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Abstract

c-Jun N-terminal kinase (JNK) is generally thought to be involved in inflammation, proliferation and
apoptosis. However, functional role(s) of this molecule in dendritic cells (DCs) has not been well
understood. CCR7 ligands, CCL19 and CCL21, induce not only chemotaxis but also endocytosis in
mature DCs. In the present study, we examined the role of JNK for inducing chemotaxis and
endocytosis in murine mature DCs. CCL19 rapidly enhanced endocytosis of mature DCs within a few
minutes, whereas significant migration of mature DCs to this chemokine was detected 30 min or more
after incubation. CCL19 significantly activated JNK in mature DCs at 15 min. CCL19 also increased
interaction between phospho-JNK and phospho-mitogen-activated protein kinase kinase (MKK) 4 but
not phospho-MKK7 in mature DCs, suggesting that the JNK activation is mediated via MKK4. Blocking
of this JNK activation significantly inhibited the CCL19-induced migration of mature DCs. Blocking of
Rho-associated kinase also inhibited the CCL19-induced migration without affecting the JNK
activation. On the other hand, the inhibition of either JNK or Rho-associated kinase showed no
significant effects on CCL19-induced endocytosis by mature DCs. These findings suggest that CCL19
activates JNK via a Rho-independent pathway, thereby inducing migration of mature DCs, whereas
the JNK activation is dispensable for the CCL19-induced endocytosis. It seems that at least two
different pathways, JNK pathway and Rho-associated kinase pathway, are involved in the CCR7-
mediated migration of mature DCs. Thus, we demonstrate herein a novel role of JNK for regulating
chemokine-induced DC migration.

Introduction

Chemokines constitute a family of low-molecular weight pro-
teins. There are twomain groups, the CXC chemokines and the
CC chemokines, which differ from one another in their
structural properties and chromosomal location. Most chemo-
kines possess four conserved cysteines in specific positions.
Chemokines exert their effects by interacting with seven-
transmembrane receptors coupled with G proteins (1–3).
Chemokines regulate leukocyte trafficking by inducing chemo-
taxis and adhesion, and systemically organize the suitable
distribution of various leukocytes, which results in an efficient
induction of immune responses against various pathogens (4,
5). However, the chemokine receptor-mediated signal path-
ways involved in chemotaxis and adhesion has not been fully
understood.
Dendritic cells (DCs) are potent antigen-presenting cells that

play a major role in the regulation of immune responses to

a variety of antigens (6–9). DCs developmentally regulate the
expression of chemokine receptors to facilitate their migration
from the peripheral tissues to the T cell area of regional lymph
nodes (LNs) (5, 10). This process is critical for interaction
between DCs and T cells in the T cell area, which initiates
adaptive immunity (1, 3, 11).Highdensities ofCCR7, a receptor
for two CC chemokines, CCL19 (EBV-induced receptor ligand
chemokine) and CCL21 (secondary lymphoid tissue chemo-
kine), are expressed onmature, but not immature DCs (12–14).
Both CCL19 and CCL21 are constitutively expressed at
high levels in the T cell area of LNs and spleen, and induce
migration of mature DCs into these lymphoid tissues (1, 3).
Mature DCs fail to migrate into the Tcell area in CCR7-deficient
mice, correlating with severely abolished adaptive immune
responses (11). Thus, the interaction between CCR7 and
CCL19/CCL21 is an essential process controlling themigration
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of mature DCs into the regional LNs. Recently, we have demon-
strated that, in addition to the chemotaxis, CCR7 ligands
enhance dendritic extension and endocytic activity of mature
DCs (15, 16). Thus, it seems that CCR7 can regulate multiple
signaling pathways in DCs. However, the signal transduction
system regulating the CCR7-mediated multiple functions
remains to be elucidated.
Signal transduction via mitogen-activated protein kinases

(MAPKs) plays an important role in cellular responses
including growth factor-induced cell proliferation, differenti-
ation and survival. There are at least three distinct MAPK
signaling pathways in mammals, including the extracellular
signal-regulated kinases (ERKs), the c-Jun N-terminal kinases
(JNKs) and the p38 MAPK (17). It has been reported that
extracellular stimuli such as tumor necrosis factor (TNF)-a and
LPS activate ERK, JNK and p38 MAPK in DCs (18–20). The
roles of ERK and p38 MAPK activation for regulating DC
functions have been well documented; ERK activation is
involved in cell survival and negative regulation of the
phenotypic maturation and IL-12 production of DCs (21, 22);
on the contrary, p38 MAPK activation positively regulates the
phenotypic maturation and IL-12 production of DCs (23–25).
On the other hand, the role of JNK activation for regulating DC
functions is just starting to be characterized and not fully
understood.
In the present study, we examined the role of JNK in CCR7

ligand-induced chemotaxis and endocytosis using murine
DCs. We demonstrate herein a novel role of JNK in regulation
of chemokine-induced DC migration.

Methods

Reagents

Murine recombinant granulocyte macrophage colony-
stimulating factor (GM-CSF) was purchased from PeproTech
(London, UK). Recombinant murine CCL19 and CCL21 were
obtained from R&D Systems (Minneapolis, MN, USA). FITC-
dextran (Dex.) (molecular weight 40 000, anionic) was pur-
chased from Molecular Probes (Eugene, OR, USA). Iscove’s
modified Dulbecco’s medium (IMDM), pertussis toxin (PTX),
LPS from Escherichia coli 055:B5 and Clostridium difficile toxin
B (Toxin B), Y-27632, PD98059, SP600125, c-Jun N-terminal
kinases inhibitor-1 (JNKI-1), negative control peptide (NC)
of JNKI-1 and wortmannin were obtained from Calbiochem
(La Jolla, CA, USA). LY294002 was purchased from Cayman
Chemical (Ann Arbor, MI, USA). SP600125 was purchased
from BIOMOL Reseach Laboratories Inc. (Plymouth Meeting,
PA, USA).

Antibodies

Anti-Akt antibody, anti-phospho-Akt (Thr308) antibody, anti-
phospho-c-Jun (Ser63) II antibody, anti-phospho-mitogen-
activated protein kinase kinase (MKK) 4 (Thr261) antibody,
anti-phospho-MKK7 (Ser271/Thr275) antibody, anti-phospho-
p38 MAPK (Thr180/Tyr182) antibody, anti-phospho-p44/p42
MAPK (Thr202/Tyr204) antibody, anti-SAPK/JNK antibody,
anti-phospho-SAPK/JNK (Thr183/Tyr185) (G9) mAb and
HRP-conjugated anti-rabbit IgG antibody were purchased
from Cell Signaling Technology (Beverly, MA, USA). Isotype-

matched control IgG (mouse IgG1j) for the anti-phospho-
SAPK/JNK mAb was obtained from PharMingen (La Jolla, CA,
USA). HRP-conjugated goat anti-mouse IgG1 antibody was
obtained from Jackson ImmunoResearch Laboratories, Inc.
(West Grove, PA, USA).

Culture media

Culture medium used in the present study was IMDM supple-
mented with 100 IU ml�1 penicillin, 100 lg ml�1 streptomycin,
600 lg ml�1

L-glutamine and 50 lM 2-mercaptoethanol.
Fibroblast supernatants from NIH/3T3 cells were collected
from confluent cultures with IMDM containing 10% heat-
inactivated FCS.

DC culture

The DC line (BC1) was generated from BALB/c mouse spleen
as previously described (21, 26). BC1 cells were cultured and
expanded in R1 medium, IMDM containing 10% FCS, 30%
culture supernatants from NIH/3T3, 10 ng ml�1 mouse
recombinant GM-CSF and 50 lM 2-mercaptoethanol. In the
present study, unstimulated BC1 cells were used as immature
DCs and BC1 cells treated with 5 lg ml�1 LPS for 24 h were
used as mature DCs (16, 21).
Spleen-derived dendritic cells (SDDCs) were generated by

culturing C57BL/6 (B6) splenocytes in R1 medium for 14 days
as previously described (15, 16, 27). After the culture, CD11c+

cells were positively selected using anti-CD11c (N418)
MicroBeads and MACS columns (Miltenyi Biotec, Bergisch
Gladbach, Germany). The selected cells, >95% CD11c+ DCs
in purity, were used as SDDCs. SDDCs treated with 5 lg ml�1

LPS for 24 h were used as mature SDDCs.

Endocytosis

Mature BC1 cells or SDDCs (1 3 105) were incubated in R1
medium buffered with 20 mM HEPES at 37�C. Thereafter,
endocytic reaction was conducted as previously described
(16). The endocytic tracer and chemokine were added
concurrently, prior to a 0.5- to 5-min incubation. FITC-Dex. was
added to a final concentration of 1 mg ml�1. CCL19 or CCL21
was added to a final concentration of 2 nM (18.8 ng ml�1),
since this concentration of each chemokine showed a
maximum effect on endocytosis (data not shown). Endocy-
tosis of the tracer was halted at the indicated time points by
rapid cooling of the cells on ice. The cells were then washed
and stained with propidium iodide to exclude dead cells. The
fluorescence intensity of the cells was analyzed by flow
cytometry on EPICS� XL (Coulter Co., Miami, FL, USA).
Incubation of cells with the endocytosis tracer on ice was used
as a background control. The mean fluorescence intensity
(MFI) resulting from the subtraction of background control
from each experimental sample represents the amount of
incorporated tracer.
To examine the effect of each inhibitor, the cells were pre-

treated with PTX (100 ng ml�1), Toxin B (100 ng ml�1) or Y-
27632 (10 lM) for 3 or 4 h or 30 min, respectively. In some
experiments, the cells were pre-treated with PD98059 (30 lM),
SP600125 (10 lM), LY294002 (30 lM) or wortmannin (300 nM)
for 1 h. After pre-treatment with an inhibitor, the cells were
incubated with the endocytic tracer for 2 min at 37�C in the
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presence of the inhibitor. Viability of the cells was unaffected
by any inhibitors in the present experiments (data not shown).

Chemotaxis assay

BC1 cells or SDDCs (1.5 3 105) were added to upper wells of
5-lm-pore, polycarbonate 24-well tissue culture inserts
(Coster, Cambridge, MA, USA) in 100 ll, with 600 ll chemo-
kine or medium in the lower wells (15, 28). CCL19 or CCL21
was added to a final concentration of 2 nM, since this
concentration of each chemokine showed maximum effect
on chemotaxis (data not shown). Migration assays were con-
ducted in R1 medium buffered with 20 mM HEPES for 90 min
at 37�C except one shown in Fig. 3H. Thereafter, 60 ll of 30mM
EDTAwas added to lower wells and further incubated for 5 min
at 37�C. Migrated cells recovered from each lower well were
counted using comparison to a known number of beads as
an internal standard (Flow-CountTM Fluorospheres; Coulter,
Miami, FL, USA) as described elsewhere (28). The percent
migration was determined from numbers of the starting cells
and the migrated cells.
To examine the effect of inhibitor, the cells were pre-

treated with PTX (100 ng ml�1), Toxin B (100 ng ml�1) or Y-
27632 (10 lM) for 3 or 4 h or 30 min, respectively. In the
other experiments, the cells were pre-treated with PD98059
(30 lM), SP600125 (10 lM), LY294002 (30 lM) or wortmannin
(300 nM) for 1 h. In some experiments for dose–response
analysis, various concentrations of SP600125 or Y-27632 were
used. After the inhibitor pre-treatment, the upper well including
the pre-treated cells was superposed on the lower well with
chemokine-containing medium. Both the upper well and the
lower well contain the inhibitors throughout the assay. The
chemotaxis assays were then performed for 90 min.

Adhesion assay

Adhesion assay was performed as described elsewhere with
minor modifications (29, 30). Mature BC1 cells were pre-
cultured with SP600125 (10 lM) for 1 h. After the inhibitor
treatment, the cells (1 3 104) suspended in R1 medium
containing the inhibitor and/or CCL19 (2 nM) were seeded on
a fibronectin (FN)-coated chamber slide (eight-well glass
slide; Nalge Nunc International, Naperville, IL, USA) set on ice.
The cells were pre-incubated for 15 min on ice and then
incubated for 2 min at 37�C. The slide was dipped twice in PBS
to remove non-adherent cells. All adherent cells were de-
tached by incubating with 2 mM EDTA/PBS for 5 min at 37�C
and recovered. The recovered cell number was counted using
comparison with a known number of beads as an internal
standard (Flow-CountTM Fluorospheres) as described else-
where (28). The proportion of adherent cells was determined
from numbers of the starting cells and the adherent cells.

In vitro kinase assays

Mature BC1 cells (6 3 106) were cultured in 0.5% FCS IMDM
buffered with 20 mM HEPES for 4 h at 37�C, and then treated
with CCL19 (2 nM) for 0.5–60 min. Reactions were halted by
rapidly cooling on ice. The cells were washed by ice-cold PBS
containing 2 mM EDTA and then lysed in buffer solution
containing 20 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1 mM
EDTA, 1 mM glycoletherdiamine tetraacetic acid, 1% Triton

X-100, 2.5 mM sodium pyrophosphate, 1 mM b-glycerolphos-
phate, 1 mM Na3VO4, 1 lg ml�1 leupeptin and 1 mM
phenylmethanesulfonyl fluoride. The protein concentration of
supernatants was determined using the Bio-Rad protein
determination assay (Bio-Rad, Hercules, CA, USA). Kinase
activity of ERK1/2 or JNK of the cells was determined using
a commercially available kinase assay kit (Cell Signaling
Technology) according to the manufacturer’s protocol. The cell
lysate was subjected to immunoprecipitation with immobilized
anti-phospho-ERK1/2 mAb or c-Jun fusion protein beads. The
complex was then subjected to kinase reaction with a sub-
strate [Ets-like-protein-1 (Elk-1) for ERK1/2 or c-Jun for SAPK/
JNK]. After the kinase reaction, the amount of phospho-Elk-1
or phospho-c-Jun was determined by western blotting.
Intensity of the specific band was analyzed with Science
Lab 99 Image Gauge Ver. 3.4 software (FUJI FILM, Tokyo,
Japan).

Immunoblotting

Mature BC1 cells (3–6 3 106) were incubated in 0.5% FCS
IMDM buffered with 20 mM HEPES. To detect the level of each
phosphorylated protein or total protein, the cell lysates were
separated by SDSP (7.5% for the JNK protein or 12% for other
proteins), and then blotted onto an immobilon membrane
(Millipore Corp.). Phosphorylated protein or total protein was
detected using a primary antibody against each protein and
a HRP-conjugated second antibody with enhanced chemilu-
minescence system.

Immunoprecipitation

Mature BC1 cells (63 106) were incubated in 0.5% FCS IMDM
buffered with 20 mM HEPES for 4 h at 37�C, and then treated
with CCL19 (2 nM) for 10 min. The cell lysates were
immunoprecipitated with anti-phospho-SAPK/JNK (Thr183/
Tyr185) (G9) mAb and protein G–Sepharoses (Sigma Chem-
ical, St Louis, MO, USA). The protein concentration of
supernatants was determined using the above-described
methods. The cell lysate was subjected to a similar procedure
with isotype-matched control IgG, as a negative control. The
immunocomplexes were washed and separated by SDSP,
followed by immunoblot analysis using anti-phosphorylated
MKK4 antibody or anti-phosphorylated MKK7 antibody and
HRP-conjugated second antibody with enhanced chemilumin-
escence system.

Statistical analysis

The Student’s t-test was used to analyze data for significant
differences. P-values <0.05 were regarded as significant.

Results

CCL19-induced JNK activation in mature DCs

We have previously established a murine DC line, BC1 cells,
from BALB/c splenocytes, according to the Winzler’s method
(21, 26). Unstimulated BC1 cells are physiologically and
functionally typical immature DCs. Following treatment with
TNF-a or LPS for 24 h, BC1 cells exhibit mature DC phenotype
and functions (15, 16, 31–35). It was demonstrated that
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CCR7 ligands, CCL19 and CCL21, induced not only chemo-
taxis but also endocytosis in these mature BC1 cells (16).
Using a similar in vitro differentiation system of DCs, a number
of important findings have been reported and verified (21, 26,
36, 37).
In the present study, we examined a role of JNK in DC

functions using these BC1 cells and SDDCs that were freshly
generated by culturing mouse splenocytes. Since no reports
have shown that CCR7 ligands activate JNK, we first evalu-
ated the effect of CCL19 on JNK activity in mature DCs.
Mature BC1 cells were treated with CCL19 for variable times,
ranging from 30 s to 60 min. In vitro kinase assay for JNK
activity was performed using c-Jun as a substrate for JNK. A
modest but distinct band of phospho-c-Jun was detected in
mature BC1 cells treated with the medium alone (Fig. 1A). At
early time points, ranging from 30 s to 5min, CCL19 exerted no
influences on the JNK activity in mature BC1 cells. In contrast,
10 min after stimulation with CCL19, levels of the activated

JNK increased significantly; this activity showed a peak at
15 min and then decreased from 30 to 60 min (Fig. 1A).
In addition to the kinase assay, we also analyzed the level of

phospho-JNK, an active form of JNK, in mature DCs after
treatment with CCL19 (Fig. 1B). The level of phospho-JNK in
mature DCs increased after 10 min or more incubation with
CCL19 and reached a peak at 15 min. Thus, the level of
phospho-JNK in mature DCs followed almost the same time
course as that in the kinase activity of JNK. On the other hand,
levels of phospho-ERK and phospho-p38 MAPK, active forms
of ERK and p38 MAPK, respectively, rapidly increased (at
2 min) after CCL19 treatment, and then decreased at 10–30min.
Akt is a downstream effector of phosphatidylinositol 39-kinase
(PI3K). The level of phospho-Akt, an active form of Akt,
increased 2 min after the CCL19 treatment. The increased Akt
activity was sustained at least for 30 min. Thus, the time course
of JNK activation was delayed as compared with that of the
other kinases in mature BC1 cells.

Time course of CCR7 ligand-induced endocytosis
and chemotaxis of mature DCs

We then examined and compared the time course of CCR7
ligand-induced endocytosis and that of chemotaxis of mature
BC1 cells. In agreement with our previous study (16), CCL19
markedly increased endocytosis of FITC-Dex. by mature BC1
cells within a few min, while significant cell migration to CCL19
was detected at later time (Fig. 2A and B). In the absence of
chemokines, mature BC1 cells exhibited negligible endocyto-
sis. After CCL19 treatment, MFI of mature BC1 cells in-
ternalizing FITC-Dex. significantly increased from 30 s to 2 min
(Fig. 2A). The CCL19-induced endocytosis by mature BC1
cells was also detected using confocal microscopy (data
not shown) (16). On the other hand, significant migration of
mature BC1 cells to CCL19 was detected after 30 min or
more of incubation (Fig. 2B). The number of migrated cells

Fig. 1. CCL19-induced activation of various intracellular signaling
pathways in mature BC1 cells. Mature BC1 cells (3–6 3 106) were
treated with CCL19 (2 nM) for the indicated times (0.5–60 min ). (A)
Kinase activity of JNK in mature BC1 cells. Kinase activity of JNK in the
cell lysates was evaluated by in vitro kinase assay with glutathione-S-
transferase-c-Jun as the substrate. Amounts of phosphorylated-c-Jun
(p-c-Jun) and total JNK protein levels in the cell lysates were
determined by western blotting. A representative blotting is shown
(A, upper). Data are expressed as -fold increase relative to
representing the unstimulated levels (A, lower). Each symbol shows
the mean 6 SE of five independent experiments. Statistical signifi-
cance was calculated by the Student’s t-test (*P < 0.05, ***P < 0.001).
(B) Levels of active form of JNK, ERK, p38 MAPK and Akt in mature
DCs. Phospho-JNK (p-JNK), phospho-ERK (p-ERK), phospho-p38
MAPK (p-p38 MAPK), phospho-Akt (p-Akt) and total Akt in the cell
lysates were determined by western blotting. The data are represen-
tative of two independent experiments.
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Fig. 2. Time course of CCL19-induced endocytosis and chemotaxis
of mature BC1 cells. (A) CCL19-induced endocytosis. Mature DCs
were incubated with FITC-Dex. (1 mg ml�1) in the presence or
absence of CCL19 (2 nM) for the indicated times (0.5–5 min). MFI of
FITC-Dex. endocytosed is shown. (B) CCL19-induced chemotaxis.
Mature BC1 cells were seeded on the upper well and CCL19 (2 nM)
was added to the lower well. Chemotaxis assay was then performed
for the indicated times (30–180 min). Numbers of migrated cells into
the lower well are expressed as the percentage of input cells in the
upper well at the start time of the chemotaxis assay. Each symbol
represents the mean 6 SE of four (A) or three (B) independent
experiments.
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reached a peak at 120 min after the incubation with CCL19.
In the absence of chemokines, mature BC1 cells exhibited
negligible migration.

Effects of specific inhibitors for MAPK and PI3K on CCL19-
induced endocytosis and chemotaxis of mature DCs

Figure 1 shows that CCL19 activates MAPK and PI3K/Akt
pathways in mature DCs. We next examined effects of specific
inhibitors of MAPK and PI3K on CCL19-induced endocytosis
and chemotaxis in mature BC1 cells. SP600125, a specific
inhibitor of JNK, decreased the level of phospho-JNK in the
CCL19-treated mature BC1 cells in a dose-dependent manner
(Fig. 3A); SP600125 at 10 lM significantly decreased the
level to the constitutive level in unstimulated cells; SP600125
at 20 lM decreased the level to below the constitutive level.
When functional influences of SP600125 were analyzed,
CCL19-induced migration was inhibited by SP600125 in a
dose-dependent manner (Fig. 3B). This inhibitory effect of
SP600125 reached a maximum at 10 lM. Since 10 lM
SP600125 showed no significant effects on the cell viability,
while this chemical at 20 lM slightly but significantly affected
the viability (data not shown), we used 10 lM SP600125 in
subsequent experiments. This dose of SP600125 conside-
rably reduced the CCL19-induced increase in JNK activity
(Fig. 3C) and significantly inhibited the chemotaxis (Fig. 3D).
In contrast, SP600125 showed no significant effects on CCL19-
induced endocytosis (Fig. 3D). Similarly, SP600125 abrogated
CCL21-induced chemotaxis but not endocytosis in mature
BC1 cells (data not shown). Thus, JNK pathway appeared to
be involved in CCR7-mediated migration but not endocytosis
in mature DCs.
It has been reported that stimulation of CCR7 or CXCR4

results in activation of ERK and PI3K in Tcells (38). However, it
remains unclear whether these activations are related to the
chemotaxis or not. We then analyzed influences of ERK and
PI3K activation on DC functions using specific inhibitors.
PD98059 (30 lM), a specific inhibitor of ERK pathway,
completely inhibited CCR7-mediated increase of ERK activity
in mature BC1 cells (Fig. 3E). However, PD98059 showed no
significant effects on CCL19-induced endocytosis and chemo-
taxis (Fig. 3D). A similar result was obtained with wortmannin,
a specific inhibitor of PI3K. Wortmannin (300 nM) completely
blocked CCL19-induced activation of Akt, a downstream
effector of PI3K, in mature BC1 cells (Fig. 3F), but this
chemical affected neither CCL19-induced endocytosis nor
chemotaxis of mature BC1 cells (Fig. 3D). LY294002 (30 lM),
another inhibitor of PI3K, also significantly inhibited CCL19-
induced Akt activation (Fig. 3F), while showing no significant
effects on either endocytosis or chemotaxis (Fig. 3D). Thus, it
seemed that CCR7-mediated activation of ERK or PI3K/Akt
pathway was not involved in induction of endocytosis and
chemotaxis in mature DCs.
Chemokines induce rapid integrin-dependent adhesion to

adhesion molecules such as intercellular adhesion molecule
(ICAM)-1 and extracellular matrix such as FN (29, 30). We
then analyzed effects of SP600125 on CCR7-mediated
rapid adhesion of mature BC1 cells to FN. CCL19 triggered
significant adhesion of the cells to FN after 2 min of incubation
(Fig. 3G), which is in agreement with the previous study (29).

However, SP600125 showed no significant effects on the
CCR7-mediated adhesion of mature BC1 cells.
Functional analyses of BC1 cells were performed in R1

medium containing GM-CSF and fibroblast supernatants,
since this conditioned medium well maintained the cell
viability. However, a possibility that these growth factors
affected the CCR7-mediated cell migration under the influ-
ence of activated JNK remained. Thus, we examined the effect
of JNK blocking on CCR7-mediated migration of mature BC1
cells in the absence of GM-CSF and fibroblast supernatants.
Both CCL19 and CCL21 markedly induced the migration of
mature BC1 cells without these growth factors and the CCR7-
mediated migration was significantly inhibited by SP600125
(Fig. 3H).
We also examined the effect of SP600125 on functions of

SDDCs that were freshly generated from splenocytes.
SP600125 significantly reduced CCL19-induced chemotaxis
of mature SDDCs to 38% of the control (Fig. 3I). By contrast, no
significant influences of SP600125 were detected on the
CCL19-induced endocytosis. Similarly, SP600125 abrogated
CCL21-induced chemotaxis but not endocytosis in mature
SDDCs (data not shown). These findings were consistent with
prior observations with the BC1 cell line.

Effect of a JNK inhibitory peptide on CCL19-induced
endocytosis and chemotaxis of mature DCs

A cellular regulator of JNK pathway has been identified and
termed c-Jun-interacting protein 1 (JIP1). It has been reported
that JNK, MKK7 and mixed lineage kinases (MLK) bind to
separate sites on JIP1 (39). Further, a novel JNK inhibitor,
JNKI-1, has recently been developed by linking the JNK-
binding motif of JIP1 to the HIV-TAT transporter sequence
(40, 41). JNKI-1 is a cell-penetrating peptide and selectively
blocks the access of JNK to c-Jun and other substrates by
a competitive mechanism. Then, we examined the effect of
JNKI-1 on CCL19-induced endocytosis and chemotaxis in
mature BC1 cells. JNKI-1 significantly reduced the CCL19-
induced chemotaxis to 52% of the control [NC of JNKI-1]
(Fig. 3J). In contrast, this peptide exhibited no significant
influence on the CCL19-induced endocytosis by mature BC1
cells.

CCL19-induced interaction between JNK and
MKK4 in mature DCs

Our results indicate that CCL19 activates JNK pathway and
thereby induces migration of mature DCs. We then examined
the protein–protein interactions between JNK and MKK4 or
MKK7 that are upstream kinases of JNK, following stimulation
of mature DCs with CCL19. Mature BC1 cells were treated with
CCL19 for 10 min and phospho-JNK in the cell lysate was
immunoprecipitated by anti-phospho-JNK mAb. Then, the
levels of phospho-MKK4 or phospho-MKK7 in the immuno-
complexes were evaluated by western blotting. A distinct
band of phospho-MKK4 was detected in untreated cells,
indicating constitutive interaction between phospho-JNK and
phospho-MKK4 (Fig. 4A). Stimulation of BC1 cells with CCL19
markedly increased the band intensity of phospho-MKK4. In
contrast, CCL19 showed negligible effect on amounts of
phospho-MKK7 bound to phospho-JNK, although constitutive
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Fig. 3. Role of JNK activation in CCR7-mediated migration of mature DCs. (A) Western blotting of activated JNK (p-JNK) in mature BC1 cells.
Mature BC1 cells were pre-treated with SP600125 (SP) at 10 or 20 lM for 1 h. After the pre-treatment, the cells were stimulated with CCL19 (2 nM)
for 15 min and the cell lysates were subjected to the western blotting of p-JNK or total JNK. A representative immunoblot of three independent
experiments is shown (upper). The relative intensity of the specific band of p-JNK is shown (lower). Data represent the mean relative intensity6 SE
of three independent experiments. (B) Dose–response analysis of the effect of SP on CCL19-induced chemotaxis of mature BC1 cells. Mature BC1
cells were pre-treated with SP at 1.25–20 lM for 1 h and then chemotaxis assay was performed for 90 min in the presence of SP. (C) Kinase assay
for JNK activity in mature BC1 cells. Mature BC1 cells were pre-treated with SP (10 lM) for 1 h. After the pre-treatment, the cells were stimulated
with CCL19 (2 nM) for 15 min and the cell lysates were subjected to the in vitro kinase assay with glutathione-S-transferase-c-Jun as the substrate
of activated JNK. The levels of phosphorylated c-Jun (p-c-Jun) and total JNK protein levels in the whole cell lysates (total JNK) were determined by
immunoblotting. A representative immunoblot from five independent experiments is shown (upper). The relative intensity of the specific band of p-
c-Jun is shown (lower). Data represent the mean relative intensity6 SE of five independent experiments. (D) Effects of various inhibitors for MAPK
and PI3K on CCL19-induced endocytosis and chemotaxis of mature BC1 cells. Mature BC1 cells were pre-treated with PD98059 (PD) at 30 lM, SP
at 10 lM, LY294002 (LY) at 30 lM or wortmannin (Wort.) at 300 nM for 1 h. After the pre-treatment, the cells were subjected to endocytosis assay
(upper) or chemotaxis assay (lower). In the endocytosis assay, the cells were incubated with FITC-Dex. (1 mg ml�1) in the presence of CCL19
(2 nM) for 2 min and then the MFI of the cells was analyzed by flow cytometry. In the chemotaxis assay, the cells were seeded on upper wells and
CCL19 (2 nM) was added to lower wells. Numbers of migrated cells into the lower well after 90 min were analyzed by flow cytometry and expressed
as the percentage of input cells in the upper well at the start time of chemotaxis assay. Each column represents the mean 6 SE of three
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interaction of these proteins appeared to be present (Fig. 4B).
These findings suggest that JNK is activated by MKK4 but
not by MKK7 following the CCR7-mediated stimulation in
mature DCs.

Effects of PTX, Toxin B or Y-27632 on CCL19-induced
endocytosis and chemotaxis of mature DCs

PTX specifically binds to Gi proteins and inhibits chemokine-
induced cell migration (2, 14, 42). We examined the effect of
PTX on CCL19-induced endocytosis and chemotaxis in
mature BC1 cells. CCL19 again markedly induced endocy-
tosis and chemotaxis of mature BC1 cells at 2 and 90 min,
respectively (Fig. 5A). PTX completely inhibited both the
CCL19-induced endocytosis and chemotaxis, suggesting
that these functions were mediated via Gi proteins coupled
with CCR7.
Rho family proteins are thought to be involved in endocy-

tosis by immature DCs and macrophages (43–46). We have
recently demonstrated that CCL19-induced endocytosis can
be completely blocked by Toxin B, an inhibitor of the Rho
family proteins, Rho, Rac and Cdc42 (16). However, this
process was not abrogated by Y-27632 that specifically
inhibits Rho-associated kinase. We then compared the effect
of Toxin B and that of Y-27632 on endocytosis or chemotaxis of
CCL19-treated mature BC1 cells. Toxin B markedly reduced
both the CCL19-induced endocytosis and chemotaxis to 18
and 33% of the control, respectively (Fig. 5B). In contrast, Y-
27632 significantly reduced the CCL19-induced chemotaxis
to 39% of the control, but rather slightly enhanced the CCL19-
induced endocytosis (Fig. 5C).

Effects of Y-27632 and Toxin B on CCL19-induced
JNK activation in mature DCs

Our prior findings suggested that both JNK pathway and
Rho-associated kinase pathway were involved in CCR7-
mediated induction of chemotaxis in mature DCs (Figs 3– 5).
To examine whether Rho pathway participates in CCL19-
mediated JNK activation, we then analyzed the effect of Y-
27632 on the JNK activation in mature DCs. Y-27632 exerted
no significant influences on the JNK activity in either CCL19-
treated or -untreated mature BC1 cells (Fig. 6A).
Recently, we have demonstrated that CCL19 markedly

enhances Cdc42 and Rac activities in mature BC1 cells (16).
We thus examined the effect of Toxin B on the JNK activity in
mature DCs. No influences of Toxin B were detected on the
CCL19-induced JNK activation at all (Fig. 6B). Thus, Cdc42
and Rac activation appeared not to be involved in JNK
activation by CCL19 in mature DCs.

independent experiments. (E) Kinase assay of ERK activity in mature BC1 cells. Mature BC1 cells were pre-treated with PD (30 lM) for 1 h. After the
pre-treatment, the cells were stimulated with CCL19 (2 nM) for 2 min and the cell lysates were subjected to the in vitro kinase assay with Elk-1 fusion
protein. The levels of phosphorylated Elk-1 (p-Elk-1) were determined by immunoblotting. Data are representative of two independent
experiments. (F) Western blotting of activated Akt (p-Akt) in mature BC1 cells. Mature BC1 cells were pre-treated with Wort. (300 nM) or LY (30 lM)
for 1 h. After the pre-treatment, the cells were stimulated with CCL19 (2 nM) for 2 min and the cell lysates were subjected to western blotting of p-
Akt or total Akt (t-Akt). Data are representative of two independent experiments. (G) Effects of SP on CCL19-induced adhesion of mature BC1 cells
to FN. Mature BC1 cells were pre-treated with SP (10 lM) and then stimulated with CCL19 (2 nM) for 2 min on a FN-coated chamber slide. The
proportion of adherent cells was determined from numbers of the starting cells and the adherent cells. Each column represents the mean6 SE of
three independent experiments. (H) CCR7 ligand-induced migration in the absences of GM-CSF and fibroblast supernatants. Mature BC1 cells
were pre-treated with SP (10 lM) for 1 h and the chemotaxis assay was conducted in 2% FCS IMDM buffered with 20 mM HEPES for 90 min at
37�C. Each column represents the mean 6 SE of three independent experiments. (I) Endocytosis and chemotaxis of mature SDDCs. Mature
SDDCs were pre-treated with SP (10 lM) for 1 hand then chemotaxis assay was performed for 90 min in the presence of SP. Each column
represents the mean 6 SE of four independent experiments. (J) Effects of JNKI-1 peptide on CCL19-induced endocytosis and chemotaxis in
mature BC1 cells. Mature BC1 cells were pre-treated with JNKI-1 at 25 lM or NC at 25 lM for 1 h. After the pre-treatment, endocytosis assay or
chemotaxis assay was performed. Each column represents the mean6 SE of five (endocytosis) or six (chemotaxis) independent experiments. In
these experiments (A, C, D, G, H, I and J), statistical significance was calculated by the Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.005).

Fig. 4. Interaction of JNK and MKK4 in CCL19-treated mature DCs.
Mature BC1 cells were untreated (Cont.) or treated with CCL19 (2 nM)
for 10 min. The cell lysates were subjected to immunoprecipitation (IP)
with an anti-phospho-SAPK/JNK (Thr183/Tyr185) mAb and protein G–
Sepharoses. As a negative control (Neg), cell lysate from CCL19-
treated cells was immunoprecipitated with isotype-matched control
IgG. Phosphorylated MKK4 or MKK7 in the immunocomplexes was
detected by immunoblotting (IB) with an anti-phospho-MKK4 mAb (A)
or an anti-phospho-MKK7 mAb (B). Two independent experiments
(Exp. 1 and Exp. 2) are shown.
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Effect of simultaneous treatment of mature DCs with
SP600125 and Y-27632 on CCL19-induced chemotaxis

We showed that either SP600125 or Y-27632 significantly in-
hibited CCL19-induced chemotaxis of mature BC1 cells.
Figure 7(A) shows effects of various doses of Y-27632 on the

chemotaxis. Y-27632 inhibited CCL19-induced migration of
mature BC1 cells in a dose-dependent manner, and the inhib-
itory effect reached a maximum at 10 lM (Fig. 7A). However,
the inhibition of DC migration by Y-27632 was not complete.
We then evaluated effect of the simultaneous treatment of
mature DCs with SP600125 and Y-27632 on the CCL19-
induced chemotaxis (Fig. 7B). Treatment of mature BC1 cells
with both Y-27632 and SP600125 almost completely abolished
the CCL19-induced chemotaxis.

Discussion

It is generally thought that JNK pathway is involved in
inflammation, proliferation and apoptosis in mammalian cells
(47). In the present study, we focused on the role of JNK in
CCR7-mediated functions of mature DCs. CCL19 significantly
enhanced JNK activity in mature DCs 10–30 min after stimu-
lation and significant migration of mature DCs to this chemo-
kine was detected after 30 min or more of incubation. Thus,
CCR7-mediated migration appeared to be initiated following
JNK activation. Furthermore, either SP600125 or JNKI-1,
a specific inhibitor of JNK, significantly inhibited the CCR7-
mediated migration of mature DCs. These findings demon-
strate that CCR7-mediated JNK activation results in migration
of mature DCs. Recently, it was also reported that JNK was
involved in CCR7-medited migration of mature DCs in human
DC system (48). On the basis of these findings, we consider
that CCR7-mediated JNK activation is essential for migration
of mature DCs. In contrast, CCR7-mediated endocytosis was

Fig. 5. Effects of PTX, Toxin B or Y-27632 on CCL19-induced
endocytosis and chemotaxis in mature DCs. Mature BC1 cells were
treated with PTX (100 ng ml�1) (A), Toxin B (100 ng ml�1) (B) or Y-
27632 (10 lM) (C) for 3 and 4 h or 30 min, respectively. Endocytosis
assay (left panel): after the pre-treatment, endocytosis assay was
performed as in Fig. 3(D). Chemotaxis assay (right panel): the upper
well including the pre-treated cells superposed with the lower well in
the presence of CCL19 (2 nM). The chemotaxis assay was then
performed as in Fig. 3(D). Each column represents the mean 6 SE of
three (PTX and Toxin B) or four (Y-27632) independent experiments.
Statistical significance was calculated by the Student’s t-test (*P <
0.05, **P < 0.01, ***P < 0.001).

Fig. 6. Effects of Y-27632 or Toxin B on CCL19-induced JNK activation
in mature DCs. Mature BC1 cells (6 3 106) were incubated in 0.5%
FCS IMDM with 20 mM HEPES for 3.5 h at 37�C, and then treated with
Y-27632 (10 lM) for 30 min (A). Mature DCs were incubated in 0.5%
FCS IMDMwith 20 mMHEPES in the presence of Toxin B (100 ngml�1)
for 4 h at 37�C (B). After the pre-treatment (A and B), these cells were
treated with CCL19 (2 nM) for 15 min. Cell lysates were used for the
in vitro kinase assay with glutathione-S-transferase-c-Jun as the sub-
strate. Representative immunoblot obtained with anti-p-c-Jun anti-
body is shown (left panels). Total JNK protein levels were determined
by immunoblotting with anti-SAPK/JNK antibody. Results of densito-
metric analysis using Science Lab 99 Image Gauge are shown (right
panels). Data are expressed as -fold increase relative to those
representing the unstimulated levels. Each column with bar shows the
mean6 SE of five (A) or three (B) independent experiments. Statistical
significance was calculated by the Student’s t-test (**P < 0.01).
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observed in mature DCs within a few minutes, before signifi-
cant enhancement of JNK activity was seen in these DCs. In
addition, specific inhibitors of JNK showed no considerable
effects on the CCR7-mediated endocytosis by mature DCs.
These findings demonstrate that CCR7-mediated JNK activa-
tion is not involved in endocytic machinery in mature DCs. It
seems clear that CCR7-mediated signal pathway for endo-
cytic machinery is different from the JNK-dependent pathway
for chemotactic machinery.
MKK4 and MKK7 are upstream kinases of JNK (49). It has

been reported that CpG DNA activates JNK following MKK4
activation in DCs (50). However, the role of MKK4 in chemo-
kine-induced signal transduction has not been addressed so
far. In the present study, CCL19 markedly increased in-
teraction between phospho-JNK and phospho-MKK4 but not
phospho-JNK and phospho-MKK7 in CCL19-treated mature
DCs. Thus, CCR7-mediated JNK activation appears to be
mediated via MKK4 in mature DCs.
Cell migration is a multi-step process, which can be divided

into four mechanistically separate steps as follows. A migrat-
ing cell extends a lamellipodium at the front (first step). This
extension is stabilized through the formation of new adhesions
to the extracellular matrix (second step). The cell body is
moved forward by actomyosin-mediated contraction (third
step). Finally, the tail of the cell detaches from the substratum
and retracts (forth step). Recently, it has been reported that
JNK regulates rapid cell movement mediated via phosphor-
ylating paxillin in fish keratocytes and rat carcinoma cells (51).
Paxillin is a multi-domain protein that localizes in cultured cells,
primarily to sites of cell adhesion to the extracellular matrix
called focal adhesion (52). In addition, it has been reported
that chemokines induce rapid integrin-dependent adhesion to
adhesion molecules and extracellular matrix (29, 30). Thus, it
seemed to us that JNK was involved in the adhesion step in the
migration of mature DCs to CCL19. Then, we examined a role
of JNK in CCR7-mediated adherence of mature DCs. It was
shown that SP600125 exerted no significant effects on the
CCL19-induced adhesion that took place in 2 min. It seems
that JNK plays a role in the later step (s) than the adhesion step
during chemotaxis of mature DCs.

Rho family proteins, Cdc42, Rac and Rho, also control
cell motility (53). Rho-associated kinase, which is a down-
stream effector of Rho, enhances myosin light chain phos-
phorylation, thereby regulating actin–myosin contraction (54,
55). It is generally thought that the Rho pathway is involved in
chemokine-induced migration of T cells and eosinophils (55,
56). Recently, it has been reported that Rho-associated kinase
is required for CCR7-mediated polarization and chemotaxis of
T lymphocytes (57). In the present study, blocking of Rho-
asociated kinase by Y-27632 significantly reduced CCR7
ligand-induced chemotaxis of mature DCs. Thus, Rho path-
way appeared to be generally involved in migration of
leukocytes to chemokines. However, thus far we could not
detect a distinct activity of Rho in CCR7 ligand-stimulated
mature DCs by our assay system (data not shown). Undetect-
able levels of Rho activity may contribute to the CCR7-
mediated migration of mature DCs.
We then examined the relationship between JNK and Rho

in the signal transduction cascade in mature DCs stimulated
with CCR7 ligands. Blocking of Rho pathway by Y-27632
showed no significant effects on the CCR7-mediated JNK
activation (Fig. 6A). Thus, CCR7 ligands appear to activate
JNK through a Rho-independent pathway. On the other hand,
even in the presence of Y-27632, CCL19 induced modest but
significant migration of mature DCs. This Rho-independent
process was completely abrogated when JNK pathway was
simultaneously blocked by SP600125 (Fig. 7B). Thus, the
CCR7-mediated chemotaxis appears to be operated by the
two different signal cascades mediated via JNK or Rho in
mature DCs.
JNK is activated via Rho family proteins including Rho, Rac

and Cdc42 in several types of cells (58–63). However, the role
of Rho family proteins in the JNK activation varies depending
on the cell types and assay systems. It was recently reported
that neurotrophin 3 (NT3) induced Schwann cell migration
through TrKC with concomitant up-regulation of JNK activity
and blocking of the JNK activation by SP600125 abolished this
migration (64). NT3 also activated Cdc42 and Rac, but not
Rho, whereas Toxin B, a specific inhibitor of Rho GTPase
proteins, inhibited both the cell migration and JNK activation.
Thus, it was suggested that NT3 induced Schwann cell
migration through the JNK pathway, and Cdc42 and Rac
were involved in the JNK activation. In the present study,
however, Toxin B significantly inhibited CCR7-mediated DC
migration but not the JNK activity. Thus, Rho GTPase proteins
are unlikely to be involved in CCR7-mediated JNK activation in
mature DCs. It seems that the roles of Rho GTPase proteins in
JNK activation are different among various cell types or
various ligand–receptor systems. On the other hand, blocking
of Gi proteins by PTX abrogated activation of both JNK (data
not shown) and Rho family proteins, Cdc42 and Rac (16), in
CCL19-treated mature DCs. Gi proteins coupled with CCR7 in
mature DCs appear to activate both JNK and Rho family
proteins via distinct pathways.
CCR7 ligand activates the multiple signaling pathways in

mature DCs (65, 66). In addition to JNK activation, we also
detected CCR7-mediated activation of other MAPKs including
p38 MAPK and ERK and PI3K/Akt pathway. p38 MAPK
activation was detected at an early time point (2 min) after
CCL19 treatment. However, p38 MAPK-specific inhibitor

Fig. 7. Effects of simultaneous treatment of mature DCs with
SP600125 (SP) and Y-27632 (Y) on CCL19-induced chemotaxis. (A)
Mature BC1 cells were pre-treated with Y (1.25–20 lM) for 1 h. (B)
Mature BC1 cells were pre-treated with SP (10 lM) and/or Y (10 lM) for
1 h. The chemotaxis assay was then performed and expressed as in
Fig. 3(D). Each column represents the mean 6 SE of three (A) or four
(B) independent experiments. Statistical significance was calculated
by the Student’s t-test (*P < 0.05).
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SB203580 showed no considerable effect on the CCR7-
mediated p38 MAPK activation, chemotaxis and endocytosis.
Thus, we are currently analyzing the effect of SB203580 on
CCR7-mediated p38 MAPK activation by analyzing the
phosphorylation of cAMP response element-binding protein
and MAPK-activated protein kinase 2, which are downstream
pathways of p38 MAPK.
Stimulation via CCR7 or CXCR4 results in the activation of

ERK in T cells (38). However, the role of this kinase in the cell
migration remains unclear. It has been reported that PD98059
blocks CCR7-mediated ERK activation, but does not affect
CCR7-mediated migration of Tcells (57). In human monocyte-
derived DC system, blocking of ERK pathway reduced CCR7-
mediated cell migration of TNF-a-induced mature DCs (48).
On the other hand, we showed in the present study that CCL19
fully elicited endocytosis and chemotaxis of LPS-induced
mature DCs in the presence of a specific inhibitor for ERK.
Thus, the role of signal pathway via ERK in the CCR7-mediated
endocytosis and chemotaxis appears to be different between
TNF-a-induced human mature DCs and LPS-induced murine
mature DCs.
Recently, Del Prete et al. (65) reported that PI3Kc played

a pivotal role in DC migration using PI3Kc-deficient mice. They
prepared DCs from CD34+ bone marrow cells of normal and
PI3Kc-deficient mice by culturing with GM-CSF and Flt3
ligand. Migration of immature DCs toward CCL3 was almost
completely abolished in PI3Kc-deficient mice. In contrast,
migration of TNF-a-induced mature DCs toward CCL19 was
partially (50%) abolished in PI3Kc-deficient mice. Thus, it
seems that PI3Kc-independent pathway also, at least in part,
contributes to the CCL19-induced migration of the mature
DCs. In the present study, blocking of PI3K showed no sig-
nificant effects on CCL19-induced migration of LPS-induced
mature BC1 cells. Furthermore, it was reported that CCL19-
induced migration of human monocyte-derived DCs ma-
turated by CD40L plus prostaglandin E2 was unaffected by
blocking PI3K, even though the CCL19 activated PI3K/Akt
pathway in the mature DCs (65). Thus, PI3K-independent
pathway in CCL19-induced migration seems to be predom-
inant in these two culture systems, BC1 cells and human DCs.
Taken together, we consider that the role of MAPKs or PI3K
may be different among the maturational conditions and/or
culture systems of DCs. These points should be carefully
examined in the future experiments.
Trafficking of a variety of leukocytes to suitable sites is an

essential process for the establishment of immune defense
system against various pathogens. Chemokines play a pivotal
role in the leukocyte trafficking. It has been reported that Rho
pathway is involved in the chemokine-induced cell migration
(54–56). In the present study, we have demonstrated a novel
role of JNK in CCR7 ligand-mediated migration of mature DCs.
Thus, we consider that elucidation of the JNK function in DC
migration will provide an important basis for immunomodula-
tion of adaptive immunity initiated by DCs.
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DC dendritic cell
Dex. dextran
Elk-1 Ets-like-protein-1
ERK extracellular signal-regulated kinase
FN fibronectin
IMDM Iscove’s modified Dulbecco’s medium
JIP1 c-Jun-interacting protein 1
JNK c-Jun N-terminal kinase
JNKI-1 c-Jun N-terminal kinase inhibitor 1
LN lymph node
MAPK mitogen-activated protein kinase
MFI mean fluorescence intensity
MKK mitogen-activated protein kinase kinase
NC negative control peptide
NT3 neurotrophin 3
PI3K phosphatidylinositol 39-kinase
PTX pertussis toxin
SDDC spleen-derived dendritic cell
TNF tumor necrosis factor
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