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Stress-activated MAP kinases (MAPKs), comprised of JNK and p38, play prominent roles in the innate and
adaptive immune systems. Activation of MAPKs is mediated by a three-tiered kinase module comprised of
MAPK kinase kinases (MAP3Ks), MAPK kinases (MAP2Ks) and MAPKs through sequential protein phos-
phorylation. Activated MAPKs, in turn, phosphorylate transcription factors and other targets to regulate
gene transcription and immune responses. Recent studies have provided new insight into the upstream
and downstream components of the MAPK pathway that facilitate the activation and propagation of MAPK
signaling in immune responses. Moreover, MAPK activity is negatively regulated by MAPK phosphatases
(MKPs), a group of dual-specificity phosphatases that dephosphorylate and inactivate the MAPKs. Here we
discuss the recent advances in our understanding of these regulatory processes in MAPK signaling with a
focus on their impacts on immune function.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The primary function of the immune system is to protect the
organism from invading pathogens. To perform this function, the
mammalian immune system has developed two components: in-
nate immunity and adaptive immunity. Both arms of immunity
recognize invading pathogens as non-self, although they utilize dif-
ferent receptor systems. In adaptive immunity, T and B lympho-
cytes recognize non-self through antigen-specific receptors, such
as T cell receptors (TCRs) and immunoglobulins. These receptors
are generated by gene rearrangement, which allows the recogni-
tion of a vast number of different antigens. In contrast, innate im-
mune cells, including macrophages and dendritic cells (DCs),
utilize an evolutionarily conserved receptor system of pattern rec-
ognition. Such pattern-recognition receptors (PRRs), which include
Toll-like receptors (TLRs), NOD-like receptors (NLRs) proteins and
RIG-I like receptors (RLRs), are germline encoded and do not un-
dergo gene rearrangement [1]. In addition to the antigen receptors
and PRRs that are essential to prime adaptive and innate immunity,
immune cells also receive a plethora of signals delivered through
other receptor systems. For example, for a productive adaptive re-
sponse to occur, T cells need to be activated by TCRs, co-stimula-
tory signals and immunoregulatory cytokines such as IL-12 and
IL-4, which are known as signals 1, 2, and 3, respectively [2].
Likewise, innate immunity is under the control of cytokine recep-
tors, ITAM-coupled receptors and tyrosine kinase receptors that
ll rights reserved.
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together with PRRs, dictate the ultimate cellular responses to infec-
tious agents [3–5].

While pathogen recognition begins at the receptor level, it is the
signaling components downstream of each receptor and the way
they interact with each other that ultimately determine the spe-
cific transcriptional response and immunological outcome. Among
the central pathways activated in immune cells are the MAP ki-
nases (MAPKs), a family of serine/threonine kinases. The four well
characterized subfamilies of MAPKs include: the extracellular
signal-regulated kinases (ERK1/2), c-Jun NH2-terminal kinases
(JNK-1/2/3), p38 (p38a/b/c/d) and ERK5. Among them, JNK and
p38 can be activated by cellular stresses and are collectively
known as stress-activated MAPKs. MAPKs contain the signature se-
quence –TXY–, where T and Y are threonine and tyrosine, and X is
glutamate, proline or glycine, in ERK, JNK or p38, respectively [6].
Phosphorylation of both the threonine and tyrosine within this sig-
nature sequence is required for MAPK activation. Phosphorylation
of MAPKs is achieved via a signaling cascade involving a MAPK
kinase (MAPKK or MAP2K) that is responsible for phosphorylation
of the appropriate MAPK, and a MAPK kinase (MAPKKK or MAP3K)
that phosphorylates and activates MAPKK (Fig. 1) [6]. There are a
total of approximately 20 MAP3Ks in mammalian cells, with each
of them receiving and integrating specific upstream signals [7,8].
The main MAP2Ks mediating JNK activation are MKK4 and
MKK7, whereas p38 can be activated by MKK3 and MKK6, as well
as MAP2K-independent pathways such as TAB1 and ZAP70 [9].
Upon activation, MAPKs regulate key cellular events in the cyto-
plasm by phosphorylation of membrane-associated and cytoplas-
mic proteins including other kinases and cytoskeletal elements.
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Fig. 1. Organization of the MAPK cascade in the immune system. Stimulation of
receptors in the immune system results in the activation of the three-tiered kinase
module comprised of MAP3K, MAP2K and MAPK through sequential protein
phosphorylation. Activated MAPKs are dephosphorylated by MKPs. Certain MAP3Ks
such as TAK1 and MEKK3 also contribute to the activation of the IKK/NF-jB
pathway. Although not depicted here, p38 can be activated by MAP2K-independent
mechanisms.
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Activated MAPKs also translocate to the nucleus to phosphorylate
transcription factors such as c-Jun, c-Fos, Elk-1 and c-Myc, which
coordinate the expression of downstream target genes [6].

Negative regulation of MAPK activities is effected primarily by
MAPK phosphatases (MKPs), also known as dual-specificity phos-
phatases (DUSPs), a group of approximately 10 phosphatases that
dephosphorylate the MAPKs on both the threonine and tyrosine
residues in the signature sequence –TXY– [10–12]. These MKPs
have unique and overlapping substrate specificity toward MAPKs,
and localize to either cytoplasm or nucleus or both. Some of the
MKPs are ubiquitously expressed whereas others are more
restricted. Despite the high level of redundancy, recent work has
revealed that the immunoregulatory functions of MKPs are rather
unique [10–12].

One of the earliest work highlighting a role of the stress-
activated MAPK pathways in immune responses was a report by
Su et al. that described JNK-mediated integration of TCR and co-
stimulation signals [13]. This was followed by a number of studies
that employed mouse genetic approaches to address the immuno-
regulatory functions of MAPK signaling by deleting various
molecules at the MAPK and MAP2K levels, including JNK1, JNK2,
MKK3, MKK4, MKK6, MKK7, and individual members of the p38
family. These studies have led to important insight into the
molecular mechanisms of immune regulation, and readers are
encouraged to read excellent reviews on how MAPKs contribute
to the function of the immune system [6,14,15].

Despite these studies, however, key questions remained: How
do immune cells recognize a plethora of stimuli to properly acti-
vate the MAPK modules? Once activated, how is MAPK signaling
propagated to effect gene regulation and immune reaction, and
how is MAPK activation terminated to avoid exuberant immune re-
sponses? Recent studies have provided important answers to these
questions, and our review will focus on the stimuli and mecha-
nisms that regulate MAPKs in immune cells. First, we will discuss
how MAP3Ks integrate upstream signals from multiple receptors
in the innate and adaptive immune systems. Second, we will dis-
cuss how downstream signaling molecules bridge MAPK activation
to immune responses. Third, we will discuss the function and reg-
ulation of MKPs in the feedback modulation of MAPK activities. Gi-
ven the promises of the drug inhibitors targeting the MAPK
pathway in inflammatory diseases, understanding the signaling
mechanisms in MAPK regulation is not only insightful from a sci-
entific point of view but also has the potential to be translated into
new therapeutic strategies. However, for mechanistic studies,
pharmacological inhibitors are well known to cause non-specific
or non-physiological effects [16,17]. Therefore, we will mainly dis-
cuss the conclusions obtained from mouse genetic systems, with a
focus on studies published during the last five years.
2. MAP3Ks integrate various upstream signals to induce MAPK
activation

A total of 21 kinases have been shown to function as MAP3K,
generally having the capacity to activate the MAP kinase pathways
after overexpression in cell lines [7,8]. Notably, overexpression of
MAP3Ks can sometimes result in their artificial activation and pro-
voke physiologically irrelevant interactions. The presence of a large
number of MAP3Ks suggests that multiple MAP3Ks may be re-
quired for any stimulus. Indeed, analyses of MAP3K-deficient
mouse embryonic fibroblasts (MEFs) showed that TNF-a induced
JNK activation was affected in those lacking TPL-2, ASK1, TAK1,
MLK3, MEKK1 or MEKK3 [7]. Even in Drosophila cells whose genetic
redundancy is considerably less pronounced than mammalian
cells, maximal p38 activation in response to NaCl required four
MAP3Ks: MEKK1, TAK1, ASK1, and MLK [18]. It is unclear why so
many MAPKs are involved in these cellular responses.

In contrast, for certain immune stimuli, only one or very few
MAP3Ks are required to mediate MAPK activation. Moreover, one
MAP3K can integrate signals from multiple immunoreceptors. Par-
ticularly striking is the involvement of transforming growth factor-
b-activated kinase 1 (TAK1) in transducing signals from diverse
receptor systems in both the innate and adaptive immunity, and
its ability to activate the downstream JNK and p38 as well as the
NF-jB pathways [19]. Several other MAP3Ks have also been en-
dowed with physiological functions in integrating upstream recep-
tor signals in the immune system (Fig. 2). Here, we discuss our
current understanding on the function and regulation of MAP3Ks
in integrating immune signals.
2.1. TAK1 in multiple innate and adaptive immune receptor signaling

TAK1 (MAP3K7) is arguably the most widely utilized MAP3K in
the immune system. TAK1 was initially identified as a kinase medi-
ating TGF-b-induced transcriptional regulation [20], and subse-
quent experiments showed that it is also involved in the IL-1 and
TNF-a signaling pathway [21,22]. The essential role of TAK1 in in-
nate immune responses was first demonstrated in Drosophila
[23,24]. The TAK1 null mutants exhibited defective NF-jB activa-
tion and failed to produce antibacterial peptides, resulting in a high
susceptibility to Gram-negative bacterial infection [23]. Further,
TAK1 is required for the activation of I-jB kinase (IKK) and JNK
in Drosophila cells [24]. Although germline deletion of TAK1 in
mice resulted in defective vascular development and early
embryonic lethality [25], the use of TAK1�/� MEFs provided strong
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genetic evidence for a role of TAK1 in the mammalian innate
immune system. TAK1 was found to transduce signals from a
variety of receptors, including TLRs, TNFR and IL-1R, leading to
the activation of JNK, p38 and NF-jB (Fig. 2A) [26,27]. Notably,
although JNK activation by pro-inflammatory cytokines was com-
pletely abolished in TAK1-deficient cells, the IKK activity was
mostly but not completely blocked, suggesting that a TAK1-inde-
pendent mechanism may contribute to the residual activation of
IKK. TAK1 also mediates intracellular sensor NOD-like receptor
NOD1/NOD2 pathways [28,29], but TLR8-induced activation of
NF-jB and JNK is independent of TAK1 [30]. Taken together,
TAK1 mediates an evolutionarily conserved pathway for the
activation of MAPK and NF-jB pathways in multiple innate
immune receptor systems (Fig. 2A).

The involvement of TAK1 in antigen receptor signaling was ini-
tially identified based on biochemical studies and RNAi knockdown
of TAK1 in Jurkat cells [31]. Subsequently, mice with T cell-specific
deletion of TAK1 were independently generated and analyzed by
three groups [32–34]. Using CD4-Cre mice to ablate TAK1 function
during late thymocyte development stage, we found that numbers
of mature thymocytes and peripheral T cells were drastically re-
duced in TAK1-deficient mice, suggesting that TAK1 is essential
for thymic development and survival. Using LCK-Cre mice to delete
TAK1 at an earlier developmental stage, Sato et al. and Liu et al.
reached similar conclusions [33,34]. Notably, thymic Foxp3+
Fig. 2. Integration of multiple receptor signals by the MAP3Ks in innate and adaptive im
cells (A), T cells (B) and B cells (C).
regulatory T cells were preferentially ablated in the absence of
TAK1, suggesting a selective requirement for TAK1 in the develop-
ment of this subset of cells [32,33]. Once T cells are matured in the
thymus, they are released into the peripheral lymphoid organs
including the spleen and lymph nodes where they circulate as
naïve T cells until their encounter with antigens, which induce
the functional activation of T cells and their differentiation into
effector cells. In naïve T cells, TAK1 mediates two key signals for
their survival and activation [32]. First, IL-7 is a major cytokine
in maintaining survival of naïve T cells; in the absence of TAK1,
IL-7 induced T cell survival was ablated. Also, TAK1 was required
in mediating TCR-induced cellular responses including cell cycle
progression and production of IL-2. Both basal and TCR-induced
activation of NF-jB and JNK were diminished in TAK1-deficient
naïve T cells. These results indicate that TAK1 integrates IL-7 and
TCR signaling to induce downstream NF-jB and JNK activation in
naïve T cells. TAK1 appears to have a distinct function in previously
activated effector T cells in that it mediates TCR-induced JNK but
not NF-jB activation. In addition, TAK1 deficiency was incompati-
ble with long-term survival of effector T cells or their proliferative
response to cc-containing cytokine stimulation [32]. Collectively,
these results indicate that TAK1 can integrate TCR and cytokine
signals in both naïve and effector T cells, with activation of distinct
downstream signaling pathways and cellular responses (Fig. 2B)
[32].
mune systems. Different MAP3Ks are involved in the activation of innate immune
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In order to analyze a role for TAK1 in B cell biology, Sato et al.
used CD19-Cre mice to delete TAK1 selectively in B cells. Defi-
ciency of TAK1 impaired the development of a subset of B cells,
known as B1 B cells, but not splenic follicular and marginal zone
B cells. Inactivation of TAK1 decreased the proliferative response
of B cells to TLR, BCR and CD40 stimulation, indicating that TAK1
is involved in the signaling pathways used by BCR, TLR and
CD40. Defective humoral immune response was observed in
TAK1-deficient mice, indicating the functional importance of
TAK1 in B cell response in vivo. Notably, while JNK activation
was affected in TAK1-dificient B cells in response to TLR or BCR
stimulation, defective NF-jB activation was observed only in
TAK1-dificient B cells following TLR but not BCR stimulation. This
conclusion is in disagreement with the requirement of TAK1 for
BCR-induced NF-jB activation in DT40 B cell line [35]. One expla-
nation for the discrepancy was the presence of a truncated TAK1
protein in the studies of Sato et al. [27]. Indeed, using indepen-
dently generated B cell-specific TAK1-deficient mice, Schuman
et al. recently found that TAK1 was critical for BCR-mediated IKK
and NF-jB activation. TAK1 deficiency also resulted in an increase
of BCR-induced apoptosis. In addition, lack of TAK1 led to a marked
reduction of multiple B cell types including follicular, marginal and
B1 B cell numbers. Thus, TAK1 plays a comparable role in mediat-
ing antigen receptor-induced NF-jB and MAPK activation between
T and B cells (Fig. 2C) [36].

As a member of the MAP3 K family, TAK1 is unique in that its
activation requires its binding proteins TAB1, TAB2 and TAB3
[19,37]. TAB2 and TAB3 contain ubiquitin-binding domains that
bind lysine 63 (K63) polyubiquitin chains assembled on various
signaling proteins. Mutations of the ubiquitin-binding domains
abolished the ability of TAB2 and TAB3 to bind polyubiquitin
chains, and their ability to activate TAK1, indicating the impor-
tance of the ubiquitin pathway in activating TAK1 [38,39]. TNF-a
stimulation triggers the assembly of the K63 polyubiquitin chains
on the protein kinase RIP1, which serve as a scaffold to recruit
the TAK1 complex through TAB2 and TAB3, as well as the IKK com-
plex through the regulatory submit NEMO (IKKc), allowing TAK1
to phosphorylate and activate IKK [38,40]. Similarly, K63-linked
polyubiquitination of IRAK-1 and Bcl10 are required to recruit
NEMO and the IKK complex in the IL-1/TLR and TCR pathways,
respectively [41,42]. In addition, assembly of K63-linked polyubiq-
uitination chains on the E3 ligases such as TRAF6 themselves has
been implicated in the activation of TAK1 and IKK [37], although
TCR-induced NF-jB activation is not defective in TRAF6-deficient
T cells [43]. Whereas the molecular nature of how K63-linked
ubiquitination affects the phosphorylation cascade remains to be
identified, it is clear that the this process has an important role
in the activation of TAK1 and the downstream IKK/NF-jB pathway
[37,44]. In contrast, how MAP2Ks are activated by TAK1 is less
understand, although Bcl10 has been shown to serve as a scaffold
protein to assemble a TAK1–MKK7–JNK2 complex to facilitate
JNK2 activation in T cells [45].

2.2. MEKK1 in Th2 cell differentiation and B cell function

MEKK1 (MAP3K1) was among the first MAP3Ks identified.
MEKK1 has been reported to activate ERK, JNK, p38 as well as
NF-jB in vitro [46–48], although more recent studies suggest that
the function of MEKK1 in the immune system may be restricted to
the stress-activated MAPKs. MEKK1�/� T cells showed reduced JNK
activity, and upon TCR engagement, produced significantly higher
amount of Th2 cell cytokines including IL-4, IL-5, IL-10, and IL-13
[49]. This skewed Th2 differentiation was associated with the in-
creased expression levels of JunB and c-Jun, transcription factors
required for IL-4 expression. The MEKK1-JNK pathway was found
to be essential for the phosphorylation and activation of Itch, a
ubiquitin ligase, which in turn targeted JunB and c-Jun for proteos-
omal degradation [49]. Moreover, Th2 cells lacking the MEKK1 ki-
nase activity or deficient in JNK1 or Itch could not be tolerized [50].
These studies identify a signaling pathway comprised of MEKK1,
JNK1 and Itch that suppresses Th2 cell cytokine production and
is essential to establish Th2 cell-mediated tolerance induction
(Fig. 2B).

Additionally, MEKK1�/� mice had defective germinal center
formation and diminished production of antibodies recognizing
thymus-dependent antigens. These were due to B cell intrinsic
defects, because MEKK1 is necessary for CD40-mediated activation
of JNK and p38 and AP-1 transcription factors. In addition, MEKK1-
deficient B cells were hypoproliferative after CD40 stimulation,
associated with reduced expression of cyclin D2 [51]. MEKK1 also
contributed to the activation of JNK and p38 induced by B cell-acti-
vating factor (BAFF). In contrast, MEKK1 had little or no contribu-
tion to CD40-induced activation of ERK or IKK [51]. Thus, MEKK1
is involved in CD40- and BAFF-induced activation of JNK and p38
and cellular responses in B cells (Fig. 2C).

Using CD40-induced MEKK1 activation as a model, Matsuzawa
et al. proposed a two-stage signaling mechanism for the activation
of MAP3Ks following cytokine and immune receptor stimulation
[52]. Upon CD40 ligation, TRAF2 and TRAF3, together with ubiqui-
tin-conjugating enzyme Ubc13 and cellular inhibitor of apoptosis
proteins 1 and 2 (c-IAP1/2), are recruited to B cell membrane, fol-
lowed by the recruitment of NEMO and MEKK1 [52]. The assembly
of the membrane-anchored multicomponent signaling complex,
while required for MEKK1 activation, does not activate the kinase.
Instead, it is the subsequent release of the MEKK1-associated com-
plex into the cytosol, mediated by the proteasomal degradation of
TRAF3, that activates MEKK1 and the downstream JNK and p38.
Notably, activation of TAK1 by CD40 appears to follow a similar
two-step mechanism [52], but whether such a mechanism applies
to the activation of other MAP3Ks in immune responses remains to
be determined.

2.3. MEKK4 in Th1 cell-mediated immune response

MEKK4, also known as MAP3K4 or MTK1, stimulates JNK and
p38 pathways when overexpressed [53,54]. Loss of MEKK4 func-
tion resulted in highly penetrant neural tube defects associated
with greatly elevated apoptosis of neuroepithelial cells [55,56].
The immunoregulatory function of MEKK4 has been mainly stud-
ied in T cells. Naïve T cells lacking MEKK4 activated MAPKs nor-
mally in response to TCR stimulation, suggesting that MEKK4 is
dispensable for T cell activation. However, T cells deficient in
MEKK4 produced diminished levels of IFN-c during Th1 cell differ-
entiation. Moreover, MEKK4�/� Th1 cells exhibited lower activa-
tion of p38 but not JNK. Consistently, wild-type cells treated with
a p38 inhibitor produced decreased IFN-c. Collectively, these stud-
ies indicate the MEKK4, by facilitating p38 activation, contributes
to Th1 cell cytokine production (Fig. 2B) [57].

MEKK4 has been proposed to function downstream of stress-
inducible GADD45 proteins (GADD45a/b/c) to mediate JNK/p38
activation and apoptosis [58], although considerable controversy
remained [59,60]. Given a role for GADD45b and GADD45c in
mediating IFN-c production and Th1 cell function [61,62], we
tested whether MEKK4 functions downstream of GADD45 protein
in T cell responses. Whereas exogenous GADD45b or GADD45c
was capable of promoting IFN-c production in wild-type cells,
MEKK4 deficiency completely abrogated the function of GADD45b
and GADD45c in IFN-c upregulation [57]. Interestingly, expression
of GADD45b and GADD45c are mediated by TCR and IL-12/STAT4
pathways, respectively. By integrating TCR and cytokine signals,
the GADD45/MEKK4/p38 pathway is an important regulator of
Th1 cell differentiation [57]. Recent biochemical analysis reveals
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the molecular mechanisms of MEKK4 activation by GADD45 pro-
teins [63]. MEKK4 has an extensive N-terminal noncatalytic do-
main that binds to the C-terminal kinase domain, thereby
inhibiting the kinase activity. This N-C intramolecular interaction
is disrupted by the binding of GADD45 to the MEKK4 N-terminal
GADD45-binding site [64]. GADD45 binding also induces MEKK4
dimerization, which is essential for the trans autophosphorylation
of MEKK4 at threonine 1493 in the kinase activation loop. There-
fore, GADD45 binding induces MEKK4 N–C dissociation, dimeriza-
tion and autophosphorylation, leading to the activation of the
kinase catalytic domain [63].

2.4. MEKK3 in innate and adaptive immune responses

MEKK3 (MAP3K3) shows significant homology with another
MAP3K, MEKK2 (MAP3K2), and both molecules are capable of acti-
vating ERK and JNK upon overexpression [65]. Deletion of MEKK3
(MAP3K3) in mice resulted in early embryonic development due
to defective blood vessel formation [66]. MEKK3-deficient MEFs
showed delayed NF-jB, JNK and p38 activation in response to
TLR4 and IL-1 stimulation. In addition, TNFa-induced activation
of NF-jB was defective in MEKK3-deficient MEFs [67,68]. More-
over, TLR8-mediated NF-jB and JNK activation was completely
abolished in MEKK3�/� MEFs but was unaffected by the lack of
TAK1 (Fig. 2A) [30]. It appears that MEKK3 and TAK1 can both
mediate MAPK and NF-jB activation in innate immune responses,
but their relative contributions in response to a particular stimulus
require further detailed investigation.

T cells deficient in MEKK3 were generated by two independent
groups using the Lck-Cre deletion system [69,70]. Yang et al. re-
ported that T cells deficient in MEKK3 developed normally in the
thymus, and in response to TCR stimulation, showed no defects
in their proliferate [69]. However, MEKK3 deficiency resulted in a
substantial reduction in peripheral T cell numbers. In an adoptive
mixed transfer system, MEKK3-deficient T cells were severely im-
paired in lymphopenia-induced cell proliferation and survival,
associated with attenuated ERK signaling. Therefore, MEKK3 plays
a unique role in T cell homeostasis by transducing signals from the
interaction between TCR and self peptide/MHC ligands (Fig. 2B)
[69]. In contrast, Shinohara et al. reported that T cells lacking
MEKK3 were defective in TCR and cytokine-induced responses
associated with impaired activation of NF-jB [70]. Activation of
MAPK, however, was affected in these T cells (Fig. 2B). The discrep-
ancy between these two studies is not clear. As compared with
TAK1, MEKK1 and MEKK4, mechanisms of MEKK3 activation are
less understood. However, phosphorylation at serine 526 is crucial
for the activation of MEKK3 [71].

2.5. Other MAP3Ks in immune responses

Functions of several other MAP3Ks have also been genetically
defined, although their regulations are not well understood. ASK1
is activated by intracellular reactive oxygen species and contrib-
utes to TLR4-induced activation of p38 but not of JNK or NF-jB
[72]. ASK1-deficient mice produced reduced levels of pro-inflam-
matory cytokines and were resistant to LPS-induced septic shock.
However, activation of p38 in DCs stimulated via TLR2, TLR3 or
TLR9 did not require ASK1 (Fig. 2A) [72]. In addition, analysis of
ASK1�/� MEFs indicated that only the sustained phase of JNK and
p38 activation triggered by TNF-a depended on ASK1 [73]. There-
fore, ASK1 coupling to p38 and JNK varies in a cell-type and recep-
tor specific manner.

In the adaptive immune system, T cells deficient in MEKK2
(MAP3K2) exhibited increased JNK activation but normal regula-
tion of ERK and p38. Such T cells were hyperproliferative to TCR
stimulation and produced increased IL-2 and IFN-c. Moreover,
MEKK2�/� thymocytes were more susceptible than wild-type thy-
mocytes to TCR-induced cell death. These results suggest that
MEKK2 is involved in negatively controlling the strength of TCR
signaling (Fig. 2B) [74].
3. Propagation of MAPK signaling by downstream pathways

MAPKs mediate inflammatory responses mainly by activating
gene expression. A group of sequence-specific transcription factors
known as AP-1 are conventional substrates for JNK and p38. For
example, c-Jun and ATF2 are well characterized substrates for
JNK and p38, respectively. In addition, JNK and p38 can phosphor-
ylate a plethora of intracellular proteins, including transcriptional
coregulators, cytoskeletal proteins, translational machine compo-
nents, and other signaling proteins, which in turn regulate various
physiological processes [6]. Recent studies have revealed novel sig-
naling mechanisms that are essential to propagate MAPK-depen-
dent responses in the immune system. One mechanism involves
p38-mediated phosphorylation and activation of a group of down-
stream protein kinases collectively known as MAPK-activated pro-
tein kinases (MKs). Those functionally subordinate to p38 include
MAPK-activated protein kinases MK2 and MK3 (also called
MAPKAP-K2 and MAPKAP-K3), mitogen- and stress-activated
kinases MSK1 and MSK2, and MAPK-interacting kinases MNK1
and MNK2. Once phosphorylated by p38, these MKs can act on
other kinases and transcription factors, thus forming a multilay-
ered protein kinase cascade downstream of p38 that controls a
broad range of cellular functions. Another mechanism of MAPK
regulation involves JNK-mediated phosphorylation of the ubiquitin
ligase Itch [49], which defines a new mode of the crosstalk
between the phosphorylation and ubiquitination systems.
3.1. p38-dependent MK cascade in TLR responses

The p90 ribosomal S6 kinases (Rsk) can activate a wide variety
of substrates linked to the control of transcription, cell prolifera-
tion, cytoskeleton rearrangement, glycogen metabolism and cell
survival [75]. Two specific and structurally different inhibitors of
Rsk suppressed TLR-induced endocytosis, thus defining a specific
requirement for Rsk in TLR responses in DCs. Although Rsk was
originally thought to be activated exclusively by the ERK pathway,
activation of Rsk in DCs was found to be mediated by both p38 and
ERK. p38 did not activate Rsk directly, but through the intermedi-
ates MK2 and MK3. In support of this model, DCs deficient in both
MK2 and MK3 lacked the phosphorylation of Rsk at Ser386 and
were defective in LPS-stimulated endocytic response [76]. These
studies identify a new configuration of the MAPK system consist-
ing of p38–MK2/MK3–Rsk that facilitates TLR-induced endocyto-
sis. Interestingly, such a pathway is functional specifically in DCs
but not in other cell types examined (Fig. 3A) [76].

Another group of p38-dependent MKs includes two related ki-
nases MSK1 and MSK2. MSK1 and MSK2 can phosphorylate tran-
scription factors CREB and ATF1 and histone H3 molecule in
response to mitogens and cellular stress [77,78]. Combined dele-
tion of MSK1 and MSK2 in mice identified these kinases as key
components of negative feedback mechanisms of TLR responses.
MSKs limited TLR–driven inflammation by inducing the activation
of CREB and ATF1 and the expression of negative regulators of TLR
signaling including MKP-1 and IL-10 [79]. Furthermore, deletion of
p38a in myeloid cells also revealed an unexpected negative role for
p38a in restraining TLR-induced inflammatory responses. A subset
of p38 target genes, including MKP-1 and IL-10, is strictly depen-
dent upon MSKs for their expression following TLR stimulation
[80,81]. These results define a pathway consisting of p38–MSK1/
2–CREB/ATF1 in limiting TLR-induced inflammation (Fig. 3A). In



Fig. 3. Propagation of MAPK signaling. MKs and Itch have been implicated in transducing signals from activated p38 (A) and JNK (B), respectively, leading to diverse immune
responses.

Fig. 4. Inactivation of MAPK signaling by MKPs in innate immunity.
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addition to phosphorylating CREB and ATF1, MSKs can induce
chromatin remodeling by phosphorylating histone H3 following
p38 activation. This marks cytokine promoters for increased NF-
jB recruitment and may facilitate expression of certain cytokine
genes (Fig. 3A) [82].

3.2. JNK-mediated regulation of the ubiquitin pathway in T cell
responses

Extracellular stimuli often affect ubiquitin-dependent proteoly-
sis by inducible target protein phosphorylation, which confers rec-
ognition by E3 ligases. JNK-dependent phosphorylation of c-Jun
decreases c-Jun ubiquitination and enhances its stability, although
under resting conditions, JNK can facilitate c-Jun for degradation
[83–86]. This is in addition to the traditional mode of regulation
that involves JNK-dependent phosphorylation of the transcrip-
tional activation domain of c-Jun, directly leading to the enhanced
AP-1 activity. Yet, Gao et al. identified a new substrate for JNK that
modulates AP-1 activity in T cell responses. As described above, T
cells lacking MEKK1 activity showed reduced JNK activation but in-
creased protein levels of c-Jun and JunB. These cells produced in-
creased levels of Th2 cytokines, a phenotype similar as Itchy T
cells. Indeed, JNK was found to phosphorylate the E3 ubiquitin li-
gase Itch, leading to its functional activation and consequently,
accelerated degradation of c-Jun and JunB. These studies demon-
strate that the effect of JNK on c-Jun and JunB ubiquitination and
turnover in T cells is exerted by means of Itch, whose catalytic
activity is strongly modulated in response to T cell activation
through JNK-dependent phosphorylation [49]. Therefore, JNK can
modulate AP-1 activity through multiple mechanisms (Fig. 3B).

4. Negative regulation of MAPKs by MKPs

The magnitude and duration of JNK and p38 signal transduction
are critical determinants of its biological effects. Activation of
MAPKs occurs within minutes in response to most stimuli and is
transient. This suggests that MAPKs function as a biological switch
that must be downregulated, both under basal conditions and
during adaptation. Inhibition of MAPK activity is effected primarily
by MAPK phosphatases (MKPs), a group of approximately 10
dual-specificity phosphatases that dephosphorylate the regulatory
threonine and tyrosine residues of their target MAPK [11,12,87].
Genetic analyses have revealed that three members of the MKP
family, MKP-1, MKP-2 and DUSP2, play important and distinct
functions in innate immunity (Fig. 4).
4.1. MKP-1, a key negative regulator of TLR responses

MKP-1, the founding member of the MKP family, was initially
identified as an immediate-early response gene induced by growth
factors and stress. MKP-1 localizes to the nucleus through its ami-
no terminus and preferentially dephosphorylates activated p38
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and JNK relative to ERK [88]. Using MKP-1 deficient mice, we and
three other groups have independently reported that MKP-1 is a
key negative regulator of TLR signaling and innate immune re-
sponses [89–92]. In response to TLR stimulation, MKP-1�/� macro-
phages exhibited increased and prolonged activation of p38 and
JNK, and produced excessive amounts of cytokines, including
TNF-a, IL-6 and IL-10. Transcriptional profiling revealed that
MKP-1 controlled a significant fraction of LPS-induced genes,
including the innate cytokines as well as chemokines CCL3, CCL4,
and CXCL2 [90]. Moreover, mice deficient in MKP-1 showed greatly
elevated susceptibility to endotoxic shock and autoimmune arthri-
tis, associated with elevated production of pro-inflammatory cyto-
kines and mediators [89–92]. These studies indicate that the MKP-
1 is a key negative regulator of innate immunity.

Given the pivotal role of MKP-1 in innate immunity, there is
growing interest in exploring how its gene expression and activity
are regulated. In macrophages responding to TLR stimulation, there
was a strong and rapid induction of MKP-1 mRNA and protein
abundance, peaking at one hour after stimulation [89,91,93–95].
The induction of MKP-1 correlated with a decline in the activities
of JNK and p38, which is consistent with a role for MKP-1 in the
inactivation of these MAPKs as a feedback mechanism to restrain
excessive inflammation. MKP-1 was also induced by multiple
immunosuppressive agents, including glucocorticoids and anti-
inflammatory cytokines, and this induction partially mediates the
inhibitory effects of these agents on MAPK activation and inflam-
mation [96]. Conversely, pro-inflammatory stimuli such as IFN-c
attenuated MKP-1 expression to facilitate their positive effects on
MAPK activation [91]. Therefore, it appears that the induction of
MKP-1 represents a common mechanism by which immunomodu-
latory agents ‘‘fine tune” innate immune responses [97].

Posttranslational modifications of MKP-1 also play an important
role in regulating its activity and stability. These modifications in-
clude ERK-dependent phosphorylation of MKP-1 C-terminus [98–
100], and reactive oxygen species (ROS)-induced oxidation of the
catalytic cysteine residue [101,102]. Cao et al. have recently iden-
tified another mode of posttranslational modification of MKP-1
that does not depend upon protein stability or intrinsic phospha-
tase activity [102,103]. LPS activated p300-dependent acetylation
of MKP-1 on lysine 57 within its substrate-binding domain. Acety-
lation of MKP-1 enhanced its interaction with p38 and thus the
dephosphorylation toward its substrate, leading to the termination
of MAPK signaling. Collectively, these studies suggest that tran-
scriptional and post-transcriptional regulation of MKP-1 is an
important control mechanism in innate immunity.

4.2. Regulation of both innate and adaptive immunity by MKP-5

MKP-5 is localized in both the cytoplasm and the nucleus and
has been shown to dephosphorylate both JNK and p38 in vitro.
MKP-5 was upregulated in macrophages responding to LPS stimu-
lation, and overexpression of MKP-5 decreased the activity of AP-1
transcription factors [104]. To investigate the immunoregulatory
function of MKP-5, Zhang et al. generated MKP-5 deficient mice,
which developed normally but showed defects in both innate
and adaptive immunity. After LPS challenge, macrophages defi-
cient in MKP-5 exhibited increased JNK activity, but unaltered
ERK or p38 activity, suggesting a role for MKP-1 to preferentially
dephosphorylate JNK in vivo. MKP-5-deficient cells produced en-
hanced levels of pro-inflammatory cytokines during innate im-
mune responses and had increased ability to serve as antigen
presenting cells to prime activation of antigen-specific T cells.
Injection of LPS into MKP-5�/�mice also resulted in two fold higher
levels of TNF-a in the serum, which was less profound than those
of MKP-1�/� mice, probably reflecting the limited substrate speci-
ficity of MKP-5 on JNK but not on p38 or ERK. T cells lacking MKP-5
proliferated poorly upon activation, which likely contributed to the
reduced incidence and severity of disease in a model of autoim-
mune brain inflammation, experimental autoimmune encephalo-
myelitis (EAE). However, MKP-5�/� T cells produced increased
levels of effector cytokines including IFN-c and IL-4, which led to
much more robust and rapidly fatal immune responses to second-
ary infection with lymphocytic choriomeningitis virus (LCMV)
[104]. Therefore, MKP-5 regulates both innate and adaptive
immunity.
4.3. DUSP2, a positive regulator of innate immune responses

DUSP2 (PAC-1) is a nuclear MKP whose expression is mainly re-
stricted to immune cells and tissues. DUSP2 is the most highly in-
duced MKP transcript in activated human leukocytes [105]. In
contrast to MKP-1�/� and MKP-5�/� cells, DUSP2�/� innate im-
mune cells show reduced function. In response to LPS stimulation,
DUSP2�/� macrophages produced diminished TNF-a, IL-6 and IL-
12 and decreased PGE2 and nitric oxide levels. Moreover,
DUSP2�/� mice had reduced inflammatory responses in a serum
transfer model of rheumatoid arthritis. DUSP2 deficiency resulted
in increased JNK activity but surprisingly, decreased ERK and p38
activities in LPS-activated macrophages. This was associated with
impaired transcriptional activities of Elk-1 and NFAT-AP1, two
main nuclear targets of the MAPK pathways. Significantly, pharma-
cological inhibition of JNK reversed the impaired activation of ERK
in DUSP2-deficient cells, indicating that in the absence of DUSP2,
the enhanced JNK activity mediates inhibition of ERK. Indeed, there
are precedents for cross-talk amongst the MAPKs, as both p38 and
JNK can negatively regulate ERK [106,107]. Therefore, DUSP2 ap-
pears to suppress JNK-mediated inhibition of ERK signaling in mac-
rophages to positively regulate innate immunity [105].
5. Concluding remarks

One of the central functions of the stress-activated MAPKs is to
orchestrate the immune response. Pharmacological inhibition of
the p38 and JNK pathways has proven effective in treating or alle-
viating various inflammatory conditions [108–110]. However, the
toxicity and undesired adverse effects of such inhibitors are recog-
nized as well, which may arise from perturbed cross-regulatory
signaling or self-limiting mechanisms that rely on JNK and p38
activities [111]. In this review, we discuss several new modes of
MAPK regulation that may lead to the development of more selec-
tive approaches for clinical intervention. Since JNK and p38 are
activated by a large number of immune receptors, specific inhibi-
tion of a signaling module or a regulatory target that functions
either upstream or downstream of JNK and p38 likely offers a more
efficacious and selective anti-inflammatory strategy. The mecha-
nisms that are responsible for the termination of MAPK activity
are also important for our understanding of the role of MAPKs in
normal physiology and disease, and the development of new ther-
apeutic strategies. Research into these areas will continue to gen-
erate new insights into mechanisms of immune regulation and
strategies of therapeutic intervention.
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