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MKP-1 Is Necessary for T Cell Activation and Function™
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MAPKs are evolutionarily conserved immune regulators.
MAPK phosphatases (MKPs) that negatively regulate MAPK
activities have recently emerged as critical players in both innate
and adaptive immune responses. MKP-1, also known as DUSP1,
was previously shown to negatively regulate innate immunity by
inhibiting pro-inflammatory cytokine production. Here, we
found that MKP-1 is necessary in T cell activation and function.
MKP-1 deficiency in T cells impaired the activation, prolifera-
tion, and function of T cells in vitro, associated with enhanced
activation of JNK and reduced NFATcl1 translocation into the
nucleus. Consistently, MKP-1"'~ mice were defective in anti-
influenza immunity iz vivo and resistant to experimental auto-
immune encephalomyelitis. Our results thus demonstrate that
MKP-1 is a critical positive regulator of T cell activation and
function and may be targeted in treatment of autoimmune
diseases.

The MAPK? pathways, including ERK, JNK, and p38 kinase
in mammals, are evolutionarily conserved immune regulators
(1). The biological outcome of MAPKs is determined by the
magnitude and duration of their activation. The activation of
MAPKSs requires dual phosphorylation of Thr and Tyr residues
in their activation loop. By dephosphorylating both Thr and
Tyr residues, members of the MKP family serve as major nega-
tive regulators of MAPK activities. Recently, several MKPs have
emerged as important players in both innate and adaptive
immune responses through mouse genetic studies. For
instance, we previously reported that MKP-5 (DUSP10) regu-
lates innate and adaptive immune responses (2). In innate
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immunity, MKP-5 acts as a negative regulator in pro-inflamma-
tory cytokine production. In adaptive immune responses,
although MKP-5 is required for naive CD4™ T cell activation
and proliferation, it serves as a negative regulator of CD4™" and
CD8™ T cell effector functions. Another MKP family member,
PAC1 (DUSP2), has been shown to be a JNK phosphatase, too
(3). A deficiency of PAC1 results in enhanced JNK activity and
unexpectedly impaired ERK and p38 activation. PACI is a pos-
itive regulator of inflammatory cytokine expression in innate
immunity, and its deficiency protects mice from inflammatory
arthritis (3).

MKP-1 (DUSP1) is the first mammalian MKP identified, and
its expression is induced by growth factors in mice and by stress
in humans (4, 5). MKP-1 was originally shown to dephosphor-
ylate ERK and to have a negative effect on cell proliferation (6,
7). Further study using primary MEFs derived from mice lack-
ing MKP-1 demonstrated that this protein is required to inac-
tivate p38 and JNK but not ERK in response to stress (8). In
addition, MKP-1-deficient MEFs exhibit reduced cell growth
and enhanced cell death compared with wild-type MEFs (8).
More recently, the role of MKP-1 in innate immunity has been
studied by multiple groups (9-12). MKP-1 was shown to act as
a negative regulator of JNK and p38 but not ERK in macro-
phages and dendritic cells (DCs) (9, 10, 12). Moreover, MKP-1-
deficient macrophages and DCs produce increased levels of
both pro-inflammatory (including tumor necrosis factor-a and
IL-6) and anti-inflammatory (IL-10) cytokines. MKP-1-defi-
cient mice exhibit hypersensitivity to lipopolysaccharide-in-
duced septic shock (10, 12) and develop more severe disease in
a mouse model of rheumatoid arthritis compared with wild-
type mice (11). MKP-1 is therefore considered as a crucial neg-
ative regulator of the innate immune response (13).

However, the function of MKP-1 in adaptive immune
responses remains unclear. In this study, we demonstrate that
MKP-1 KO T cells are defective in T cell activation and prolif-
eration, associated with enhanced JNK activation and reduced
nuclear NFATcl expression. MKP-1 deficiency results in
reduced Thl and Th17 but not Th2 effector function. Consist-
ent with in vitro results, antigen-specific T cells are defective in
activation, proliferation, and function in the absence of MKP-1
invivo. As a consequence, MKP-1 KO mice are resistant to EAE
diseases and are impaired in anti-influenza viral infection. Col-
lectively, our results demonstrate that MKP-1 is necessary in
the activation of adaptive immune responses.

EXPERIMENTAL PROCEDURES

Mice—MKP-1 KO mice were provided by Dr. Anton Bennett
(Yale University) with the permission of Bristol-Myers Squibb
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Co. (8, 14). OT-I and OT-II TCR transgenic mice were pur-
chased from The Jackson Laboratory. All mice were maintained
in the animal care facility at The University of Texas M. D.
Anderson Cancer Center.

Peptides and Tetramers—Peptides SIINFEKL, OVA,,; 55,
(ISQAVHAAHAEINEAGR), MOG,,_. (MEVGWYRSPFSR-
VVHLYRNGK), NP, 5., (ASNENMETM), PA,,, .3
(SSLENFRAYV), and NP, .,. (QVYSLIRPNENPAHK)
were synthesized by SynBioSci Corp. (Livermore, CA). Phyco-
erythrin-conjugated MHC class I peptide tetramers specific for
NP,s6_3,4/D” (DPNP3*° tetramer) were generated by the
NIAID MHC Tetramer Core Facility.

In Vitro T Cell Assays—Naive CD4" and CD8™ T cells were
purified from lymph nodes and spleens of mice by fluorescence-
activated cell sorting based on the CD4*CD62L"CD44'° and
CD8"CD62L"CD44" surface phenotypes. To analyze the
effects of MKP-1 on T cell activation and proliferation, T cells
were incubated with different concentrations of plate-bound
anti-CD3 antibody or anti-CD3 plus anti-CD28 antibodies.
IL-2 production by T cells was measured by ELISA (Pharmin-
gen) 24 h after T cell activation. Cell proliferation was deter-
mined 72 h after incubation with [*H|thymidine in the last 8 h.
To examine the role of MKP-1 in effector function, naive CD4™"
T cells were cultured under Th1, Th2, or Th17 conditions as
described previously (15). After 4 days of differentiation, cells
were washed and treated with 3 ug/ml plate-bound anti-CD3
antibody for cytokine measurement or treated with PMA and
ionomycin (Sigma) in the presence of GolgiPlug (BD Bio-
sciences) for intracellular cytokine staining. For assay of AICD,
naive CD4" T cells were incubated with plate-bound anti-CD3
and anti-CD28 antibodies for 4 days in the presence of 30
units/ml human IL-2. Dead cells were removed using LSM®
lymphocyte separation medium (MP Biomedicals, Solon, OH).
Subsequently, cells were reactivated with 3 pug/ml plate-bound
anti-CD3 antibody for 48 h. AICD was determined by staining
cells with fluorescein isothiocyanate-conjugated annexin V and
propidium iodide (BD Biosciences). Samples were analyzed by
flow cytometry.

MAPK and NFATcl Analysis—For analysis of ERK and p38
activation, naive CD4" T cells were activated either with 50
ng/ml PMA and 500 ng/ml ionomycin or with 5 ug/ml plate-
bound anti-CD3 antibody with or without 2.5 ug/ml anti-CD28
antibody for different times. Cell lysates prepared as described
previously (16) were subjected to Western blot analysis with
anti-phospho-JNK, anti-phospho-ERK, and anti-phospho-p38
antibodies (Cell Signaling Technology, Danvers, MA). The sig-
nal was detected with ECL reagent (Pierce). For NFATc1 anal-
ysis, naive CD4" cells were stimulated with 5 ug/ml plate-
bound anti-CD3 antibody and 2.5 pg/ml anti-CD28 antibody
for different times. Nuclear fractions were prepared as
described previously (17). NFATcl protein was detected by
Western blot analysis using anti-NFATc1 antibody (Santa Cruz
Biotechnology).

Chicken OVA Immunization—WT and MKP-1 KO mice
were immunized as described (18) with chicken OVA protein
(Sigma) emulsified in CFA at the base of the tail. On day 8, the
immunized mice were killed, and three mice from each group
were analyzed individually for their immune responses. Spleno-
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cytes were stimulated with SIINFEKL or OVA,,; 55, peptide to
measure IL-2 production, T cell proliferation, and effector
cytokine production. Sera were examined for OVA-specific
antibodies.

Influenza Viral Infection and Analysis—Influenza virus
A/Puerto Rico/8/34 (PR8, HIN1) was purchased from Charles
River Laboratories. Mice (6—12 weeks) were anesthetized by
intraperitoneal injection with ketamine and infected intrana-
sally with 13 viral hemagglutinating units of PR8 influenza
virus. Mice were monitored daily, and weight loss was recorded.
Lymphocytes were collected from BAL and lungs as described
previously (19). To compare NP, ,,/DP-specific CD8" T
cells between WT and KO mice, phycoerythrin-conjugated
DPNP3°° tetramer staining was performed for 30 min at room
temperature, followed by incubation with allophycocyanin-
conjugated anti-CD8 antibody at 4 °C. Samples were analyzed
by flow cytometry. Data were analyzed using FlowJo software
(TreeStar Inc.). To analyze influenza virus-specific T cell
responses, leukocytes from BAL and lungs were activated with
20 ng/ml PA,,, 555 or 20 ug/ml NP,,, s, overnight, respec-
tively. GolgiPlug was added during the last 6 h of incubation.
Cells were permeabilized with a Cytofix/Cytoperm kit (BD Bio-
sciences) and analyzed for the expression of IFNyin CD4" and
CD8™ cells. The culture supernatant was collected. IFNy con-
centration was determined by ELISA.

EAE Induction and Analysis—EAE was induced in WT and
MKP-1 KO mice with MOG;,_., peptide as we described pre-
viously (20). Briefly, mice were immunized twice with the pep-
tide in CFA, followed by two subsequent treatments with per-
tussis toxin 1 day after each immunization. The mice were
observed daily for clinical signs and scored on a scale of 0-5
with gradations of 0.5 for intermediate scores: 0, no clinical
signs; 1, loss of tail tone; 2, wobbly gait; 3, hind limb paralysis; 4,
hind limb and forelimb paralysis; 5, death. Preparation and
stimulation of mononuclear cells from brain and spinal tissues
were done as described (20).

Adoptive Transfer and EAE Induction—Cells from lymph
nodes and spleens of WT and MKP-1 KO mice were incubated
with anti-CD4 microbeads, and CD4™" T cells were purified by
an autoMACS sorter (Mitenyi Biotec, Auburn, CA). 5 X 10°
cells were injected in the tail veins of Ragl '~ recipient mice.
After 24h, Ragl '~ recipients were used for EAFE induction and
analysis as described above.

Statistical Analysis—Statistical analysis was calculated with
an unpaired Mann-Whitney test and STATISTICA software
(StatSoft, Inc., Tulsa, OK). p values =0.05 were considered
significant.

RESULTS

MKP-1 Regulates JNK Activities in T Cells—MAPKs have
previously been shown to regulate T cell development (21).
When we examined different thymocyte subpopulations, no
difference in their percentages were detected in WT and
MKP-1 KO mice (supplemental Fig. S1). Furthermore, the
ratios of CD4" and CD8* mature T cells in the spleens and
lymph nodes from WT and KO mice were comparable (supple-
mental Fig. S1). Although we have not examined the repertoire
of TCR in peripheral T cells, MKP-1 appears to be dispensable
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FIGURE 1. Regulation of MAPK activation by MKP-1 in T cells. A, naive CD4 " T cells were activated with or without anti-CD3 antibody. In vitro differentiated
Th1,Th2, or Th17 cells were activated with anti-CD3 antibody. MKP-1 gene expression was determined by real-time reverse transcription-PCR. B, naive CD4 ™
T cells were activated with PMA and ionomycin for the indicated times. Cells were lysed, and cell extracts were probed with antibodies to phospho (p)-p46 and
phospho-p54isoforms of JNK, total JNK, phospho-ERK;, ERK, phospho-p38, and p38. Relative MAPK activation was determined by the levels of phospho-MAPKs
normalized to their total protein expression. The data are representative of four separate experiments.

for T cell development. It is possible that a deficiency of MKP-1
in T cell development can be compensated by other MKP fam-
ily members.

To investigate the possible roles of MKP-1 in T cell re-
sponses, we first examined its mRNA expression in naive CD4 ™"
T cells and effector Th cells, including Th1, Th2, and Th17
cells, using quantitative reverse transcription-PCR. MKP-1 was
highly expressed in naive CD4™ T cells (Fig. 1A4). Its expression
was dramatically down-regulated after 3 h of anti-CD3 stimu-
lation. MKP-1 expression was observed in all effector Th sub-
sets, with the highest expression in Thl cells and the lowest
expression in Th17 cells (Fig. 14).

To examine the function of MKP-1in T cells, we first assayed
MAPK activation in WT and MKP-1 KO CD4* T cells in
response to PMA and ionomycin activation. As shown in Fig.
1B, the activation of JNK in both WT and MKP-1 KO cells was
induced after 15 min of PMA and ionomycin stimulation (Fig.
1B). However, MKP-1 KO cells had enhanced activation of p46
JNK isoforms at 15 and 45 min and of p54 JNK at 15 and 30 min
after PMA and ionomycin stimulation (Fig. 1B), indicating that
MKP-1 is a negative regulator of JNK in CD4™ T cells. ERK
activation in naive CD4™ T cells from both WT and KO mice
was undetectable without stimulation but was induced after 15
min of stimulation with PMA and ionomycin. The activation of
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ERK in both WT and KO cells exhibited similar kinetics; how-
ever, enhanced ERK activation in MKP-1 KO cells was detected
at 15 min after PMA and ionomycin stimulation (Fig. 1B), indi-
cating that MKP-1 might serve as a negative regulator of ERK in
CD4™" T cells. Unlike ERK and JNK, the activation of p38 in
MKP-1 KO CD4" T cells was reduced compared with that
in WT cells after 15 min of PMA and ionomycin activation (Fig.
1B). Similar results were obtained with WT and MKP-1 KO
CD4™" T cells after TCR activation (data not shown). Therefore,
in T cells, MKP-1 is a negative regulator of JNK and perhaps
ERK but not p38.

MKP-1-deficient T Cells Are Defective in Their Activation—
To examine the role of MKP-1 in CD4™" T cell activation and
proliferation, WT and MKP-1 KO naive CD4™" T cells were
stimulated with plate-bound anti-CD3 antibody with or with-
out anti-CD28 antibody. IL-2 concentration in the culture
supernatant was determined by ELISA. We found that upon
stimulation with anti-CD3 antibody alone or with anti-CD28
antibody, the production of IL-2 by MKP-1 KO CD4™" T cells
was substantially lower than that by WT cells (Fig. 24). Further-
more, MKP-1 KO CD4™" T cells exhibited impaired prolifera-
tion compared with WT cells. Similarly, we found that MKP-1
KO CD8™ T cells also produced lower levels of IL-2 and exhib-
ited greatly reduced proliferative responses compared with WT
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FIGURE 2. MKP-1 regulates T cell activation and effector function in vitro. A, naive CD4" T cells were activated with different concentrations of anti-CD3
antibody in the presence or absence of anti-CD28 antibody, and their IL-2 production and [*H]thymidine uptake were measured. B, IL-2 production and
[*H]thymidine incorporation were measured in WT and KO CD8™ T cells in response to different concentrations of anti-CD3 antibody in the presence or absence
of anti-CD28 antibody. C, nuclear fractions were prepared from WT and KO naive CD4" T cells. NFATc1 expression was examined by Western blot analysis.
D-F, naive CD4 " T cells from WT and KO mice were differentiated into Th1 (D), Th2 (E), and Th17 (F) cells, followed by anti-CD3 stimulation before ELISA assay
and intracellular cytokine staining. *, p < 0.05; ##, p < 0.005. G, purified naive CD8* T cells were activated with plate-bound anti-CD3 and anti-CD28 antibodies
in the presence of IL-2 for 5 days. Cells were harvested and washed three times with RPMI 1640 complete medium, followed by restimulation with plate-bound
anti-CD3 antibody for 24 h. Cytokine concentrations in the culture supernatant were measured by ELISA. The data are representative of three separate experiments.

cells in response to stimulation with anti-CD3 antibody alone activation. Because NFATc1 is required in T cell proliferation
or with anti-CD28 antibody (Fig. 2B). These results indicate (23, 25), greatly reduced NFATcl nuclear accumulation in
that MKP-1 is required for T cell activation and proliferation. =~ MKP-1-deficient cells is likely the underlying reason for their
TCR and CD28 signaling leads to the induction and activa-  poor proliferation.

tion of several transcription factors that regulate T cell activa- Previously, we reported that JNK1-deficient T cells exhibit
tion and proliferation. Among them, members of the NFAT increased proliferation associated with reduced AICD (17). To
(nuclear factor of activated T cells) family play important roles  investigate the regulation of AICD by MKP-1, WT and MKP-1
in peripheral T cell activation and effector function (22,23). We KO CD4™" T cells activated with anti-CD3 and anti-CD28 anti-
have shown that the nuclear accumulation of NFATcl, an bodies were restimulated with anti-CD3 antibody to induce
essential step for its function, is negatively regulated by JNK1 apoptosis. We found that whereas ~30% of WT cells under-
(17) and that JNK1 directly phosphorylates NFATc1 (24). To went apoptosis, >60% of KO cells did (supplemental Fig. S2).
examine the regulation of NFATcl by MKP-1, we examined KO cells contained ~5 times more single annexin V-positive
NFATCc] protein expression in the nuclei of WT and KO CD4"  cells (early apoptotic cells) and 2 times more propidium iodide-
T cells after anti-CD3 and anti-CD28 stimulation. We found positive annexin V-positive cells (late apoptotic cells) com-
that the nuclear accumulation of multiple isoforms of NFATc1  pared with WT cells (supplemental Fig. S2), indicating that
proteins, which are generated from alternative splicing (22), MXKP-1 is a negative regulator of AICD in CD4™" T cells.

was greatly increased in WT cells after 2 h of stimulation (Fig. Upon activation, naive CD4 ™ T cells differentiate into differ-
2C). In contrast, the nuclear accumulation of NFATcl in KO ent lineages of effector cells, such as Th1, Th2, and Th17. To
cells was minimal, indicating that MKP-1 is required for study the role of MKP-1 in the regulation of Th cell differenti-
NFATc1 nuclear translocation in response to TCR and CD28  ation and function, WT and MKP-1 KO naive CD4" T cells
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FIGURE 3. MKP-1 is required for antigen-specific T cell responses in vivo. WT and KO mice (n = 5) were immunized with OVA in CFA. On day 8, splenocytes
were isolated and stimulated with peptide as indicated. A, IL-2 production and cell proliferation were measured after 1 and 3 days of stimulation, respectively.
B, cytokine production was determined by ELISA after 3 days of stimulation. C, anti-OVA antibodies of different isotypes in sera from immunized mice were
measured by ELISA. The data are representative of two independent experiments with similar results.

were cultured under Th1, Th2, or Th17 conditions in vitro with
exogenous IL-2 to normalize their proliferation. After 4 days of
differentiation, effector Th cells were restimulated with anti-
CD3 antibody to examine the secretion of lineage-specific cyto-
kines by ELISA. We found that both MKP-1 KO Th1 and Th17
cells produced significantly reduced amounts of IFN+y and
IL-17, respectively, whereas MKP-1 KO Th2 cells produced
similar amounts of IL-4 compared with WT cells (Fig. 2, D-F).
We further confirmed these observations by intracellular cyto-
kine staining. KO naive CD4™" T cells differentiated under both
Th1 and Th17 conditions had lower percentages of IFNvy- and
IL-17-producing cells, respectively, compared with WT cells
(Fig. 2, D and F). On the other hand, both WT and MKP-1 KO
T cells exhibited similar percentages of IL-4-producing cells
when differentiated under Th2 conditions (Fig. 2E). These
results demonstrated that MKP-1 is required for Th1l and Th17
differentiation and function.

Similar to CD4 ™" T cells, naive CD8™ T cells, in response to
TCR-mediated activation, differentiate into effector CD8* T
cells that acquire effector functions, including IFNy and tumor
necrosis factor-a cytokine production. To investigate the role
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of MKP-1in CD8™ T cell effector function, WT and MKP-1 KO
effector CD8™ T cells were activated in vitro in the presence of
exogenous IL-2 before restimulation with anti-CD3 antibody.
As shown in Fig. 2G, MKP-1 deficiency resulted in a profound
defect in CD8™ T cell effector cytokine production, indicating
that MKP-1 is a critical regulator of CD8™ T cell effector func-
tion. Together, these results demonstrated that MKP-1 is
required for T cell activation and proliferation and T cell effec-
tor function.

MKP-1-deficient Mice Are Defective in Antigen-specific T Cell
Responses in Vivo—To investigate the regulation of antigen-
specific T cell responses by MKP-1 in vivo, both WT and
MKP-1 KO mice were immunized with chicken OVA protein in
CFA, and on day 8 after immunization, splenocytes were iso-
lated and restimulated with various concentrations of MHC
class I-restricted SIINFEKL or MHC class II-restricted
OVA,,, 33 peptide to assess antigen-specific CD8" or CD4 ™
T cell responses, respectively. Upon restimulation with either
peptide, MKP-1 KO cells produced reduced amounts of IL-2
and exhibited significantly reduced proliferation compared
with WT cells (Fig. 3A4). Effector cytokine production measure-
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mined by ELISA. The data are representative of four independent experiments with similar results. *, p < 0.05; **, p < 0.01; ***, p < 0.005.

ment revealed that KO cells also produced lower amounts of
IFNy compared with WT cells upon SIINFEKL peptide stimu-
lation (Fig. 3B). In response to MHC class II-restricted
OVA,,; 330 peptide restimulation, KO cells also produced
much lower levels of Th1 (IFN+y), Th2 (IL-5), and Th17 (IL-17)
cytokines compared with WT cells (Fig. 3B).

To examine if MKP-1 plays any role in T cell-dependent
humoral responses, we examined anti-OVA antibodies in the
sera of WT and KO mice. As shown in Fig. 3C, both WT and KO
mice had similar levels of anti-OVA IgM. However, the levels of
anti-OVA IgG, IgG2a, and IgG2b antibodies in the sera of KO
mice were all significantly lower than those in WT mice (Fig.
3C), indicating that a deficiency of MKP-1 reduces T cell-de-
pendent humoral responses. Together, these data demon-
strated that MKP-1 is required for antigen-specific T cell
responses i# vivo.

MKP-1 Is Required for Anti-influenza T Cell Responses—
Adaptive immunity mediated by T cells plays a principal
protective role in response to intracellular pathogen infec-
tion such as viral infection. Reduced T cell responses in
MKP-1 KO mice following immunization in vivo suggest
that MKP-1 may be important in host defenses to pathogens.
To assess this, we employed influenza viral infection, in
which both CD4™ and CD8™" T cell functions are critical to
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resolution (26, 27). We infected both WT and MKP-1 KO
mice with influenza virus A/Puerto Rico/8/34 (PR8, H1N1)
intranasally at a dose of 13 hemagglutinating units, which is
nonlethal but causes severe disease in WT mice. At day 6
after influenza viral infection, WT mice started to lose
weight, reaching the maximum weight loss by day 9 post-
infection (~8% of the original body weight) (Fig. 44). In
contrast, MKP-1 KO mice exhibited increased weight loss
compared with WT mice in response to influenza viral infec-
tion, with a reduction as high as 13% of the original body
weight by day 9 (Fig. 4A4). To examine if MKP-1 KO mice
have any defect in viral clearance, we examined the expres-
sion of hemagglutinin and neuraminidase genes of influenza
virus in the lungs of WT and KO mice at days 1, 2, and 7 using
real-time reverse transcription-PCR. We found that the
expression of both hemagglutinin and neuraminidase genes
in the lungs of MKP-1 KO mice was not different from that in
WT mice on days 1 and 2 (supplemental Fig. S3), indicating
that MKP-1 is dispensable for controlling viral growth at an
early stage of infection. However, we found that on day 7, the
expression of hemagglutinin and neuraminidase genes in the
lungs of MKP-1 KO mice was significantly higher than that
in the lungs of infected WT mice (Fig. 4B), indicating that
MKP-1 KO mice are impaired in influenza viral clearance.
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FIGURE 5. MKP-1-deficient mice are resistant to EAE disease. A, WT and MKP-1 KO mice were immunized with MOG;_s5 peptide to induce EAE. EAE disease
was scored. B, mononuclear cells in the central nervous system were stained with anti-CD4 and anti-CD11b antibodies. C, central nervous system-infiltrated
leukocytes were activated with PMA and ionomycin in the presence of GolgiPlug. IFNy and IL-17 production by CD4™ cells was examined by intracellular
cytokine staining. Total cytokine-producing cells were calculated and averaged. D and E, splenocytes from MOG-immunized WT and KO mice were restimu-
lated with MOG,5_s5 peptide. IL-2 production and [*H]thymidine incorporation were determined (D). IFNy and IL-17 concentrations in the culture supernatant
were measured by ELISA (E). The data are representative of two independent experiments with similar results.

Both virus-specific CD4" and CD8™ T cells are important in
anti-influenza immunity and viral clearance (26, 27). It has been
shown that the accumulation of both CD4" and CD8™" T cells
in nasal mucosa peaks on day 7 following PR8 viral challenge
(28). To examine the regulation of anti-viral CD4" and CD8 " T
cell responses by MKP-1, on days 7 and 9 after infection, leuko-
cytes from BAL and lungs of infected mice were stained with
anti-CD4 and anti-CD8 antibodies. We found that BAL from
MKP-1 KO mice contained significantly lower percentages of
CD8™ T cells but increased CD4™ T cells compared with that
from WT mice on both days 7 and 9 (supplemental Fig. S4A).

It has been shown that pulmonary CD8™ T cell response to
primary intranasal PR8 influenza viral infection is directed pre-
dominantly against epitopes derived from the nucleoprotein
and polymerase protein (NP 5.,/D”and PA,,, 555/DP) (29).
We further evaluated virus-specific CD8" T cells in both BAL
and lungs from WT and KO mice by DPNP?¢ tetramer stain-
ing. As shown in Fig. 4C and supplemental Fig. S4B, MKP-1 KO
mice contained significantly lower percentages of DPNP3¢°-
specific CD8" T cells in both BAL and lungs compared with
WT mice. Furthermore, in response to the activation of another
CD8 ™ -specific viral peptide, PA,,, 535, cells from both BAL
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and lungs of MKP-1 KO mice contained significantly lower per-
centages of IFNy-producing CD8™ T cells compared with WT
mice (Fig. 4D and supplemental Fig. S4C). Although CD4" T
cells were not reduced in the lungs of MKP-1 KO mice, in
response to the activation of NP,;; 5, peptide (an MHC class
II-specific dominant epitope from a nucleoprotein of PR8
virus), MKP-1 KO mice had significantly lower percentages of
IFNy-producing CD4* T cells in BAL (Fig. 4E) and lungs (data
not shown) compared with WT mice. Consistent with reduced
virus-specific CD8" and CD4" IFNy-producing cells in BAL,
we detected significantly lower concentrations of IFNy in the
BAL fluid from KO mice than in that from WT mice (Fig. 4F).
Furthermore, when incubated with PA,,, 555 and NP;;; 2,
peptides, respectively, supernatants of lung leukocytes from
KO mice had lower concentrations of IFNvy than those from
WT mice (Fig. 4G). Together, these results demonstrated that
MKP-1 deficiency results in defective influenza virus-specific
CD4" and CD8™ T cell responses.

MKP-1 Is Required for Autoimmune Responses in Vivo—To
examine the importance of MKP-1 in regulating autoreactive
CD4™" T cell responses in vivo, we immunized both WT and
MKP-1 KO mice with MOG,;_- peptide as we described pre-
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FIGURE 6. MKP-1 deficiency in CD4* T cells causes resistance to EAE disease. CD4 ™" T cells were purified from WT and MKP-1 KO mice. 5 X 106 WT or KO cells
were injected into Rag1~’~ mice through the tail vein. 24 h after T cell transfer, Rag1 /" recipients (five mice in each group) were immunized with MOG;5_ss
peptide to elicit EAE. A, EAE disease was scored. B, mononuclear cells in the central nervous system were stained with anti-CD4 and anti-CD11b antibodies.
C, central nervous system-infiltrated leukocytes were activated with PMA and ionomycin in the presence of GolgiPlug. IFNyand IL-17 production by CD4™ cells
was examined by intracellular cytokine staining. Total cytokine-producing cells were calculated and averaged. The data are representative of two independent

experiments with similar results.

viously (20) to induce EAE disease. We found that MKP-1 KO
mice exhibited a consistently and considerably delayed onset of
disease compared with WT mice (Fig. 54). On day 3 after the
second MOG immunization, WT mice started to develop the
disease and reached scores of 2.5-3.0 by day 8, at which point
MKP-1 KO mice did not show signs of the disease.

CD4™ T cells (particularly Th17 cells) play a critical role in
the pathogenesis of EAE (30, 31). Consistent with the reduced
EAE disease in MKP-1 KO mice, we detected reduced CD4" T
cell infiltration in the central nervous systems of diseased
MKP-1 KO mice (Fig. 5B). Furthermore, central nervous sys-
tem-infiltrating CD4™ T cells from MKP-1 KO mice expressed
reduced levels of IL-17 and IFN+y compared with those from
WT mice (Fig. 5C). Moreover, CD4™" T cells from the spleens of
MKP-1 KO mice produced lower levels of IL-2, exhibited
reduced proliferation, and produced reduced amounts of IL-17
and IFNvy compared with those of WT mice in response to
MOG peptide restimulation (Fig. 5, D and E). Together, these
results demonstrate that MKP-1 is required for autoreactive
CD4™ T cell responses in vivo.

To investigate whether an intrinsic T cell defect results in the
resistance of MKP-1 KO mice to EAE disease, we isolated CD4 ™"
T cells from WT and MKP-1 KO mice and transferred 5 X 10°
WT or KO cells into Ragl ~’~ mice, followed by immunization
with MOG in CFA to induce EAE disease (32). On day 6 after
the second MOG immunization, mice that received WT cells
started to develop the disease, and all the mice in the group
developed the disease with scores of 2.5-3.0 by day 11 (Fig. 6A).
In contrast, mice that received MKP-1 KO CD4 ™" T cells did not
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develop the disease until day 10 after the second MOG immu-
nization, and only 50% of the mice in this group developed mild
disease with sores of 0.5-1.0 by day 14 (Fig. 6A4). Consistent
with the reduced EAE disease in mice that received KO cells, we
detected reduced CD4™ T cell infiltration in the central nerv-
ous systems of diseased mice in this group (Fig. 6B). Further-
more, central nervous system-infiltrating CD4" T cells from
those mice expressed reduced levels of IL-17 and IFNy com-
pared with those from mice that received WT T cells (Fig. 6C).
Together, these results demonstrated that an intrinsic defect in
MKP-1 KO CD4 " T cells is responsible for the resistance of the
mice to EAE disease.

DISCUSSION

MKRPs play critical roles in the regulation of MAPK activa-
tion. Gene KO studies of MKP-5, PAC1, and MKP-1 demon-
strated that these molecules have a non-redundant function in
innate immunity (2, 9 —12). By differentially regulating MAPKs,
they serve as negative (MKP-5 and MKP-1) or positive (PAC1)
regulators of innate cytokine production. Our previous analysis
of MKP-5 also demonstrated that MKPs regulate T cell priming
and function (2). In the present study, we found that MKP-1
plays a critical role in adaptive immunity.

First, we found that MKP-1 is required to reduce JNK and
possibly ERK but not p38 activation in T cells, which is different
from the previous observations in macrophages and DCs (9, 10,
12). MKP-1 has been shown to target different MAPKs in dif-
ferent cell types and tissues. In macrophages, DCs, and primary
MEFs, MKP-1 inactivates JNK and p38 but not ERK (8 -10, 12).
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In MKP-1 KO white adipose tissues, the activation of ERK, JNK,
and p38 is enhanced, whereas in MKP-1 KO mouse liver, the
activation of INK and p38 is enhanced and the activation of ERK
is reduced compared with the WT control (12). One possible
explanation for the different substrates of MKP-1 in different
cells and tissues is the existence of several MKPs that have a
redundant function in the regulation of the same MAPK. It is
possible that ERK-specific phosphatases expressed in macro-
phages, DCs, MEFs, and liver, but not in adipocytes and T cells,
and p38-specific phosphatases expressed in T cells compensate
for the loss of MKP-1. Another possible explanation is the pres-
ence of regulatory mechanisms that regulate protein complex
formation, such as those by scaffold proteins, which determine
the substrate accessibility of MKP-1. For instance, the JIP-1
(INK-interacting protein-1) scaffold protein has been shown to
recruit MKP-7, a JNK phosphatase, into the assembled signal-
ing complex to control JNK activation (33).

More importantly, in our study, we found that the absence
of MKP-1 has profound effects on CD4" and CD8™ T cell acti-
vation and effector function in vitro and in vivo. In general, ERK
signaling is believed to promote cell proliferation and survival
(34). On the other hand, INK MAPKSs inhibit CD4™" T cell acti-
vation and proliferation and promote apoptosis (17, 35). For
instance, JNK1-deficient CD4" T cells are hyperproliferative
with decreased AICD (17). The nuclear accumulation of
NFATCcl, an important transcription factor for T cell activation
and effector function, is increased in Jukl '~ CD4* T cells.
CD4™" T cells lacking both JNK1 and JNK2 produce higher
amounts of IL-2 and proliferate better than WT cells (35). Fur-
thermore, INK directly phosphorylates NFATc1 as a physiolog-
ical substrate (24). Thus, the impaired T cell activation seen in
MKP-1-deficient T cells is consistent with increased JNK activ-
ity. We detected reduced protein levels of NFATc1 in the nuclei
of MKP-1 KO CD4* T cells in response to TCR and CD28
signaling compared with those of WT cells. Because NFATc1 is
required for proper T cell proliferation (23, 25), we believe that
the regulation of NFATc1 nuclear translocation by MKP-1 is
likely responsible for these defects of the MKP-1 KO T cells.

Of note, enhanced JNK activation in MKP-5-deficient T cells
leads to defective CD4 " T cell activation and proliferation (2). It
thus appears that MKP-1 and MKP-5 have a similar function in
early T cell activation. Consistent with this idea, a deficiency of
MKP-1 or MKP-5 results in the resistance of the mice to MOG-
induced EAE disease (2). These results point out the impor-
tance of MKPs in autoimmune responses in vivo. However,
MKP-1 and MKP-5 appear to have differential function in
effector T cell function: whereas MKP-1 is required in the gen-
eration of Th1, Th17, and CD8" T cell responses, MKP-5 is a
negative regulator of CD4™* and CD8™ T cell effector function.
Why this is the case will require further investigation.

In summary, we show here that MKP-1 is required for adapt-
ive immunity and for T cell activation and function. The regu-
latory roles of MKP-1 in EAE and influenza viral infection
suggest that inhibition of MKP-1 expression or function in self-
destructive T cells may be beneficial in the treatment of T cell-
mediated autoimmune diseases such as multiple sclerosis,
whereas maintaining proper or enhancing MKP-1 function
should be taken into consideration when developing therapeu-
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tic methods to boost T cell responses in infectious diseases and
cancer.
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