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The IκB kinase (IKK) complex plays a well-documented role in innate and adaptive immunity. This function has 
been widely attributed to its role as the central activator of the NF-κB family of transcription factors. However, 
another important consequence of IKK activation is the regulation of TPL-2, a MEK kinase that is required for 
activation of ERK-1/2 MAP kinases in myeloid cells following Toll-like receptor and TNF receptor stimulation. In 
unstimulated cells, TPL-2 is stoichiometrically complexed with the NF-κB inhibitory protein NF-κB1 p105, which 
blocks TPL-2 access to its substrate MEK, and the ubiquitin-binding protein ABIN-2 (A20-binding inhibitor of NF-
κB 2), both of which are required to maintain TPL-2 protein stability. Following agonist stimulation, the IKK com-
plex phosphorylates p105, triggering its K48-linked ubiquitination and degradation by the proteasome. This releases 
TPL-2 from p105-mediated inhibition, facilitating activation of MEK, in addition to modulating NF-κB activation by 
liberating associated Rel subunits for translocation into the nucleus. IKK-induced proteolysis of p105, therefore, can 
directly regulate both NF-κB and ERK MAP kinase activation via NF-κB1 p105. TPL-2 is critical for production of 
the proinflammatory cytokine TNF during inflammatory responses. Consequently, there has been considerable inter-
est in the pharmaceutical industry to develop selective TPL-2 inhibitors as drugs for the treatment of TNF-dependent 
inflammatory diseases, such as rheumatoid arthritis and inflammatory bowel disease. This review summarizes our 
current understanding of the regulation of TPL-2 signaling function, and also the complex positive and negative roles 
of TPL-2 in immune and inflammatory responses.
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Discovery of Tpl2 oncogene and initial character-
ization

The serine/threonine kinase TPL-2, also known as 
COT and MAP3K8, was independently discovered in 
three different laboratories in the early 1990s. Initially, 
Miyoshi et al. [1] identified Cot (cancer Osaka thyroid) 
as an oncogene, using DNA isolated from a human thy-
roid carcinoma cell line, to transform the SHOK hamster 
embryonic cell line in vitro. The rat homolog of Cot, 
called Tpl2 (tumor progression locus-2), was subse-
quently identified as a target for provirus integration in 
Moloney murine leukemia virus (MoMuLV)-induced 
T-cell lymphomas and demonstrated to transform NIH 
3T3 fibroblasts in vitro [2]. More recently, MoMuLV in-

sertion into the murine Tpl2 locus was also found in two 
genome-wide screens for oncogenes using genetically 
sensitized mouse strains [3, 4]. It has also been reported 
that the murine Tpl2 locus is a site of Mouse Mammary 
Tumor Virus (MMTV) proviral integration associated 
with the induction of mammary carcinomas in mice [5]. 
(For simplicity, the different mammalian homologs will 
be referred to as Tpl2 in this review.) Proviral activation 
of Tpl2 oncogenicity consistently results in production 
of TPL-2 proteins truncated at the C terminus compared 
to the wild-type protein (generically termed TPL-2ΔC in 
this review), suggesting important roles of the C termi-
nus in regulation of TPL-2 oncogenic activity (Figure 1). 
Consistent with this hypothesis, generation of transgenic 
mice expressing rat TPL-2 or TPL-2ΔC in their T cells 
has revealed that C-terminal deletion is essential for 
TPL-2 to induce the formation of T cell lymphoblastic 
lymphomas [6].

Tpl2 is expressed in cells as 58 and 52 kDa protein 
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isoforms due to alternative translational initiation at me-
thionine 1 (M1) or methionine 30 (M30) [7]. Both M1- 
and M30-TPL-2 proteins are predominantly localized in 
the cytoplasm [1]. The weak transforming activity asso-
ciated with full-length TPL-2 (i.e., not C-terminally trun-
cated) in SHOK cells is predominantly due to M1-TPL-2 
[7]. Thus, the presence of an intact N terminus and the 
absence of the C terminus appear to be necessary for 
optimal oncogenic transformation by TPL-2. The precise 
role of the N-terminal 29 amino acids in TPL-2 transfor-
mation is unknown. However, removal of the C-terminal 
domain appears to activate transforming potential of 
TPL-2 by two mechanisms. First, C-terminal truncation 
increases the specific kinase activity of TPL-2, and it has 
been suggested that the C terminus may modulate TPL-2 
catalytic activity by folding back onto the kinase domain 
[6, 8]. Second, C-terminal truncation removes a degron 
sequence (amino acids 435-457) that promotes proteoly-
sis of TPL-2 by the proteasome [8]. Consequently, TPL-
2ΔC is expressed at higher levels in cells than TPL-2.

Surprisingly, although multiple studies have demon-
strated that Tpl2 can function as an oncogene in rodent 
cells, in some situations, Tpl2 appears to act as a tumor 
suppressor. For example, Tpl2−/− mice bred onto an MHC 
Class I-restricted T-cell antigen receptor (TCR) transgen-
ic background develop T-cell lymphomas due to hyper-
responsiveness of CD8+ T cells following TCR stimula-
tion [9]. Furthermore, a recent study demonstrated that 
Tpl2−/− mice have a significantly increased incidence of 
skin tumors in a two-stage skin carcinogenesis model, 
which correlated with increased inflammation and pro-
duction of proinflammatory cytokines [10]. 

Tpl2 can clearly function as an experimental oncogene 

in mice and rats, and in some conditions as a tumor sup-
pressor. However, it is less clear whether TPL-2 is im-
portant in etiology of human cancers. DNA sequencing 
analyses have demonstrated that TPL-2 is not mutated 
in the majority of human cancers. Amongst 477 unique 
primary tumor samples in the Sanger Institute COSMIC 
database that have been analyzed for somatic mutations 
in Tpl2, only a single brain tumor sample from a patient 
with glioblastoma multiforme was found to have a so-
matic A to T mutation at residue 387 (Parsons et al. [11] 
and http://www.sanger.ac.uk/genetics/CGP/cosmic/). It 
is not known whether this mutation contributed to tumor 
development or progression. In addition, one study re-
ported a Tpl2 point mutation in a primary human lung 
adenocarcinoma, which results in the production of a C-
terminally truncated protein [12]. However, analyses of 
other lung cancer cells suggested that this is a very rare 
event. Tpl2 overexpression may be important in onco-
genesis, and has been reported both in breast tumors [13] 
and in a small panel of large granular lymphocyte pro-
liferative disorders [14]. Thus, while somatic mutation 
of Tpl2 does not appear to be an important event in the 
development of human cancer, increased TPL-2 protein 
expression may sometimes contribute to oncogenesis or 
tumor progression.

Regulation of signaling pathways by TPL-2

While the potential of truncated TPL-2 to behave as 
a transforming oncoprotein kinase was clear, the physi-
ological function of wild-type TPL-2 was initially less 
evident. Early northern blot analyses of rat tissues dem-
onstrated that Tpl2 mRNA is expressed at highest levels 

Figure 1 TPL-2 structure and phosphorylation sites. The Tpl2 gene encodes two proteins, full-length M1-TPL-2 (p58) and 
M30-TPL-2 (p52). M30-TPL-2 is translated from the same mRNA transcript as M1-TPL-2 by alternative translational initiation 
at methionine 30 (M30, black arrowhead). The TPL-2 kinase domain (KD) is located in the centre of the protein, flanked by 
N-terminal and C-terminal regions with largely unknown functions. C-terminal truncation, however, results in a protein (TPL-
2ΔC) with increased kinase-specific activity, suggesting that this region may inhibit TPL-2 kinase activity [6]. Furthermore, a 
proposed degron sequence (435-457, shaded box) is located within the C terminus and confers destabilizing properties to 
full-length TPL-2 [8]. Consequently, TPL-2∆C has increased protein stability and is expressed at higher levels. The positions 
of oncogenic truncations in TPL-2 identified in MoMuLV- and MMTV-induced murine tumors (424), human TPL-2 (COT) in 
transformed SHOK cells (397) and in a human lung adenocarcinoma (421) are indicated by red arrowheads. Several phos-
phorylation sites in TPL-2 have been identified by mass spectrometry [54]. Two of these sites, T290 and S400, are known to 
regulate TPL-2 MEK kinase activity in vivo. T290 phosphorylation may also regulate TPL-2 release from its binding partner 
p105 (see Figure 4). The physiological significance of the sites shown in italics is not yet known. 
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in the spleen, thymus and lungs, with low levels in the 
brain, testis and liver [2, 15]. A later study also detected 
Tpl2 mRNA in the brain, intestine, kidney and skeletal 
muscles, suggesting that Tpl2 may be widely expressed 
[16]. Interestingly, in situ hybridization of adult mouse 
tissues could only identify Tpl2 mRNA in granular duct 
cells in the submandibular glands, serous cells in the 
parotid gland, peptic cells in gastric glands and goblet 
cells in colonic glands [17]. (The failure of in situ hy-
bridization to detect Tpl2 mRNA expression in other tis-
sues suggests this may be a less sensitive technique than 
northern blotting.) These latter results raise the possibil-
ity that TPL-2 might regulate secretory pathways and/or 
innate immune responses in the gastrointestinal tract.

In the mid 1990s, DNA sequence homology com-
parisons revealed that TPL-2 kinase domain is related 
to the MAP3 kinases STE11 and MEK kinase [18, 19], 
suggesting that TPL-2 might regulate MAP kinase sig-
naling pathways. Consistent with this hypothesis, TPL-
2 overexpression in COS-7 and 3T3 cells activates ERK, 
JNK, p38γ and ERK5 MAP kinases [18-20]. Immuno-
precipitated TPL-2 phosphorylates MEK-1, MKK-4 (also 
known as SEK-1), MEK-5 and MKK-6, suggesting that 
TPL-2 functions directly as a MAP3 kinase [19, 20]. This 
was subsequently confirmed using recombinant TPL-2 
purified from lysates of baculovirus-infected insect cells 
and recombinant MEK protein as a substrate [21]. Over-
expression of TPL-2 also activates NFAT (nuclear factor 
of activated T cells) in Jurkat T cells and induces IL-2 
(interleukin-2) production [22]. IL-2 induction by TPL-
2 has also been suggested to involve activation of NF-κB 
transcription factors via the related MAP3 kinase NIK 
[23, 24]. Transfection experiments in Jurkat T cells indi-
cate that TPL-2 may control NF-κB activity by modulat-
ing the transactivation potential of the RelA transcription 
factor [25, 26]. In addition, overexpression experiments 
in COS-7 cells demonstrate that TPL-2, which is com-
plexed with the NF-κB inhibitory protein NF-κB1 p105 
[27] (see section 3), may regulate NF-κB activation by 
inducing p105 proteolysis, releasing associated Rel sub-
units for translocation into the nucleus [28].

Overexpression of kinases can result in artifactual 
phosphorylation of cellular proteins, and it remained 
unclear for several years whether TPL-2 really regulated 
the activation of so many downstream signaling path-
ways under physiological conditions. This was clarified 
through the generation of a Tpl2−/− mouse strain by the 
Tsichlis laboratory. Tpl2−/− mice display no overt pheno-
type, are of normal size and weight and have a normal 
lifespan under pathogen-free conditions [29]. The de-
velopment of immune cells (T cells, B cells, dendritic 
cells (DC), natural killer cells and macrophages) occurs 

normally in the absence of TPL-2. Surprisingly, despite 
the results obtained with overexpressed TPL-2 in T-cell 
lines, Tpl2−/− CD4+ T cells produce similar amounts of 
IL-2 to WT cells after TCR stimulation [29, 30], indi-
cating that TPL-2 is not important for the physiological 
regulation of IL-2 production. LPS-induced activation of 
NF-κB and proteolysis of p105 is also normal in Tpl2−/− 
macrophages, suggesting that TPL-2 may not be critical 
for TLR4 activation of NF-κB. However, TPL-2 is only 
associated with a small fraction of total cellular p105. It 
therefore remains possible that TPL-2 regulates the pro-
teolysis of this pool of p105, which is likely to contribute 
to only a fraction of total NF-κB activity. In addition, 
phosphorylation of RelA on S276 (a critical regulatory 
site [31]) is dependent on TPL-2 in primary fibroblasts 
stimulated with TNF [32]. It is therefore possible that 
TPL-2 contributes to NF-κB activation in a cell type- and 
stimulus-specific fashion. The mechanism by which en-
dogenous TPL-2 regulates RelA phosphorylation has not 
yet been established.

Analysis of Tpl2−/− macrophages revealed an essential 
function for TPL-2 in LPS activation of MEK-1/2 and 
ERK-1/2, but not of p38, JNK or NF-κB. Furthermore, 
LPS stimulation activates the MEK kinase activity of 
TPL-2 [33, 34]. TPL-2 is also required for TLR2, TLR9 
and TNF activation of ERK in macrophages [35-37] and 
CD40 activation of ERK in B cells [35]. In other cell 
types, the function of TPL-2 may not be restricted to the 
regulation of the ERK MAP kinase pathway. Consistent 
with this idea, TPL-2 is required for optimal activation of 
ERK and JNK in embryonic fibroblasts after TNF or IL-
1β stimulation, and for maximal p38 activation in LPS- 
and CpG-stimulated DC [32, 36]. These phenotypes may 
result directly from TPL-2 signaling, which can phospho-
rylate and activate MKK-4 and MKK-6, the activators of 
JNK and p38 MAP kinases, respectively [19, 20].

Together, analyses of primary cells from Tpl2−/− mice 
indicate that the major physiological function of TPL-2 
is to regulate ERK MAP kinase activation in immune 
responses following stimulation of receptors of the TLR 
and TNF-R families. However, TPL-2 may also regulate 
the activation of other MAP kinases and NF-κB in a cell 
type- and stimulus-specific fashion.

Regulation of TPL-2 signaling by NF-κB1 p105

An important step toward our current understanding 
of the regulation of TPL-2 function was the identifica-
tion of NF-κB1 p105 as a TPL-2-interacting protein in 
a yeast two-hybrid screen [28]. TPL-2 binds stoichio-
metrically with the C-terminal half of NF-κB1 p105 via 
two distinct interactions. The TPL-2 C terminus (residues 
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398-467) binds to a region adjacent to the ankyrin repeat 
region on p105, while the TPL-2 kinase domain interacts 
with the p105 death domain (Figure 2) [38]. The bind-
ing site on p105 for the TPL-2 C terminus is a conserved 
helical domain (residues 497-539) that is required for 
p105 dimerization [38]. This region is within a “process-
ing inhibiting domain” (PID; residues 474-544), which 
regulates processing of p105 to p50 by the proteasome 
[39]. It has been proposed that p105 dimerization via this 
domain blocks processing, possibly due to the increased 
size of the dimer preventing entry into the proteasome 
[40]. Therefore, efficient binding of TPL-2 to p105 may 
require p105 dimerization, and be restricted to a pool of 
p105 that cannot be processed to p50. While all detect-
able cellular TPL-2 in unstimulated cells is associated 
with p105, it is important to note that the majority of 
total cellular p105 (> 95% in macrophages) is not com-
plexed with TPL-2, but presumably is associated with 
Rel proteins [28, 41].

NF-κB1 p105 regulates two aspects of TPL-2 func-
tion. First, p105 is essential to maintain TPL-2 stabil-
ity. Steady-state levels of TPL-2 are very low in p105-

deficient Nfκb1−/− cells [34, 38], and consequently LPS 
activation of MEK and ERK is substantially reduced in 
bone-marrow-derived macrophages (BMDM) gener-
ated from Nfκb1−/− mice [34]. Since the proposed degron 
sequence of TPL-2 is located within one of the binding 
sites for p105, it is possible that this interaction stabi-
lizes TPL-2 by covering the degron [8]. Second, direct 
interaction of p105 with the kinase domain of TPL-2 
inhibits TPL-2 MEK kinase activity by preventing ac-
cess to MEK [34, 38]. TPL-2 is actively prevented from 
phosphorylating MEK in unstimulated BMDM, since it 
is all associated with p105 [41]. However, following LPS 
stimulation, TPL-2 MEK kinase activity increases, indi-
cating that TPL-2 is no longer subject to p105 inhibition 
[34]. Indeed, depleting p105 from cell lysates by immu-
noprecipitation reveals that LPS stimulation induces the 
release of a fraction of TPL-2 from p105. TPL-2 MEK 
kinase activity is restricted to this p105-free pool [34, 
41]. 

Like other IκB proteins [42, 43], the signal-induced 
proteolysis of NF-κB1 p105 is regulated by the IκB ki-
nase complex (IKK), which phosphorylates S927 and 

Figure 2 TPL-2 interactions with NF-κB1 p105 and ABIN-2. In unstimulated cells, all detectable TPL-2 is complexed with NF-
κB1 p105 and ABIN-2. The TPL-2 kinase domain (KD) directly interacts with the death domain (DD) of p105. This regulates 
TPL-2 MEK kinase activity by blocking access of the substrate to the active site. The TPL-2 C terminus (398-467) interacts 
with a region (497-539) of p105 within the “processing inhibitory domain” (PID; 474-544) [39], which also mediates p105 
dimerization [38]. These two distinct interactions contribute to a very strong association between TPL-2 and p105, and disso-
ciation of recombinant TPL-2/p105 complex produced in insect cells requires high concentrations of urea (8 M) [21]. The im-
portance of TPL-2 regulation by p105 is highlighted by the dysregulated TPL-2 MEK kinase activity and tumorigenic potential 
of C-terminal truncated TPL-2, which lacks one of the binding sites for p105 (see text for details). The same region of TPL-2 
that mediates binding to the PID of p105 is also the principal interaction site with ABIN-2. The binding site on ABIN-2 (194-250) 
contains ABIN-homology domain (AHD) 4 (203-220), which is also present in ABIN-1 and ABIN-3 [100]. ABIN-2 interaction is 
critical to maintain TPL-2 protein stability, and steady-state levels of TPL-2 are dramatically reduced in cells deficient in ABIN-
2. RHD: Rel homology domain, GRR: glycine-rich region, PEST: Domain rich in proline (P), glutamate (E), serine (S) and 
threonine (T), UBAN: ubiquitin-binding in ABIN and NEMO.
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S932 in the p105 PEST region (see Figures 3 and 4). 
These phosphorylations induce the binding of SCFβTrCP 
E3 ligase, which catalyzes the subsequent K48-linked 
polyubiqitination and proteolysis of p105 by the pro-

teasome [42, 44, 45]. This predominantly leads to the 
complete degradation of p105, rather than processing to 
p50 [42, 44]. As a consequence of signal-induced p105 
degradation, associated Rel subunits are released to regu-

Figure 3 Canonical pathway of NF-κB activation. Various stimuli activate the classical NF-κB pathway. Agonist stimulation 
induces adapter recruitment to the cognate receptor, which then activates the IKK complex by a process that involves linear 
and K63-linked ubiquitination, as well as phosphorylation (reviewed in Skaug et al. [101], Vallabhapurapu and Karin [102]). 
IKK phosphorylates two N-terminal residues in IκBα, creating a binding site for the SCFβTrCP ubiquitin E3 ligase complex, 
which attaches K48-linked ubiquitin chains to two adjacent lysine residues, targeting IκBα for proteasomal degradation. Asso-
ciated NF-κB dimers are consequently liberated to translocate to the nucleus and modulate target gene expression.
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Figure 4 Regulation of TPL-2 through IKK-induced p105 proteolysis. TPL-2 is confined to a cytoplasmic complex with the 
NF-κB1 precursor protein p105, and the ubiquitin-binding protein ABIN-2. NF-κB1 p105 has multiple functions. First, it serves 
as a precursor molecule for the NF-κB1 p50 subunit, which is generated by limited proteolysis (processing) of p105 by the 
proteasome, which removes p105’s C-terminal half [33]. Second, p105 functions as a classical IκB (see Figure 2), retaining 
associated NF-κB subunits in the cytoplasm. Cellular stimulation with various agonists, such as TLR ligands, IL-1β, TNF and 
CD40L, induces the formation of receptor proximal complexes that trigger activation of the MAP3 kinase TAK1 [101]. Activa-
tion loop phosphorylation of IKK2 by TAK1, in turn, activates IKK2 to phosphorylate the target residues S927 and S932 in 
p105, creating a binding site for the SCFβTrCP ubiquitin E3 ligase complex. K48-linked ubiquitination of p105 by SCFβTrCP trig-
gers its complete degradation by the 26S proteasome. IKK-induced proteolysis of p105 releases associated NF-κB dimers, 
which then translocate to the nucleus and modulate expression of target genes, similar to activation of NF-κB dimers in the 
classical pathway (see Figure 3). Stimulus-induced p105 proteolysis also couples activation of NF-κB pathways to MAP ki-
nase signaling by releasing TPL-2 from p105 inhibition. After liberation from p105, TPL-2 directly phosphorylates MEK and 
thereby activates downstream ERK MAP kinase signaling. Based on immunoblotting of total cell lysates, it has been sug-
gested that LPS stimulation results in the selective dissociation of M1-TPL-2 from p105 [34]. However, immunoblotting of 
p105-depleted lysates indicates that both M1 and M30 TPL-2 are actually released from p105 after LPS stimulation [41], al-
though the relative contribution of M1 and M30 TPL-2 to MEK phosphorylation in LPS-stimulated macrophages is not known. 
Activation of TPL-2 MEK kinase activity additionally requires trans-/autophosphorylation of S400 by an unknown kinase and 
autophosphorylation at T290 in the TPL-2 activation loop. Proteasomal degradation of p105 also releases ABIN-2 from asso-
ciation with p105 and TPL-2. The function and downstream targets of ABIN-2 are not known.

Agonist
(e.g. TNF, LPS)

Ub

p105
ubiquitination

p105
proteolysis

p105 p105

SCF-βTrCP

p50

p50

p50 RelA

RelA

RelA

Target genes

P

P

P

P

+/–

+

+

+++

?

Nucleus

IKK
complex

TPL-2

TPL-2 ABIN-2

ABIN-2

MEK

ERK



www.cell-research.com | Cell Research

Thorsten Gantke et al.
137

npg

late NF-κB target genes in the nucleus. A recent study 
has demonstrated that IKK-induced p105 proteolysis is 
necessary for optimal TCR-induced NF-κB activation in 
CD4+ T cells and mature CD4+ T-cell helper function [30].

In macrophages, pharmacological inhibition of the 
proteasome blocks both TPL-2 release from p105 and 
ERK activation following LPS stimulation [41, 46], rais-
ing the possibility that IKK-induced p105 proteolysis 
might also regulate these processes. Consistent with this 
hypothesis, LPS-induced release of TPL-2 from p105, 
and its subsequent activation of MEK and ERK, are 
blocked by expression of p105SSAA, which is resistant 
to IKK-induced proteolysis due to mutation of the IKK 
target serines to alanine. Furthermore, LPS activation 
of ERK in macrophages is dependent on IKK2 catalytic 
activity. Thus, IKK-induced p105 proteolysis is essential 
for LPS activation of TPL-2, and for TPL-2-dependent 
activation of ERK following TNF stimulation [46]. It is 
likely that this IKK-induced p105 proteolysis also facili-
tates TPL-2 phosphorylation of MEK following stimu-
lation with other TLR ligands, IL-1β and CD40, which 
each activate ERK via TPL-2.

Regulation of TPL-2 signaling by phosphorylation

Similar to other MAP3 kinases [47], TPL-2 signaling 
function is regulated by phosphorylation. Activation of 
TPL-2 requires phosphorylation of T290 in the activation 
loop of its kinase domain (Figure 1) [48], which may 
also regulate the association of TPL-2 with p105 [49]. 
Based on experiments testing the effect of high concen-
trations of the IKK2 inhibitor PS-1145 in RAW264.7 
macrophages, it was originally suggested that TPL-2 
T290 phosphorylation is controlled by IKK2 [50]. How-
ever, lower concentrations of PS-1145 that effectively 
block IL-1β-induced IκBα degradation do not affect 
TPL-2 T290 phosphorylation, suggesting that this is an 
“off-target” effect of the inhibitor [51]. Indeed, experi-
ments with a small-molecule inhibitor of TPL-2 have re-
cently suggested that T290 is autophosphosphorylated by 
TPL-2 itself after IL-1β stimulation of IL-1R-expressing 
293T cells [52]. TPL-2 must also be phosphorylated on 
S400 in its C-terminal tail to activate MEK following 
LPS stimulation of macrophages [53]. Different experi-
mental systems have suggested that S400 is either au-
tophosphosphorylated by TPL-2 (IL-1β-stimulated IL-
1R-293T cells) or transphosphorylated by an unknown 
kinase (LPS-stimulated RAW264.7 macrophages) [52, 
53]. Interestingly, a recent study has shown that the ex-
tracellular nutrient arginine positively regulates the phos-
phorylation of TPL-2 on both T290 and S400, and con-
sequently TPL-2 activation following LPS stimulation 

[54]. Although the mechanism underlying this effect has 
not yet been worked out, these data imply that nutritional 
status may directly influence ERK activation in innate 
immune responses via regulation of TPL-2 phosphoryla-
tion.

In summary, current data indicate that activation of 
TPL-2 MEK kinase activity involves at least two regula-
tory steps: auto- and/or transphosphorylation on two resi-
dues (T290 and S400), and release from p105-mediated 
inhibition, which is triggered by IKK-induced p105 pro-
teolysis by the proteasome. The IKK complex, therefore, 
directly regulates both NF-κB and the ERK MAP kinase 
activation in innate immune responses via NF-κB1 p105. 
However, although p105 inhibits TPL-2 phosphorylation 
of MEK, it does not directly regulate TPL-2 catalytic ac-
tivity [53, 55]. Therefore, it is possible that TPL-2 phos-
phorylates substrates other than MEK when complexed 
with p105, and independently of regulation by the IKK 
complex.

Regulation of TPL-2 stability by ABIN-2

Tandem-affinity purification and peptide mass fin-
gerprinting identified A20-binding inhibitor of NF-κB 
2 (ABIN-2) as an NF-κB1 p105-interacting protein [56, 
57]. Cotransfection experiments indicate that ABIN-2 
can also interact directly with TPL-2, but preferentially 
forms a ternary complex with p105 and TPL-2. Consis-
tently, a substantial fraction of endogenous ABIN-2 is 
associated with p105 and TPL-2 in primary macrophages 
[57]. ABIN-2 was originally identified in a two-hybrid 
screen, with the NF-κB inhibitory protein A20 as bait, 
and overexpression experiments indicate that ABIN-2 
may be a downstream effector of A20, mediating its NF-
κB inhibitory function [58]. ABIN-2 contains an UBAN 
(ubiquitin binding in ABIN and NEMO) ubiquitin-
binding domain, which is essential for its ability to in-
hibit NF-κB in overexpression experiments [59]. Binding 
analyses with recombinant ABIN-2 have indicated inter-
action with linear ubiquitin chains, and also weak bind-
ing to K63-linked ubiquitin chains [60].

Initial experiments to investigate the significance of 
ABIN-2 association with p105 and TPL-2 utilized siRNA 
knockdown in 293 cells. These experiments demon-
strated that ABIN-2 is required to maintain TPL-2 pro-
tein stability [57], which was subsequently confirmed by 
analysis of various types of primary cells isolated from 
Abin2−/− (also termed Tnip2−/−) mice [61]. Consequently, 
LPS and TNF activation of ERK is reduced, but not ab-
sent, in Abin2−/− macrophages. Since LPS activation of 
ERK in macrophages is completely dependent on TPL-2 
[29], this implies that the small amount of TPL-2 pro-
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tein present in Abin2−/− macrophages is still activated in 
the absence of ABIN-2. Consistent with this hypothesis, 
retroviral expression of TPL-2 in Abin2−/− macrophages 
substantially increases LPS- and TNF-induced ERK 
activation [61]. ABIN-2, therefore, does not seem to be 
important for activation of TPL-2. In addition, ABIN-2 is 
released from p105 and TPL-2 after LPS stimulation, and 
is not associated with the pool of TPL-2 that can activate 
MEK [57].

It is unlikely that the sole function of ABIN-2 is to 
stabilize TPL-2, since this does not require the conserved 
UBAN domain of ABIN-2 [61]. Retroviral expression 
of ABIN-2 deletion mutants has also demonstrated that 
ABIN-2 binding to A20 is not required for stabilization 
of TPL-2 in macrophages. The importance of ABIN-
2 ubiquitin-binding activity and interaction with A20 in 
immune responses remains unclear. Interestingly, ABIN-
2 has been reported to interact with SMRT (silencing 
mediator of retinoic acid and thyroid hormone receptors) 
[62], a core component of corepressor complexes that 
actively repress expression of a fraction of inflammatory 
response genes in macrophages [63]. TLR activation of 
these genes requires the active removal of SMRT, in ad-
dition to the recruitment of activators and coactivators. 
ABIN-2 has also been shown to interact with Baf60a, 
a subunit of the SWI/SNF chromatin-remodeling com-
plex [64], which positively regulates a subset of TLR4-
induced genes in macrophages [65]. Tandem-affinity pu-
rification has demonstrated that ABIN-2 complexes with 
Rel subunits [56], although it is not known whether these 
are direct interactions or are mediated via NF-κB1 p105. 
Since ABIN-2 is released from p105 following LPS stim-
ulation of macrophages [57] and can enter the nucleus 
[64], it is possible that ABIN-2 regulates gene expression 
by controlling the interaction of SMRT, Baf60a and/or 
Rel subunits with target genes.

Regulation of immune and inflammatory responses 
by TPL-2

Analyses of Tpl2−/− mice have suggested critical func-
tions for TPL-2 in immune responses, which are sum-
marized in Table 1. Initial experiments investigated the 
role of TPL-2 in inflammatory responses. Tpl2−/− mice 
were found to produce very low levels of TNF after in-
traperitoneal LPS injection and to be resistant to septic 
shock induced by LPS and d-galactosamine [29]. TPL-2 
is also required for optimal TNF production by LPS-
stimulated macrophages, the major cellular source of 
TNF during inflammatory responses, while LPS-induced 
TNF production by dc is partially dependent on TPL-2 
[29, 37]. However, TPL-2 is not universally involved in 

induction of TNF in macrophages, since curdlan stimula-
tion of dectin-1, which activates ERK via Raf, induces 
TNF independently of TPL-2 expression [37, 66]. The 
requirement for TPL-2 in TNF-induced innate immune 
responses is, therefore, both cell- and stimulus specific.

Pharmacological inhibition of ERK activation with 
MEK inhibitors impairs LPS induction of TNF by mac-
rophages, implying that TPL-2 regulates TNF production 
by controlling ERK activation [29, 67]. Initial experi-
ments suggested that TPL-2/ERK might regulate TNF 
production at a post-transcriptional level by promoting 
the export of Tnf mRNA from the nucleus [29]. In appar-
ent support of this hypothesis, a recent study using TPL-2 
and MEK inhibitors showed that TPL-2/ERK controls, 
at the post-transcriptional level, the expression of the nu-
clear mRNA export receptor Tip-associated protein (TAP) 
[68]. However, pre-TNF protein levels in LPS-stimulated 
primary macrophages are minimally affected by pharma-
cological MEK inhibition or TPL-2 deficiency, indicat-
ing that defective intracellular TNF mRNA transport is 
unlikely to explain the failure of Tpl2−/− macrophages to 
produce TNF [67]. Rather, TPL-2/ERK signaling is re-
quired for the appearance of pre-TNF at the cell surface 
and processing of pre-TNF to soluble TNF, which may 
both be controlled by ERK-mediated phosphorylation of 
TNFα-converting enzyme (TACE) on T735 [69]. TNF 
maturation, but not pre-TNF production, has also re-
cently been shown to be blocked in LPS-stimulated mac-
rophages isolated from a new Tpl2 mutant mouse strain, 
called Sluggish, in which the TPL-2 kinase domain is 
partially deleted. This study confirms the importance of 
TPL-2 in the posttranslational control of TNF production 
[70].

TPL-2 also positively regulates mRNA and protein 
induction of IL-1β and IL-10 following stimulation of 
macrophages and DC with LPS or CpG (TLR9 ligand) 
[36, 37]. MEK inhibitor experiments suggest that TPL-
2 controls TLR-induction of IL-10 and IL-1β via ERK 
[36, 61], while positive regulation of IL-1β production 
by TPL-2 following stimulation with the dectin-1 ligand, 
curdlan, appears to be ERK independent [37]. TLR in-
duction of IL-12 p70 and IFN (interferon)-β is inhibited 
by TPL-2/ERK signaling, and this occurs, at least in part, 
independently of any effects on IL-10 induction [36, 71]. 
TPL-2 signaling therefore has complex pro- and anti-
inflammatory effects on the production of cytokines in 
innate immune responses. In addition, TPL-2 not only 
controls the production of cytokines but also the cellular 
response to TNF and IL-1β, since TPL-2 expression is 
required for activation of ERK by both of these proin-
flammatory cytokines [32, 52, 72]. Indeed, the develop-
ment of TNF-induced Crohn’s-like inflammatory bowel 
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disease in Tnf ΔARE/ΔARE mice, which constitutively over-
produce TNF, is reduced in the absence of TPL-2 expres-
sion [73, 74]. TPL-2 is therefore important in driving 
TNF-induced inflammation.

It will be important in the future to determine how the 
complex effects of TPL-2 on the production and response 
to cytokines regulate immune responses to pathogens, 
in which multiple pattern recognition receptors are acti-
vated and a complex interplay of cytokines is required to 
mount an effective immune response. One recent study 
demonstrated that Tpl2−/− mice have increased pathogen 
burdens compared to wild-type controls after infection 
with Listeria monocytogenes, an intracellular Gram-
positive bacterium [37]. The increased susceptibility of 
Tpl2−/− mice to listeriosis correlates with a substantial 
reduction of IL-1β production following infection. How-
ever, while IL-1β is required for optimal anti-listerial 
responses [75, 76], it remains to be established whether 
defective IL-1β induction explains the increased suscep-
tibility of Tpl2−/− mice to L. monocytogenes infection.

Tpl2−/− mice also have an impaired immune response 
to the intracellular parasite Toxoplasma gondii. Surpris-
ingly, transfer experiments with purified T cells suggest 
that this is due to a T-cell intrinsic defect, rather than 
an altered innate immune response [77]. Resistance to 
T. gondii critically depends on IFN-γ production [78], 
and in vitro experiments revealed that TPL-2 is required 
for optimal differentiation of naïve T cells to Th1 ef-
fector cells producing IFN-γ [77]. Interestingly, in an 
ovalbumin-induced model of asthma that is driven by 
Th2 effector cells, lung inflammation is exacerbated in 
Tpl2−/− mice compared to wild-type controls [77]. Nega-
tive feedback regulation between Th subsets may explain 
this phenotype, whereby decreased Th1 differentiation in 
absence of TPL-2 results in increased Th2 polarization. 
It has been suggested that defective TCR-mediated acti-
vation of ERK in Tpl2−/− CD4+ T cells results in reduced 
T-bet and Stat4 expression, and consequently in reduced 
Th1 differentiation [77]. However, the reduction in TCR-
induced ERK phosphorylation in TPL-2-deficient cells is 
relatively modest and it is possible that TPL-2 has other 
signaling functions in Th1 differentiation. 

In contrast to the above-mentioned studies suggesting 
a requirement for TPL-2 in Th1 differentiation, an in-
dependently generated Tpl2−/− mouse strain has been re-
ported to mount a Th1-skewed immune response follow-
ing Leishmania major infection [79], possibly due to the 
increased production of IL-12 by TPL-2-deficient innate 
immune cells. These conflicting results may be explained 
by differences in how the two Tpl2−/− mouse strains were 
generated, genetic background differences of the mice or 
by differential responses elicited by the two pathogens 
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used in the studies. If the latter explanation is correct, 
this would suggest that the net effect of TPL-2 deficiency 
on effector T-cell development may be dependent on the 
specific type of immune response involved. In addition, 
TPL-2 may not only directly influence the differentiation 
of the Th1 cell subset, as it has recently been reported 
that production of the Th17-promoting cytokine IL-23 
is impaired in LPS-stimulated Tpl2−/− macrophages [80]. 
This suggests that TPL-2 may positively regulate Th17 
cell differentiation. It will be very interesting to investi-
gate this possibility in vivo using Tpl2−/− mice, given the 
importance of Th17 cells in autoimmune diseases [81].

TPL-2 expression is required for CD40 activation of 
ERK in B cells [35]. In vitro experiments suggest that 
IgE switching of purified splenic B cells induced by 
CD40 plus IL-4 requires TPL-2 activation of ERK [35]. 
However, IgE antibody production is not defective in 
Tpl2−/− mice, possibly due to enhanced Th2 cell differen-
tiation (see above), increasing the available concentration 
of IL-4, which promotes switching to IgE [77]. Analysis 
of B cells purified from TPL-2-deficient Nfκb1−/− mice 
has also suggested that TLR4 utilizes TPL-2 to activate 
ERK in B cells [82]. This pathway is proposed to posi-
tively regulate B cell survival by promoting the degra-
dation of the pro-apoptotic protein Bim [83], which is 
directly phosphorylated by ERK [84]. However, the im-
portance of TLR4 activation of ERK via TPL-2 in B cell 
antibody responses is not known.

Several studies indicate that TPL-2 can also control 
inflammatory responses by signaling in non-hematopoi-
etic cells. For example, TPL-2 positively regulates the 
development of pancreatic and lung inflammation during 
caerulein-induced acute pancreatitis [85]. By generat-
ing bone marrow chimeras, pancreatic inflammation was 
shown to be controlled by TPL-2 in non-myeloid cells. 
Analyses of pancreas homogenates demonstrate that 
caerulein activation of ERK, JNK and AP-1 is depen-
dent on TPL-2 expression, as is the induction of MCP-1 
(monocyte chemotactic protein-1), MIP-2 (macrophage-
inflammatory protein-2) and IL-6 [85]. Thus, TPL-2 may 
regulate pancreatic inflammation during pancreatitis by 
mediating proinflammatory signals and the generation 
of neutrophil chemoattracting factors. In vitro experi-
ments also show that TPL-2 is involved in inflammatory 
cytokine activation of ERK and lipolysis in adipocytes, 
and is upregulated in adipose tissue in obese mice and 
humans [86]. TPL-2 therefore may play a role in adipose 
tissue dysfunction in obesity and type-2 diabetes. 

TPL-2 kinase as an anti-inflammatory drug target

The proinflammatory cytokine TNF plays an impor-

tant role in the pathogenesis of rheumatoid arthritis (RA) 
and Crohn’s disease, and biological agents that block its 
activity have been used to treat these diseases [87, 88]. 
However, only a fraction of RA and Crohn’s sufferers re-
spond well to anti-TNF antibodies. Consequently, there is 
still a need for more effective, less expensive and orally 
active drugs for RA and Crohn’s treatment. One approach 
is to target the signaling pathways that regulate the pro-
duction of TNF [89]. TPL-2 is critical for production of 
TNF during TLR-induced inflammatory responses, and 
is an attractive drug target since TPL-2 is not required 
for normal development or viability. Furthermore, TPL-2 
only regulates MEK activation in response to inflamma-
tory stimuli, since activation of MEK by growth factors 
and antigen receptors is mediated by Raf isoforms [90]. 
Amino acid sequence comparisons also demonstrate that 
the TPL-2 kinase domain has relatively low homology to 
other kinases and is also the only human kinase domain 
with a unique proline (P145) rather than a conserved 
glycine on the Gly-rich loop [48]. Therefore, it may be 
possible to identify inhibitors that are selective to TPL-2, 
which do not affect other kinases.

Using in vitro assays in which recombinant truncated 
TPL-2 (M30-TPL-2ΔC) phosphorylates the MEK activa-
tion loop [21], high-throughput screening by the pharma-
ceutical companies Abbott and Wyeth/Pfizer have identi-
fied different classes of small-molecule TPL-2 inhibitors 
(see George and Salmeron [91] for a comprehensive 
review). Several of these appear to be relatively specific 
and block LPS-induced ERK activation and TNF pro-
duction in primary macrophages at low micromolar con-
centrations [92, 93]. In addition, three of Wyeth/Pfizer 
compounds have been reported to have efficacy in vivo, 
blocking TNF production in mice after intraperitoneal 
LPS injection [94]. 

Although there has been considerable progress toward 
the generation of specific TPL-2 inhibitors, more work 
is needed to develop compounds suitable for in vivo use, 
which should be of sufficient potency and have the ap-
propriate physicochemical properties. TPL-2 remains a 
difficult drug target to develop further, since the lack of a 
crystal structure has prevented structure-based drug de-
sign. Indeed, it is unlikely that it will be technically pos-
sible to crystallize isolated M30-TPL-2ΔC, since this is 
associated with heat shock proteins and has a tendency to 
form insoluble aggregates, suggesting that it is not cor-
rectly folded [21]. Furthermore, full-length recombinant 
TPL-2 has an even greater tendency to aggregate. Analy-
ses of Nfκb1−/− and Abin2−/− cells suggest that produc-
tion of correctly folded and stable recombinant TPL-2 
requires its association with p105 and ABIN-2 [34, 38, 
61]. Coexpression of p105 and ABIN-2 may eventually 
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allow structural determination of TPL-2, which could 
be used in structure-based drug design. However, it is 
unclear whether drugs developed from the structure of 
complexed TPL-2 would also target the physiologically 
relevant form of TPL-2, which is released from p105 [41]. 
Nevertheless, the pharmaceutical industry is likely to 
remain interested in developing TPL-2 as a drug target, 
given its critical role in regulating TNF production in in-
flammation.

Conclusions and future research directions

Since its initial discovery in 1991, much progress has 
been made in our understanding of the regulation and 
functions of TPL-2 MAP3 kinase. The discovery by the 
Tsichlis laboratory of the critical role played by TPL-2 
in the induction of TNF in inflammatory responses us-
ing Tpl2−/− mice was particularly important [29]. This 
result identified TPL-2 as a potential anti-inflammatory 
drug target, and continues to stimulate both academic 
and industrial research on this protein. However, TPL-2 
also has anti-inflammatory functions, such as the nega-
tive regulation of IL-12 and IFN-β production in myeloid 
cells [36]. It will therefore be important to test Tpl2−/− 
mice in a variety of autoimmune disease models to estab-
lish whether TPL-2 inhibition is likely to have an overall 
anti-inflammatory effect. It will also be important to test 
the effect of TPL-2 deficiency on immune responses 
against various pathogens to determine whether long-
term pharmacological inhibition of TPL-2 is likely to 
significantly increase susceptibility to opportunistic in-
fection.

Dysregulation of the ERK MAP kinase pathway is 
common in many human cancers, often arising because 
of mutations in the MEK kinase B-Raf [95]. Targeted 
inhibitors of BRAF and its downstream target MEK are 
already undergoing clinical testing [96]. Although Tpl2 
was originally identified as an oncogene, DNA sequence 
analyses have failed to identify Tpl2 mutations in prima-
ry human cancer cells. However, activation of ERK sig-
naling by TPL-2 could still contribute to the transforma-
tion of cells in which IKK is constitutively switched on, 
such as in diffuse large cell lymphoma [97], since IKK-
induced p105 proteolysis facilitates TPL-2 activation. 
This may be an interesting question to investigate in the 
future, since specific inhibitors of TPL-2 are currently 
under development and could potentially be used to treat 
such tumors.

The role of p105 in regulating the MEK kinase activ-
ity of TPL-2 is well established [41, 46]. However, our 
understanding of how phosphorylation regulates TPL-2 
activation is less clear. For example, it is not known why 

S400 phosphorylation is required for TPL-2 activation of 
MEK after LPS stimulation in macrophages [53], espe-
cially since TPL-2S400A has normal catalytic activity when 
expressed in Jurkat or 293T cells [52, 98]. In addition, 
the functional importance of several other known phos-
phorylation sites on TPL-2 has yet to be investigated [54]. 
The identity of the kinases that phosphorylate TPL-2 also 
remains unknown, as is the role of phosphatases in regu-
lating TPL-2 signaling activity.

One key outstanding question is whether TPL-2 only 
controls MAP kinase signaling via phosphorylation of 
MAP2 kinases or whether TPL-2 can phosphorylate 
other classes of proteins and consequently regulate 
other signaling pathways. The function of the TPL-2-
associated ubiquitin-binding protein, ABIN-2, in immu-
nity is also completely unclear. Since ABIN-2 expression 
is required to maintain steady-state TPL-2 levels [61], 
progress in this area will require the generation of more 
sophisticated Abin2-mutant strains, which block ABIN-2 
signaling function (e.g., ubiquitin-binding function) 
without affecting TPL-2 stability.

The consequences of linking NF-κB and ERK activa-
tion via IKK-induced p105 proteolysis are also unknown. 
One interesting question is whether these two p105-de-
pendent signaling pathways regulate the transcription of 
the same target genes in TLR-stimulated macrophages. 
If this is the case, at least for some TLR-induced genes, 
p105 proteolysis could potentially promote transcription 
via synergistic interactions between NF-κB and AP-1 
transcription factors on the promoters of target genes 
[99]. What is clear, however, is that care has to be taken 
in attributing the phenotypes of Nemo-, Ikk2- and Nfκb1-
deficient mice solely to impaired NF-κB activation, as 
TPL-2 signaling function will also be affected.
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