the flow-through containing IELs was collected in a fresh tube. The
predigestion step was repeated to ensure maximum recovery of IELs. After
washing off the remaining EDTA with fresh PBS, the tissue was cut into
smaller pieces (~1-2 mm) and digested with 1x PBS containing 0.5 mg/ml
collagenase D (Roche), 0.5 mg/ml DNase I (Sigma-Aldrich), and 3 mg/ml
Dispase II (Roche) 3 times, 20 minutes each, at 37°C under rotation. After
digestion, LPLs were collected using a 40-um cell strainer. Finally, the
IELs and LPLs were isolated by centrifugation with 40/80 Percoll (Sigma-
Aldrich) gradient for 20 minutes at 1,000 g at 20°C without braking. IELs
and LPLs were cultured in complete RPMI 1640 medium and stimulated
with anti-CD3/CDCD28 Abs as described above.

EMSA and immunoblotting. Translocation of activated NF-kB into the
nucleus was measured by EMSA using consensus NF-kB oligonucleotides
(Santa Cruz Biotechnology Inc.) as previously described (44). For immu-
noblotting, the following antibodies were used: anti-p-SHIP1, anti-p-ERK,
anti-p-p38, anti-p-JNK, anti-p38, and anti-ERK (Cell Signaling Technol-
ogy); anti-IkBa, anti-MKP-1, and anti-MKP-3 (Santa Cruz Biotechnology
Inc.); anti-NFAT-1 (Abcam); and anti-B-actin (Sigma-Aldrich).

Gene silencing by siRNA. Purified CD4* T cells from MLNs were trans-
fected by electroporation using a mouse T cell Nucleofector kit (Amaxa),
according to the manufacturer’s protocol. Briefly, CD4" cells were resus-
pended in mouse T cell nucleofection solution at a density of 2 x 10° to
3 x 106 cells per 100 pl. For each transfection, 100 ul of cell suspension was
mixed with 500 nM of either control siRNA or MKP-3 siRNA (Santa Cruz
Biotechnology Inc.) (mRNA accession: NM_026268; strand 1, GAAGGUG-
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GCUUCAGUAAGU; strand 2, GAACGAUGCUUACGACAUU; strand 3,
GGACAUCCAUCCAGAUAGA). Cells were then transferred into a cuvette
and pulsed in a Nucleofector II device. After electroporation, cells were col-
lected and incubated in pre-equilibrated mouse T cell nucleofector medi-
um at 37°C and 5% CO,. Stimulation of the CD4" cells was carried out
24 hours after transfection.

Phospho-protein analysis by flow cytometry. Intracellular p-ERK1/2 staining
was carried out as previously described (50). In brief, MLN-derived CD4*
cells were either left unstimulated or stimulated with LPS for 2 hours. After
LPS prestimulation, cells were challenged with anti-CD3/CDCD28 Abs as
described above. After stimulation, cells were fixed in 1.5% paraformaldehyde/
PBS for 10 minutes at room temperature. Cells were then centrifuged and
permeabilized in 100% methanol for 20 minutes at 4°C or overnight at
-20°C. After permeabilization, cells were washed with FACS buffer (PBS/5%
BSA/0.2% NaN3) and stained with anti-CD4 Ab (Clone GK1.5) (eBioscience)
and anti-p-ERK1/2 Ab (Clone 20a) (BD Biosciences) for 30 minutes at room
temperature and in the dark. Cells were finally washed and analyzed in a BD
FACSCalibur flow cytometer (BD Biosciences).

In vivo inbibition of MAPK phosphatases. 11107~ mice aged 6-7 weeks were
injected i.p with a single dose of 4 mg/kg body weight of the MKP inhibitor
NSC 95397 (Sigma-Aldrich) in 200 ul of a PBS/2.5% DMSO vehicle solution.
As a control, a group of mice received 200 ul of the vehicle solution alone.
Mice were monitored every day and sacrificed at day 3 after the injection.
MLN-derived CD4" cells were isolated and stimulated as described above.

Administration of anti-TLR4 neutralizing antibody. Blockade of TLR4 in 11107/~
mice was carried out by i.p. administration of 100 ug of anti-mouse TLR4/
MD2 antibody clone MTS510 (eBioscience) every week for a total of 2 weeks.
Rat IgG2a isotype control clone eBR2a (100 ug; eBioscience) was injected
into the control mice. Mice were monitored for signs of inflammation twice
aweek and sacrificed 2 weeks after the beginning of the treatment. CD4" cells
from spleen and MLN were isolated and stimulated as described above.

Statistics. Values are displayed as mean + SEM or mean + SD as indicated.
Statistical differences between groups were analyzed using the nonpara-
metric Mann-Whitney U test for quantitative data. All Pvalues are 2-tailed,
and P values less than 0.05 were considered significant. All calculations

were performed using Prism 4.0 software.
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