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Background: CC chemokine ligand 2 (CCL2) recruits leukocytes in inflammatory tissues.
Results: Vimentin, a cytoskeletal protein, interacted with phosphorylated MAPKs, was critical for CCL2 production in mast
cells activated via F�cRI and a CC chemokine receptor.
Conclusion: Vimentin was involved in optimal CCL2 production in mast cells.
Significance: This work contributes to understanding of mechanisms for chemokine production in mast cells, which are
therapeutic targets for allergic inflammation.

Accumulating evidence points to cross-talk between Fc�RI
and CC chemokine receptor (CCR)-mediated signaling path-
ways in mast cells. Here, we propose that vimentin, a protein
comprising type III intermediate filament, participates in such
cross-talk for CCL2/monocyte chemotactic protein 1 (MCP-1)
production in mast cells, which is a mechanism for allergic
inflammation. Co-stimulation via Fc�RI, using IgE/antigen, and
CCR1, using recombinant CCL3/macrophage inflammatory
protein-1� (MIP-1�), increased expression of phosphorylated,
disassembled, and soluble vimentin in rat basophilic leukemia
(RBL)-2H3 cells expressing humanCCR1 (RBL-CCR1 cells) and
bone marrow-derived murine mast cells, both models of muco-
sal type mast cells. Furthermore, co-stimulation enhanced pro-
duction of CCL2 as well as phosphorylation of MAPK. Treating
the cells with p38MAPK inhibitor SB203580, but not withMEK
inhibitor PD98058, reduced CCL2 production, suggesting that
p38 MAPK, but not ERK1/2, plays a critical role in the chemo-
kine production. Immunoprecipitation analysis showed that
vimentin interacts with phosphorylated ERK1/2 and p38
MAPKs in the co-simulated cells. Preventing disassembly of the
vimentin by aggregating vimentin filaments using �,��-imino-

dipropionitrile reduced the interaction of vimentin with phos-
phorylated MAPKs as well as CCL2 production in the cells.
Taken together, disassembled vimentin interacting with phos-
phorylated p38MAPK could mediate CCL2 production in mast
cells upon Fc�RI and CCR1 activation.

Mast cells play an important role in IgE-associated allergic
disorders and immune responses to parasites, and Fc�RI cross-
linking is a key event in activatingmast cells. The association of
allergen with IgE bound to Fc�RI trigger signaling cascades
leading to activation of kinases, phosphatases, and GTPases,
which subsequently induce a variety of events, such as degran-
ulation, cytoskeleton rearrangement, increased gene transcrip-
tion, and cytokine/chemokine production, in the activated
mast cells (1, 2).
Besides the classical Fc�RI-mediated mechanism, mast cells

are also activated by chemokines (3, 4). A superfamily of small,
structurally related cytokine molecules, chemokines are char-
acterized by their ability to affect trafficking of leukocytes.
Some chemokines, such as CCL2/MCP-1 (monocyte chemo-
tactic protein 1), CCL3/MIP-1� (macrophage inflammatory
protein-1�), CCL5/RANTES (regulated upon activation, nor-
mal T-cell expressed and secreted), andCCL11/eotaxin-1, have
been reported to activate mouse, rat, or human mast cells
(3–6). Abundant expression of these CC chemokines and accu-
mulation of leukocytes has also been observed in allergic
inflammatory tissues (7–9). It is very likely that Fc�RI andCCR5

engagements occur either simultaneously or in relatively rapid
succession in mast cells in vivo.
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We previously found that CCL3 acts as a co-stimulator for
Fc�RI-mediated degranulation in conjunctival mast cells using
CCL3-deficient mice (10). Moreover, CCL3 synergistically
enhanced Fc�RI-mediated degranulation and gene expression
of cytokines and chemokines (e.g. IL-6 and CCL7/MCP-3) in a
rat basophilic leukemia 2H3 cell line (RBL-2H3) expressing CC
chemokine receptor 1 (CCR1), a receptor for CCL3, and bone
marrow-derivedmurinemast cells (11–14). These observations
indicate that (i) the simultaneous engagement of Fc�RI and
CCR1 is important for optimal activation of mast cells in vitro
andphysiologically relevant levels ofmast cell activation in vivo,
and (ii) there is a cross-talk between the Fc�RI-mediated and
CCR1-mediated signaling cascades.
In this paper, we also found that CCL3 synergistically

enhanced Fc�RI-mediated CCL2 production in RBL-CCR1
cells and bone marrow-derived murine mast cells (BMMCs).
CCL2 is a chemoattractant to induce migration of monocytes,
T cells, and eosinophils (3, 9). Increased expression of CCL2
protein in inflammatory tissues of allergic patients has been
observed (3, 7–9, 15). Targeting chemokine(s) is a strategy to
establish new anti-inflammatory drugs for treatment of aller-
genic diseases. To better understand the molecular mecha-
nisms for chemokine production involved in the complex
response of mast cell activation, we investigated the proteins
involved in the cross-talk between Fc�RI-mediated and CCR1-
mediated signaling pathways.
Here, we identified phosphorylated vimentin, a cytoskeletal

protein, as the major protein species up-regulated in the co-
stimulated mast cells with IgE/Ag and CCL3. Interestingly,
vimentin interacted with mitogen-activated protein kinase
(MAPK), extracellular signal-regulated kinase 1/2 (ERK1/2),
and p38MAPK. Furthermore, our findings suggest that vimen-
tin is a component for optimal production of CCL2 in the
Fc�RI- and CCR1-engaged mast cells.

EXPERIMENTAL PROCEDURES

Cell Culture—Monolayer cultures of RBL-CCR1 cells (rat
basophilic leukemia RBL-2H3 cells expressing human CCR1)
(16) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 12% fetal bovine serum (FBS), 2 mM glu-
tamine, 100 units/ml penicillin, 100 �g/ml streptomycin, and 1
mg/ml geneticin.
To generate primary BMMCs, lowdensitymononuclear cells

(LDMNCs) were isolated from BALB/c mice (Jackson Labora-
tories) and cultured in RPMI1640 containing 10% FBS, 4 mM

glutamine, 100 units/ml penicillin, 100�g/ml streptomycin, 0.1
mM non-essential amino acids, and 50 �M 2-mercaptoethanol
in the presence of 5 ng/ml of recombinant murine IL-3 (Pepro-
Tech) for 4–6 weeks (12, 17). The purity of BMMCs exceeded
80%, which was determined by flow cytometric analysis after
staining c-Kit and Fc�RI on the cell surface. Tissue culture
media and cell culture supplements were from Invitrogen.
Chemokine Production Assay—RBL-CCR1 cells (3.0 � 106

cells/ml) and BMMCs (1.0 � 106 cells/ml) were sensitized with
10 and 100 ng/ml anti-DNP IgE monoclonal antibody (SPE7,
Sigma-Aldrich) overnight, respectively. These cells were then
treated with or without the p38 MAPK inhibitor SB203580
(Calbiochem) or MEK inhibitor PD98058 (Calbiochem) for 1 h

or �,��-iminodipropionitrile (Sigma-Aldrich), inhibitor of sol-
uble vimentin formation, for 1 h and subsequently stimulated
with DNP-conjugated human serum albumin (DNP-HSA from
Sigma-Aldrich) and/or human rCCL3 (R&D Systems) in
DMEMcontaining 2%FCS for 2–6 h. The concentrations of rat
andmurine CCL2 in the culture supernatant weremeasured by
ELISA (Peprotech and eBioscience, respectively).
Measurement of Phosphorylated ERK1/2 and p38 MAPK by

ELISA—After sensitization with anti-DNP-IgEmAb, cells were
stimulatedwith rCCL3 and/orDNP-HSA for 5min and lysed in
10 mM Tris buffer, pH 7.4, containing 100 mM NaCl, 1 mM

EDTA, 1 mM EGTA, 1 mM NaF, 20 mM Na4P2O7, 2 mM

Na3VO4, 1% Triton X-100, 10% glycerol, 0.1% SDS, and 0.5%
deoxycholate. The levels of total and phosphorylated ERK and
p38 kinase in cell lysates were measured by ELISA (Invitrogen)
following the manufacturer’s instructions.
Two-dimensional Gel Electrophoresis—RBL-CCR1 cells

(1.5 � 106 cells/ml) were sensitized with anti-DNP IgE mAb
overnight and stimulated with 10 ng/ml DNP-HSA and 100
ng/ml rCCL3 for 5 min. The cells were washed with cold PBS
and lysed in a buffer containing urea (8 M), CHAPS (4%, w/v),
DTE (65mM), resolytes 3.5–10 (2%, v/v), 2.5�g/ml DNase I, 2.5
�g/ml RNase, 50 mM NaF, 1 mM Na3VO4, protease inhibitors
(Complete, Roche Applied Science), and a trace of bromphenol
blue. The total lysates were loaded on the first dimensional
separation with a sigmoidal immobilized pH gradient (IPG)
from pH 4.0 to 7.0. After equilibration, the IPG gel strips were
transferred onto the second dimension vertical gradient slab
gels and runwith the Laemmli SDS-discontinuous system. Pro-
teins were detected using Coomassie staining. Two-dimen-
sional gel electrophoresis and gel staining were performed by
the Proteomics Core Facility at the University of Geneva.
Protein Identification by MALDI-TOF MS—Protein spots

were excised from the polyacrylamide gel, reduced with dithi-
othreitol, treated with iodoacetamide (Sigma-Aldrich) for car-
boxyamidation of the cysteine residues, and digested in situ
with trypsin (sequencing grade; Roche Applied Science),
according to the method of Shevchenko et al. (18, 19). An ali-
quot of the liquid surrounding the gel pieces wasmixed with an
equal volume of matrix solution (60% (v/v)) acetonitrile, 0.5%
(v/v) trifluoroacetic acid (Applied Biosystems), 6 mg/ml
�-cyano-4-hydroxycinnamic acid (Bruker Daltonics GmbH,
Bremen, Germany). One microliter of the mixture was spotted
immediately onto a 384-well stainless steelMALDI-TOF target
and allowed to dry. Peptide calibration standard solution
(Bruker Daltonics) was spotted in a similar manner adjacent to
the samples.
The mass spectra were recorded on an Ultraflex I (Bruker

Daltonics) MALDI mass spectrometer. Peptides were selected
for fragmentation analysis by LIFT-MS/MS sequencing (20).
The spectra were interpreted using FlexAnalysis and Biotools
software (BrukerDaltonics), and the datawere searched against
non-redundant protein sequence databases using the program
MASCOT (21). Proteins were identified with 0.2-Da accuracy
and a minimum of four matching peptides.
Extraction of Soluble Vimentin—Themethod of Valgeirsdot-

tir et al. (22) for extracting soluble vimentin was slightly modi-
fied. Briefly, after washing with ice-cold PBS, cells were lysed in
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PBS (pH 7.4) containing 1% Nonidet P-40, 0.5% sodium deoxy-
cholate, 50 mM NaF, 1 mM Na3VO4, and protease inhibitors.
Immunoprecipitation—For immunoprecipitation to detect

phosphorylation of tyrosine, serine, and threonine residues in
vimentin, the cells were lysed in PBS containing 5 mM EDTA,
2% SDS, 10% glycerol, 2.5 �g/ml DNase I, 2.5 �g/ml RNase, 50
mM NaF, 1 mM Na3VO4, and protease inhibitors. The lysates
were diluted 20-fold with PBS containing 1% Nonidet P-40, 5
mM EDTA, 50mMNaF, 1mMNa3VO4, and protease inhibitors.
The lysates were incubated with protein A/G Plus-agarose
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and rabbit
anti-vimentin mAb (clone H54; Santa Cruz Biotechnology).
Proteins complexed to the agarose gels were recovered, resus-
pended in sample buffer, and analyzed by immunoblotting. For
immunoprecipitation to detect proteins associatedwith vimen-
tin, the cells were lysed in a buffer used for extracting soluble
vimentin. The lysates were incubated with protein G-agarose
(Santa Cruz Biotechnology, Inc.) and monoclonal mouse anti-
vimentin mAb V9 (Sigma-Aldrich).

Immunoblotting—The lysates or the proteins immunopre-
cipitated with anti-vimentin antibodies were suspended in
sample buffer, loaded onto 12% polyacrylamide gels, and trans-
ferred to polyvinylidene difluoride membranes. The mem-
branes were probed with primary antibodies, detected using
appropriate secondary antibodies conjugated with horseradish
peroxidase (Santa Cruz Biotechnology, Inc.), and enhanced
with a chemiluminescent kit (Pierce). Mouse anti-vimentin
phospho-Ser-55 mAb (4A4) (23), rabbit anti-vimentin phos-
pho-Ser-71 mAb (TM71) (24), mouse anti-vimentin phospho-
Ser-6 (MO6) or vimentin phospho-Ser-82 mAb (MO82) (25),
rabbit anti-vimentin mAb (H54), rabbit anti-phospho-ERK1/2
mAb (Cell Signaling Technology), and rabbit anti-phospho-
p38 MAPK mAb (Cell Signaling Technology) were used as the
primary antibodies.

RESULTS

CCL2 Production and MAPK Activation Are Enhanced in
Fc�RI- and CCR1-activated RBL-CCR1 Cells—CCL2 plays a
critical role in activation and accumulation of leukocytes in
allergic inflammatory tissues (3, 7–9, 15). To examine whether
cross-talk between Fc�RI- and CCR-mediated signaling path-
ways in mast cells is involved in expression of this chemokine,
we used RBL-2H3 cells expressing human CCR1, a model cell
line of mucosal type mast cells.

FIGURE 1. Synergistic CCL2 production in RBL-CCR1 cells co-stimulated
via Fc�RI and CCR1. A, after sensitization with anti-DNP-IgE mAb, RBL-CCR1
cells were stimulated with 10 ng/ml DNP-HSA and/or various concentrations
of rCCL3 for 2, 4, or 6 h before determining CCL2 production by ELISA. B, to
inhibit p38 MAPK activation, the cells were incubated with 10 or 50 �M

SB203580 for the last 1 h of sensitization. C, to inhibit ERK1/2 activation, the
cells were incubated with 10 or 50 �M PD98058 for the last 1 h of sensitization.
The cells were then stimulated with 10 ng/ml DNP-HSA and/or 100 ng/ml
rCCL3 for 6 h. The plotted data of mean CCL2 concentrations in culture super-
natants measured by ELISA are representative of three independent experi-
ments. Error bars, S.D. *, p � 0.01.

FIGURE 2. Increased phosphorylation of p38 MAPK and ERK1/2 in RBL-
CCR1 cells stimulated via Fc�RI and CCR1. After sensitization with anti-
DNP-IgE mAb, RBL-CCR1 cells were stimulated with 10 ng/ml DNP-HSA
and/or 100 ng/ml rCCL3 for 5 min. To inhibit p38 kinase and ERK1/2 activa-
tion, the cells were incubated with 50 �M SB203580 or 50 �M PD98058 for the
last 1 h of sensitization. Levels of phosphorylated and total p38 kinase (A) and
ERK1/2 (B) protein in total cell lysates were measured by ELISA. The data are
representative for three independent experiments. nd, not detectable (�1.0
unit (U)/ml). Error bars, S.D. *, p � 0.01; **, p � 0.05.
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We found that co-stimulation with IgE/Ag (DNP-HSA) and
rCCL3 synergistically enhanced CCL2 production in RBL-
CCR1 cells (Fig. 1A). However, this CCL2 production was
attenuated by the p38 MAPK inhibitor SB203580 (Fig. 1B) but
not by theMEK inhibitor PD98058, which inhibits activation of
ERK1/2 (Fig. 1C). These results suggest that p38MAPK but not
ERK1/2 kinase plays a role in Fc�RI- andCCR1-mediatedCCL2
production in RBL-CCR1 cells. Co-stimulation with IgE/Ag
and rCCL3 also enhanced phosphorylation of p38 MAPK and
ERK1/2 in the cells, but SB203580 and PD98058 abolished this
stimulation, respectively (Fig. 2). The results indicate that
cross-talk between Fc�RI- and CCR1-mediated signaling path-
ways synergistically enhances MAPK activation as well as sub-
sequent CCL2 production in RBL-CCR1 cells.
Protein Expression Analysis of Fc�RI- and CCR1-activated

RBL-CCR1 Cells Revealed Vimentin Proteins—CCL2 is a ther-
apeutic target in allergic diseases (9, 26). To elucidate the
molecular mechanisms for CCL2 production in mast cells, we
set out to identify proteins involved in the cross-talk between

Fc�RI- and CCR1-mediated signaling pathways. Therefore, we
analyzed total cell lysates of RBL-CCR1 cells non-stimulated or
co-stimulated with IgE/Ag plus rCCL3 by two-dimensional
electrophoresis.We observed clear up-regulation of six protein
species (Fig. 3) and identified rat vimentin (accession number
P31000) as the major component of all of these spots using
MALDI-TOF MS (Table 1). Vimentin has multiple phosphor-
ylation sites, which would explain the various isoforms
observedmigrating in a horizontal line across the gel. It is likely
that spot 6, with a lower molecular weight, is a truncated frag-
ment of vimentin.
Vimentin Was Disassembled in Fc�RI- and CCR1-activated

RBL-CCR1 Cells—Vimentin is a major structural component
of intermediate filaments that create cell rigidity and shape
(27). Upon phosphorylation, vimentin regulates the disas-
sembly of these intermediate filaments (28–32). Vimentin
also organizes signaling process in a phosphorylation-de-
pendent manner (33, 34). To obtain insights into the roles of
vimentin in mast cell activation, we examined phosphoryla-

FIGURE 3. Differential protein expression analysis in RBL-CCR1 cells stimulated via Fc�RI and CCR1. After sensitization with anti-DNP-IgE, RBL-CCR1 cells
were stimulated with or without 10 ng/ml DNP-HSA and 100 ng/ml rCCL3 for 5 min. Total cell lysates of the unstimulated cells (A) or total cell lysates of the
stimulated cells (B) were subjected to two-dimensional PAGE and stained with Coomassie Brilliant Blue. Protein spots up-regulated in a gel are shown with the
red arrows. MW, molecular weight.

TABLE 1
Identified proteins in RBL-CCR1 cells co-stimulated via Fc�RI and CCR1

Spot
no.

Protein
name Species

NCBI
accession no.

Theoretical
pI

Theoretical
mass

Experimental
pI

Experimental
mass

Sequence
coverage

kDa kDa %
1 Vimentin Rat 14389299 5.1 53.77 5.35 51.56 56
2 Vimentin Rat 14389299 5.1 53.77 5.39 51.25 61
3 Vimentin Rat 14389299 5.1 53.77 5.26 50.378 73
4 Vimentin Rat 14389299 5.1 53.77 5.2 50.78 74
5 Vimentin Rat 14389299 5.1 53.77 4.97 50.78 75
6 Vimentin Rat 14389299 5.1 53.77 4.98 42.04 56
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tion of vimentin in Fc�RI- and/or CCR1-activated RBL-
CCR1 cells.
We therefore extracted total proteins of unstimulated and

stimulated cells using a lysis buffer containing 2% SDS and
10% glycerol and diluted it using a buffer containing 1%Non-
idet P-40 for immunoprecipitation. We then analyzed the
phosphorylation status of vimentin by immunoprecipitating
the protein and detecting different phosphospecies by
immunoblotting with specific anti-phosphotyrosine, phos-
phothreonine, and phosphoserine antibodies. The total tyro-
sine phosphorylation of vimentin in RBL-CCR1 cells was
enhanced in an rCCL3 concentration-dependent manner,
when the cells were co-stimulated with the chemokine and
IgE/Ag. In contrast, high levels of serine and threonine phos-
phorylation were observed in the cells co-stimulated with 10
ng/ml rCCL3 and/or 10 ng/ml IgE/Ag (Fig. 4). The highest
levels of phosphorylation at serines 55, 71, and 82 in the N
terminus of vimentin were detected when the cells were
stimulated with 10 ng/ml rCCL3 and 10 ng/ml IgE/Ag. Inter-
estingly, appreciable levels of phosphorylation at Ser-6
required co-stimulation with 100 ng/ml rCCL3 and 10 ng/ml
IgE/Ag (Fig. 4).
Serine phosphorylation at the N terminus appears to

regulate the disassembly of vimentin filaments (28–32). It
has also been shown that disassembly of vimentin filaments
convert the protein into a soluble form (29–32). Vimentin
reportedly interacts with phosphorylated MAPK in neurons

and adipocytes (35–37). Hence, we hypothesized that (i)
Fc�RI and CCR1 activation induces vimentin disassembly
and that (ii) the disassembled and soluble vimentin inter-
acts with activated MAPKs and is thus involved in CCL2
production in mast cells. To test these hypotheses, we exam-
ined levels of vimentin filament disassembly by detecting
amounts of soluble vimentin in activated RBL-CCR1 cells.
Cell lysates were prepared with lysis buffer containing 1%
Nonidet P-40, which extracts soluble forms of vimentin (22).
Indeed, co-stimulation with rCCL3 and IgE/Ag enhanced
formation of soluble vimentin in RBL-CCR1 cells (Fig. 5A).
Taken together, Fc�RI and CCR1 engagement induces
vimentin phosphorylation, which in turn increases soluble
vimentin levels in these activated RBL-CCR1 cells.
Vimentin Interacted with Phosphorylated MAPKs in Fc�RI-

and CCR1- activated RBL-CCR1 Cells—Next, we examined
whether vimentin interacts with MAPKs and is involved in
CCL2 production in RBL-CCR1 cells upon Fc�RI and CCR1
stimulation. Immunoprecipitation with anti-vimentin anti-
body was performed using extracts of the cells stimulated with
IgE/Ag and/or rCCL3, which contained soluble vimentin. The
immunoprecipitated samples were separated on one-dimen-
sional SDS-PAGE followed by Western blotting with anti-
phospho-p38 MAPK or anti-phospho-ERK1/2 mAb. We
detected association of vimentin with both phosphorylated p38
kinase and ERK1/2 in the extract from the stimulated cells (Fig.

FIGURE 4. Phosphorylation of vimentin in RBL-CCR1 cells stimulated via
Fc�RI and CCR1. After sensitization with anti-DNP-IgE mAb, RBL-CCR1 cells
were stimulated with 10 ng/ml DNP-HSA and/or various concentrations of
rCCL3 for 5 min. Total cell lysates of non-stimulated or the stimulated cells
were subjected to immunoprecipitation with anti-vimentin mAb. The immu-
noprecipitated proteins were analyzed by immunoblotting using antibodies
against phosphotyrosine; phosphothreonine; phosphoserine; phosphory-
lated vimentin at Ser-6, -55, -71, or -82; or vimentin. The data are representa-
tive of two independent experiments.

FIGURE 5. Interaction of vimentin and phosphorylated MAPK in RBL-
CCR1 cells stimulated via Fc�RI and CCR1. After sensitization with anti-
DNP-IgE, RBL-CCR1 cells were stimulated with 10 ng/ml DNP-HSA and/or var-
ious concentrations of rCCL3 for 5 min. A, after the stimulation, soluble forms
of vimentin were extracted and analyzed by immunoblotting using anti-
vimentin Abs. B, the cells were incubated with �,��-iminodipropionitrile
(IDPN (�)) to promote aggregation of vimentin intermediate filaments for the
last 1 h of sensitization. Soluble forms of vimentin in the cells were extracted
and subjected to immunoprecipitation using anti-vimentin mAb and ana-
lyzed by immunoblotting using anti-phosphorylated ERK1/2 mAb, anti-phos-
phorylated p38 kinase mAb, or anti-vimentin Abs. The data are representative
of three independent experiments.
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5B). These results suggest that vimentin may interact with
phosphorylated p38 MAPK and ERK1/2 in activated RBL-
CCR1 cells.
CCL2 Production in CCR1- and Fc�RI- activated RBL-CCR1

Cells Was Decreased by Preventing Formation of Soluble
Vimentin—To further examinewhether vimentin filaments are
required for the phosphorylation of MAPKs and production of
CCL2, RBL-CCR1 cells were treated with �,��-iminodipro-
pionitrile (IDPN), which induces aggregation of vimentin inter-
mediate filaments and prevents formation of soluble vimentin
(37, 38). The IDPN-treated cells were then stimulated with
rCCL3 and/or IgE/Ag. As expected, soluble vimentin amounts
decreased in the stimulated RBL-CCR1 cells after treatment
with IDPN (Fig. 5B). Notably, Fc�RI- and CCR1-stimulated
phosphorylation of p38MAPK and ERK1/2 was not reduced in
the IDPN-treated RBL-CCR1 cells (supplemental Fig. S1). Due
to the low amount of soluble vimentin, the levels of associated
MAPKswith the vimentin were lower in the IDPN-treated cells
(Fig. 5B). Furthermore, IDPN treatment reduced CCL2 pro-
duction in Fc�RI- and CCR1-activated RBL-CCR1 cells (Fig.
6A), suggesting involvement of soluble vimentin in the chemo-
kine production.

Finally, we verified the involvement of vimentin in Fc�RI/
CCR1-stimulated CCL2 production in BMMCs, amodel of pri-
mary mast cells. Stimulating BMMCs with IgE/Ag plus rCCL3
enhanced formation of soluble vimentin, phosphorylation of
MAPKs, and CCL2 production (Fig. 6B and supplemental Fig.
S2). Furthermore, pretreatment of BMMCswith IDPN reduced
CCL2 production upon IgE/Ag and rCCL3 stimulation (Fig.
6B).

DISCUSSION

Here, we identified vimentin as a component involved in the
cross-talk between Fc�RI- and CCR1-mediated signaling path-
ways inmast cells. Fc�RI and/or CCR1 activation of RBL-CCR1
cells induced phosphorylation and subsequent disassembly of
vimentin. Importantly, the disassembled and soluble vimentin
interacted with phosphorylated ERK1/2 and p38MAPKs in the
stimulated RBL-CCR1 cells. p38 MAPK plays a role in Fc�RI-
and CCR1-mediated CCL2 production in RBL-CCR1 cells.
Conversely, inducing aggregation of vimentin filaments by
IDPN reduced the levels of disassembled vimentin and hence
the interactions with phosphorylated MAPKs and production
of CCL2 inmast cells. These results suggest that vimentin could
play a role in optimal CCL2 production in mast cells.
Vimentin has been shown to interact with phosphorylated

ERK1/2 in several cells, such as neurons and adipocytes (35,
37). Perlson et al. (36) observed that vimentin binds directly
to phosphorylated ERK1/2 but not to phosphorylated p38
MAPK and non-phosphorylated forms of these MAPKs. We
observed that soluble vimentin interacted not only with
phosphorylated ERK1/2 but also with phosphorylated p38
MAPK in Fc�RI- and CCR1-activated RBL-CCR1 cells.
Because vimentin is capable of interacting with a variety of
proteins involved in cell signaling cascades (31, 39), phos-
phorylated p38 MAPK might indirectly interact with vimen-
tin by binding to other vimentin-binding proteins. In neu-
rons, it has been shown that the complex of vimentin and
phosphorylated ERK1/2 moves from the cytoplasm to the
nucleus (35). Translocation of MAPKs into the nucleus is a
mechanism for the gene expression of cytokines and chemo-
kines. Disassembled vimentin, which is generated by Fc�RI
and/or CCR1 stimulation, may act as a shuttle protein for the
MAPKs to enter into the nucleus in mast cells, as observed in
neurons (see the hypothetical model in Fig. 7).
p38 MAPK has been shown to play a critical role in calcium

ionophore-, cytokine-, or Fc�RI-mediated CCL2 production in
culturedmast cells, such as BMMCand a human leukemicmast
cell line, HMC-1 (40–42). Consistent with these previous stud-
ies, p38 MAPK is apparently involved in Fc�RI- and CCR1-
mediated CCL2 production in RBL-CCR1 cells because inhib-
iting p38 MAPK reduced CCL2 production. Co-stimulation
with rCCL3 and IgE/Ag enhanced phosphorylation of ERK1/2
and p38 MAPK in RBL-CCR1 cells and BMMCs. Such
enhanced phosphorylation of p38 kinase and the association
of the activated kinase with the disassembled vimentin could
lead to its translocation into the nucleus and the enhanced
CCL2 production we observed. Although vimentin interacts
with phosphorylated ERK1/2, only p38MAPK is required for
CCL2 production in RBL-CCR1 cells. This may be due to

FIGURE 6. Reduced CCL2 production by �,��-iminodipropionitrile
treatment in RBL-CCR1 cells and BMMCs stimulated via Fc�RI and
CCR1. RBL-CCR1 cells (A) and BMMCs (B) were sensitized with anti-DNP-
IgE and were incubated with IDPN for the last 1 h of sensitization. The cells
were then stimulated with 10 ng/ml DNP-HSA and/or 10 or 100 ng/ml
rCCL3. Culture supernatants were harvested after stimulation. Concentra-
tions of CCL2 in the supernatant were measured by ELISA. The plotted
CCL2 concentration data are representative of three independent exper-
iments. Error bars, S.D. *, p � 0.01.
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enhancer and promoter regions in the CCL2 gene that only
p38MAPKmay regulate. It has been shown that ERK1/2 and
p38 MAPK activate a different set of substrates and tran-
scription factors (43). Future studies on the enhancer/pro-
moter region in the CCL2 gene would elucidate a detailed
molecular mechanism for p38 MAPK-mediated chemokine
production in mast cells.
Vimentin seems to be involved in mast cell degranulation

(39). It was hypothesized that phosphorylation of vimentin
induces disassembly of the intermediate filaments, subse-
quently increasing the mobility of granules (39, 44, 45). Sup-
porting this hypothesis, degranulation of BMMCs was
enhanced by vimentin deficiency (39). In this study, we found
that the levels of vimentin disassembly (i.e. levels of soluble
vimentin) were not associated with degranulation levels in
Fc�RI and/or CCR1-activated RBL-CCR1 cells (not shown).
Degranulation of RBL-CCR1 cells was previously shown to be
synergistically enhanced by rCCL3 and IgE/Ag stimulation in a
CC chemokine dose-dependent manner; around 55 or 80%
degranulation was induced by 10 or 100 ng/ml rCCL3, respec-
tively, together with IgE/Ag (11). However, the level of soluble
vimentin in the stimulated cells was almost the same (Fig. 5A).
These results suggest that the disassembly of vimentin fila-
ments does not determine the level of degranulation in mast
cells.
Vimentin has many phosphorylation sites (27, 28, 31). Fc�RI

and CCR1 co-stimulation in RBL-CCR1 cells enhanced phos-
phorylation of tyrosine, serine, and threonine residues of
vimentin. It has been shown that phosphorylations at serines
55, 71, 72, and 82 of vimentin are coordinated by several
kinases (i.e. Rho kinase and Aurora B) and induce disassem-
bly of the protein filaments in mitotic cells (9, 23–25, 33).
Here, co-stimulation of the cells with 10 ng/ml rCCL3 plus

10 ng/ml IgE/Ag induced the highest levels of phosphoryla-
tion at serines 55, 71, and 82. Interestingly, the levels of
soluble vimentin in the cells stimulated with 10 or 100 ng/ml
rCCL3 plus 10 ng/ml IgE/antigen were comparable. These
results suggest that not only serines 55, 71, 82 but also other
phosphorylation sites could regulate the disassembly of
vimentin in activated RBL-CCR1 cells. Further study will be
necessary to elucidate the mechanisms and roles of vimentin
phosphorylation in the signaling cascades and function of
mast cells and basophils.
In summary, our results suggest that vimentin could be a

component inducing optimal CCL2 production in mast cells.
Because increased expression of CCL2 has been observed in
tissues of allergic patients, our findings could provide clues to
unraveling detailed molecular mechanisms underlying allergic
inflammation.
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