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Cot/Tpl2, a member of MAP kinase kinase kinase (MAPKKK), is indispensable for the ERK activation, as well
as the production of TNF-a, IL-1B, IL-23, and PGE, in lipopolysaccharide (LPS)-stimulated macrophages.
However, the expression and the functional roles of Cot/Tpl2 in mast cells have not been elucidated. The
administration of LPS impairs allergic airway inflammation in a mast cell-dependent manner, and LPS stim-

Keywords: ulates mast cells to produce not only pro-inflammatory cytokines, such as IL-6 and TNF-o, but also Th2-type
%@;t Cﬁ” cytokines, such as IL-5, IL-10 and IL-13. Here, we examine the role of Cot/Tpl2 by using bone marrow-
A]lercgi derived mast cells (BMMCs) from cot/tpl2 gene-deficient mice. Phosphorylation of ERKs was significantly

decreased, whereas that of [NKs and p38 kinase was normal in LPS-stimulated cot/tpl2~/~ BMMCs compared
with wild-type counterparts. LPS-induced mRNA increase was significantly impaired for IL-5, IL-10, IL-13,
and TNF-a, but was normal for IL-6, in cot/tpl2~/~ BMMCs. On the other hand, degranulation by FceRI-clus-
tering from cot/tpl2~/~ BMMCs was significantly enhanced compared with the WT control. Although the
phosphorylation of ERKs and p38 kinase by FceRI-clustering was similar in WT and cot/tpl2~/~ BMMCs,
the phosphorylation of Syk was significantly enhanced in cot/tpl2~/~ BMMCs, which seemed to be due to
the increased protein concentration of Syk. These results imply the functional importance of Cot/Tpl2 in
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mast cells during the course of allergic diseases such as asthma.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Mast cells are central effector and regulatory cells in Th2-dom-
inated immune responses. The multivalent binding of antigen to
receptor-bound IgE and the subsequent aggregation of the high-
affinity FceRI provide triggers for mast cell activation, inducing
the release of inflammatory mediators, such as histamine, leuko-
toriene C4, and prostaglandin D2 [1]. On the other hand, mast cells
also play a critical role in host immune defense against gram-neg-
ative bacteria through the release of TNF-a [2].

Pathogen-associated molecular patterns (PAMPs) are repre-
sented mostly by molecules localized in microbial cell walls. LPS,
a prominent PAMP, binds to soluble LPS binding protein (LBP)
and then to CD14 [3], which presents the complex to the LPS
signaling receptor, Toll-like receptor (TLR) 4 [4]. Signals originating
from the LPS-triggered TLR4 receptor activate signaling molecules
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such as NF-xB [5], AP-1 [6] and MAP kinases including extracellu-
lar signal-regulated kinases (ERKs) [7], c-Jun N-terminal kinases
(JNKs) [8], and p38 kinases [9], in target cells. The involvement
of these three types of MAP kinases in cellular responses such as
cytokine production has been documented extensively [8].

Mast cells respond to LPS by producing IL-1B, IL-6, and TNF-o
without degranulation [10,11]. Recently, we and others have dem-
onstrated that LPS also induce significant amounts of Th2-associated
cytokines such as IL-5, IL-10 and IL-13, but not IL-4, from mast cells
through MAP kinase activation [11,12]. The cytokine production was
abolished in bone-marrow-derived mast cells (BMMCs) derived
from C3H/He] mice, in which TLR4 is functionally defective, suggest-
ing it requires functional TLR4 [12]. Various investigators have
indicated that exposure to LPS induces airway hyper-responsive-
ness [13] and worsens allergic airway inflammation [14], indicating
LPS as a risk factor for asthma patients. Thus, it is an intriguing
possibility that the worsening effect of LPS on asthma is at least par-
tially due to the Th2-type cytokine secretion by mast cells.

A serine/threonine protein kinase, Cot/Tpl2 [15], belongs to the
mitogen-activated protein kinase kinase kinase (MAP3K) family,
and can activate both the ERK and JNK signaling pathways [16,17].
Cot/Tpl2 has also been implicated in NF-kB activation through IxB-
kinase complex or degradation of the inhibitory p105 protein, which


http://dx.doi.org/10.1016/j.bbrc.2010.08.075
mailto:tmatsugu@denta.hal.kagoshima-u.ac.jp
http://dx.doi.org/10.1016/j.bbrc.2010.08.075
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

2 N. Chiba et al./Biochemical and Biophysical Research Communications 402 (2010) 1-6

has recently been reported as a stabilizer/inhibitor of Cot/Tpl2 [18].
The activation of ERK is specifically defective in LPS-stimulated cot/
tpl2~/~ macrophages, which results in the impaired secretion of
TNF-0, a key regulator in both inflammation and immunity [19].

We have previously demonstrated that macrophages and DCs
from cot/tpl2~/~ mice produce significantly more IL-12, a heterodi-
mer consisting of p35/p40, in response to TLR ligands, such as CpG
DNA and LPS, than their normal counterparts [20]. The increased
production of IL-12 was due to the higher induction level of p35
mRNA. Interestingly, cot/tpl2~/~ macrophages produce significantly
less IL-23, a heterodimer (p19/p40) sharing p40 subunit with IL-12,
than wild-type macrophages resulting from the decreased induc-
tion level of p19 [21]. Thus the Cot/Tpl2 kinase activity in mouse
macrophages regulates IL-12/IL-23 expression in opposite direc-
tions in response to LPS. However, the functional roles of Cot/
Tpl2 in mast cells have not been elucidated.

Here, we examine the functional roles of Cot/Tpl2 in the activa-
tion of mast cells using bone marrow-derived mast cells (BMMCs)
from cot/tpl2~/~ mice. Our data suggest that Cot/Tpl2 is an essential
regulator of various cytokine expression as well as degranulation
in mast cells activated by LPS and FceRI-clustering, respectively.

2. Materials and methods
2.1. Reagents and materials

LPS from Escherichia coli serotype 055:B5, RPMI1640 medium,
monoclonal anti-dinitrophenyl (DNP) clone SPE-7, and p-nitro-
phenyl N-acetyl-B-p-glucosaminide were purchased from Sigma
Chemical Co. (St. Louis, MO). DNP-conjugated bovine serum albu-
min (BSA) was obtained from CALBIOCHEM (Darmstadt, Germany).
Polyclonal anti-JNK1 and anti-p38 kinase Abs were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA). Phospho-specific anti-
p38 polyclonal Ab, anti-ERK1/2 polyclonal Ab, phospho-specific
anti-ERK monoclonal Ab, and anti-IkBa polyclonal Ab were pur-
chased from Cell Signaling Technology (Beverly, MA).

2.2. Cells

The cot/tpl2~/~ mouse was generated as described as previously
[20]. Animal experiments were conducted in accordance with the
institutional guidelines for the care and use of laboratory animals.
BMMCs were derived from bone marrow cells of 6-8-week-old fe-
male C57BL/6] and cot/tpl2~/~ mice. These cells were cultured with
50% WEHI-3B-conditioned medium for 2 weeks, and then the cells
were harvested for experiments. The cells were >98% mast cells as-
sessed by toluidine blue staining.

2.3. Flowcytometric analysis

Cells were stained with PE or FITC-conjugated antibodies at 4 °C
for 20 min. The cell surface expression of proteins was assessed by
EPICS® XL-MCL (Beckman Coulter, Brea, CA).

2.4. Cytokine measurement

TNF-a cytokine concentration in the culture supernatants was
assessed by ELISA. Briefly, BMMCs (2 x 106 cells/mL) were stimu-
lated with 1 pg/mL LPS or PMA (20 ng/mL)/ionomycin (100 ng/
mL) for 8 h. The cytokine concentration was measured by mouse
TNF-ot ELISA kit (R&D Systems, Minneapolis, MN).

2.5. RT-PCR

Total cellular RNA was isolated as described as previously [12].
Complementary DNA was synthesized from 3 pg total RNA by

extension of random primers with 300U ReverTra Ace® reverse
transcriptase (TOYOBO Life Science, Japan). The amplification of
c¢DNA was performed with a temperature controller. The primer se-
quences were described previously [22].

2.6. Northern blot analysis

Northern blot analysis was performed as previously as de-
scribed [23]. Briefly, 2 pg of the total RNA samples were electro-
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Fig. 1. LPS-induced ERK1/2 phosphorylation was abrogated in cot/tpl2~/~ BMM(Cs.
(A) Flowcytometric analyses of BMMCs for the cell surface expression of cKit and
FceRlo. BMMCs derived from C57BL/6] and cot/tpl2~/~ mice were surface stained
with FITC-labeled anti-cKit and PE-labeled anti-FceRIo antibodies. Histograms of
each protein expression are shown in combination with the respective isotype-
control results. The numbers indicate the percentage of positive cells for the surface
expression. (B) BMMCs from WT and cot/tpl2~/~ mice were stimulated with LPS at
1 pg/ml for indicated time. The cytoplasmic lysates were separated by SDS-PAGE
and immunoblotting was performed with indicated antibodies.



N. Chiba et al./Biochemical and Biophysical Research Communications 402 (2010) 1-6 3

phoresed, transferred to nitrocellulose membranes, and hybridized
with 32P-labeled p-actin or TNF-o. cDNA probe.

2.7. Western blot analysis

Cytoplasmic cell lysate was prepared with PLC lysis buffer as
previously described [22]. Proteins separated by SDS-polyacryl-
amide gel electrophoresis were transferred to immobilon polyvi-
nylidene difluoride membranes (Millipore, Bedford, MA). Western
blotting analysis was proceeded as described as previously [24],
followed by detection using enhanced chemiluminescence system
(Perkin-Elmer, Boston, MA) according to the manufacturer’s
instructions.

2.8. Degranulation assay

The degree of degranulation was determined by measuring the
release of B-hexaminidase as described previously [22]. Briefly,
BMMCs were bound with 2 pg/mL anti-DNP IgE for 2 h at 37 °C,
washed twice, and resuspended in Tyrode’s buffer. The cells were
stimulated with 100 ng/mL DNP-conjugated BSA or PMA/ionomy-
cin for 40 min. The supernatants and intact-cell lysates were re-
acted with 1.3 mg/mL p-nitrophenyl N-acetyl-p-p-glucosaminide
in 0.1 M citrate buffer (pH4.5) for 90 min at 37 °C. The reaction
was stopped by adding 0.2 M glycine (pH 10.7), and OD4p5 was
measured by spectrophotometer.

3. Results

3.1. Cot/Tpl2 is indispensable for LPS-stimulated ERK activation in
BMMCs

BMMCs were isolated from bone marrow cells of wild-type
(WT) and cot/tpl2~/~ mice by a standard procedure as described

in Section 2. Maturation of mast cells was similarly confirmed for
both WT and cot/tpl2~/~ cells by toluidine blue staining (data not
shown) and cell surface expression of c-Kit/FceRla (Fig. 1A), indi-
cating that Cot/Tpl2 is basically dispensable for mast cell
differentiation.

Signaling activities of MAP kinases and NF-kB were measured
by Western blotting for the isolated BMMCs using phospho-spe-
cific antibodies and anti-IkB antibody. Stimulation with LPS rap-
idly induced phosphorylation of ERK1/2, JNKs, and p38 kinase, as
well as the degradation of IkBa in WT BMMCs (Fig. 1B), as we pre-
viously reported [12]. In cot/tpl2~/~ BMMCs, however, LPS-stimu-
lated phosphorylation of ERK1/2 was abrogated. On the other
hand, the phosphorylation of JNKs and p38 kinase, as well as the
degradation of IxBa, was normally induced by LPS in cot/tpl2~/~
BMMCs.

3.2. Cot/Tpl2 is essential for the gene expression of IL-5, IL-10, IL-13,
and TNF-a in LPS-stimulated BMMCs

We and others have previously reported that mast cells produce
not only pro-inflammatory cytokines such as TNF-a and IL-6, but
also Th2-type cytokines such as IL-5, IL-10 and IL-13, when ex-
posed to LPS [10,12,25,26]. As Cot/Tpl2 has been reported essential
for TNF-a production in LPS-stimulated macrophages [19], we
measured TNF-o protein in the culture supernatants of WT and
cot/tpl2~/~ BMM(Cs (Fig. 2A). When stimulated with LPS, cot/tpl2~/
~ BMMCs produced significantly less TNF-o than WT BMMCs. This
was in sharp contrast to the TNF-a production induced by PMA/
ionomycin stimulation, which was comparable between WT and
cot/tpl2~/~ BMMCs. When TNF-o. mRNA levels were examined,
cot/tpl2~'~ BMMCs expressed significantly less TNF-o. mRNA in re-
sponse to LPS than WT BMMCs in both Northern blotting (Fig. 2B)
and semi-quantitative RT-PCR (Fig. 2C) analyses.
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Fig. 2. Cot/Tpl2 is essential for the LPS-stimulated induction of TNF-o. and Th2-type cytokines in BMMCs. (A) BMMCs collected from WT and Cot/tpl2~/~ mice were stimulated
with LPS or PMA/ionomycin for 8 h, and the culture supernatants were collected. The concentrations of TNF-a in the supernatants were assessed by ELISA. The significance of
difference was determined by Student's t-test (p < 0.001). (B, C) Total RNA was collected from LPS-stimulated WT and cot/tpl2~/~ BMMCs, and the cytokine mRNAs were
analyzed by RT-PCR with indicated primers (B) or by Northern blot with the cDNA probe for TNF-a (C).
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Fig. 3. Antigen-induced degranulation was enhanced in cot/tpl2~/~ BMMCs. (A) Anti-DNP IgE-bound WT and Cot/tpl2~/~ BMMCs were stimulated with DNP-conjugated BSA
(100 ng/mL) or PMA/ionomycin for 40 min. Degranulation from BMMCs was assessed by B-hexosaminidase releasing assay. (B) Anti-DNP IgE-bound WT and Cot/tpl2~/~
BMMCs were stimulated with DNA-conjugated BSA (100 ng/mL) for indicated time. The cytoplasmic lysates were separated by SDS-PAGE and Immunoblotting was

performed with indicated antibodies.

We next examined the effect of cot/tpl2-deficiency on the mRNA
expression of Th2-type cytokines (IL-5, IL-6, IL-10 and IL-13) in
LPS-stimulated BMMCs (Fig. 2C). Similarly to TNF-o, mRNA induc-
tion of IL-5, IL-10, and IL-13 by LPS was significantly inhibited in
cot/tpl2~/~ BMMCs. In contrast, the level of IL.-6 mRNA induced
by LPS was similar between WT and cot/tpl2~/~ BMMCs.

3.3. FceRI-mediated degranulation was enhanced cot/tpl2~/~ BMMCs

Clustering of FceRI on mast cells triggers a network of processes
that culminates in the secretion of granule-stored mediators [27].
In order to analyze the effect cot/tpl2-deficiency on the degranula-
tion processes, clustering of IgE-bound FceRI on WT and cot/tpl2~/~
BMMCs were induced by multivalent antigen, followed by mea-
surement of the released p-hexaminidase. The extent of degranula-
tion from cot/tpl2~/~ BMMCs was significantly enhanced compared
with the WT control (Fig. 3A). When the BMMCs were stimulated
by PMA/ionomycin, degranulation was similarly observed for WT
and cot/tpl2~/~ BMMCs (Fig. 3A), indicating that the downstream
degranulation mechanism is intact and responds normally to the
PKC/Ca** signal in cot/tpl2~/~ BMMCs.

We next analyzed the activation of cell signaling molecules in
BMMCs stimulated by FceRI-clustering. The addition of the multi-
valent antigen rapidly induced the phosphorylation of ERKs, p38

kinase, and Syk in both WT and cot/tpl2~/~ BMMCs (Fig. 3B). The in-
duced phosphorylation level of Syk was significantly higher in cot/
tpl2~/~ BMMCs, whereas that of ERKs and p38 kinase was similar
between WT and cot/tpl2~/~ BMMCs. The increased Syk phosphor-
ylation was apparently due to the increased protein concentration
of Syk in cot/tpl2~/~ BMM(Cs (Fig. 3B). The protein concentration of
Syk was consistently higher in cot/tpl2~/~ BMMCs in several inde-
pendent experiments.

4. Discussion

In the present study, we sought to examine the role of Cot/Tpl2, a
serine/threonine kinase, in the LPS-stimulated cytokine production
by mast cells. Mast cells, which are essential inducers of allergic
reactions, also play a critical role in host immune defense against
gram-negative bacteria through the release of TNF-o. [2]. [t was pre-
viously reported that macrophages derived from cot/tpl2~/~ mice
were severely impaired in the activation of ERKs and the secretion
of TNF-a, but normal in the activation of JNKs and p38 kinase, in re-
sponse to LPS stimulation [19,20], indicating a specific involvement
of Cot/Tpl2 in the downstream signal of LPS in macrophages. Here,
our present data have added some new information demonstrating
that Cot/Tpl2 is also essential as the upstream regulator of ERK acti-
vation and TNF-a production in mast cells.
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In a previous report, as the TNF-oo mRNA was normally induced
by LPS, the authors concluded that Cot/Tpl2 is essential for the
post-transcriptional regulation of TNF-o expression in macro-
phages. Using an independently developed line of cot/tpl2~/~ mice,
we previously demonstrated that Cot/Tpl2 is at least partially in-
volved in the TNF-o0 mRNA increase in LPS-stimulated macro-
phages [20]. Being similar to our previous report on
macrophages, LPS-stimulated increases of TNF-oo mRNA and pro-
tein secretion were both severely impaired in cot/tpl2~/~ BMMCs
(Fig. 2A and B), indicating that Cot/Tpl2 is essential in mast cells
for the TNF-oo mRNA expression in response to LPS. The reason
for the discrepancy between the previous report and our results
is unclear. It is possible that Cot/Tpl2 regulates the LPS-mediated
expression of TNF-a at both transcriptional and post-transcrip-
tional levels.

Besides TNF-o, mast cells respond to LPS by also producing sig-
nificant amounts of Th2-associated cytokines including IL-5, IL-10
and IL-13, but not IL-4 [12]. It is probably of much clinical signifi-
cance as various investigators have indicated bacterial infection as
a risk factor for asthma [13,14]. Our present data have shown that,
similarly to TNF-o, Cot/Tpl2 is also essential for the mRNA expres-
sion of IL-5, IL-10, and IL-13, in LPS-stimulated mast cells (Fig. 2C).
This is especially important, as Cot/Tpl2 may be considered as a
candidate for the new therapeutic target of various immune disor-
ders caused by Th2-type responses.

It should be noted, however, that cot/tpl2~/~ BMMCs were hy-
per-responsive in degranulation stimulated by FceRI-clustering
(Fig. 3A). Unlike the response to LPS, this is not due to the defective
ERK activation, as ERK phosphorylation was normally induced by
FceRI-clustering in cot/tpl2~/~ BMMCs (Fig. 3B), indicating that
Cot/Tpl2 is not essential as the upstream activator of ERK in FceRI
signaling. Instead, cot/tpl2~/~ BMMCs showed significantly in-
creased phosphorylation of Syk compared with the WT cells, after
FceRI-clustering (Fig. 3B). This appears to be due to the increased
protein expression level of Syk (Fig. 3B). Syk is a major player of
FceRl signaling, whose activation, which is caused by its phosphor-
ylation, is essential for the antigen-mediated degranulation [28]. It
is postulated that Cot/Tpl2 functions as a positive regulator of Syk
protein expression during mast cell differentiation. The elucidation
of the detailed mechanism, however, needs further examination.

Unlike TNF-o, the inhibitory effects of cot/tpl2-dificiency on
LPS-induced Th2-type cytokine production from mast cells do
not seem to be mediated through the decreased ERK activity, as
pretreatment with PD98059, a specific inhibitor of MEK1/2, failed
to inhibit the LPS-mediated production of any of the Th2-type
cytokines from BMMCs [12]. As MEK1/2 is a direct upstream kinase
of ERKs and Cot/Tpl2 is a further upstream signaling molecule of
the MEK1/2-ERK activation pathway, we hypothesize that Cot/
Tpl2 controls LPS-stimulated Th2-type cytokine production inde-
pendently of MEK1-2-ERK activation. In support of our hypothesis,
previous reports have indicated the MEK1/2-ERK-independent
functions of Cot/Tpl2. For example, macrophages from cot/tpl2~/~
mice responded to CpG (bacterial) DNA, a ligand of TLR9, with sig-
nificantly increased expression of IL-12 and IL-10, whereas the CpG
DNA-induced phosphorylation of ERKs was intact [20]. Cot/Tpl2 is
required in fibroblasts for the transduction of cell migration and
gene expression signals originating in the G-protein-coupled
receptor proteinase-activated receptor 1 (PAR1) by activating
Rac1 and focal adhesion kinase (FAK) in an apparently ERK-inde-
pendent manner [29].

More importantly, in LPS-stimulated macrophages, Cot/Tpl2 has
been reported to mediate the activation of cAMP-responsive ele-
ment-binding protein (CREB) through its phosphorylation by
Msk1 in a manner at least partially independent of ERK activation
[30]. CREB is a transcriptional factor involved in the transcriptional
up-regulation of both IL-10 [31] and IL-13 [32]. Furthermore, we

have found that CREB is more rapidly phosphorylated by LPS in
BMM(Cs than in peritoneal macrophages (data not shown). Thus,
itis an intriguing possibility that Cot/Tpl2 mediates LPS-stimulated
induction of IL-10 and IL-13 mRNAs through the activation of CREB
in an ERK-independent manner.

The mechanism of IL-5 mRNA induction by LPS in mast cells is
largely unknown at present. Previous reports showed that IL-5 pro-
duction is dependent on the protein kinase C (PKC) activity [33],
and found functional NFAT binding sites in the proximal promoter
of the IL-5 gene [34]. Noticeably, it has been recently reported that
Cot/Tpl2 physically associates with protein kinase C (PKC) and nu-
clear factor of activated T cells (NFAT) c2, and directly regulates
transcriptional activity of NFATc2 by its phosphorylation in T cells
[35], indicating the possibility that Cot/Tpl2 mediates the induc-
tion of IL-5 by LPS through PKC and/or NFAT.

In conclusion, our present findings indicate the unique roles of
Cot/Tpl2 in both the LPS-stimulated cytokine expression and the
IgE-mediated degranulation of mast cells. As several specific Cot/
Tpl2 inhibitors have recently been reported [36], Cot/Tpl2 may
be considered as a candidate for a new therapeutic target of aller-
gic diseases such as asthma.
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