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Mature Dendritic Cells Express Functional Thrombin

Receptors Triggering Chemotaxis and CCL18/Pulmonary and

Activation-Regulated Chemokine Induction1

Xuehua Li,2 Tatiana Syrovets,2 Svetlana Paskas, Yves Laumonnier, and Thomas Simmet3

Protease-activated receptors (PARs) are a family of G protein-coupled receptors that are activated by serine protease-mediated

proteolytic cleavage of their extracellular domain. We have previously characterized the expression and function of PARs in

human monocytes and macrophages, yet information about PARs in dendritic cells (DC) is scarce. Monocyte-derived immature

DC do not express PARs. Upon maturation with LPS, but not with TNF-� or CD40 ligand, DC express PAR1 and PAR3, but not

PAR2 or PAR4. Stimulation of DC with the serine protease thrombin or PAR1-activating peptide elicits actin polymerization and

concentration-dependent chemotactic responses in LPS-, but not in TNF-�-matured DC. The thrombin-induced migration is a

true chemotaxis with only negligible chemokinesis. Stimulation of PARs with thrombin or the respective receptor-activating peptides

activates ERK1/2 and Rho kinase as well as subsequent phosphorylation of the regulatory myosin L chain 2. The ERK1/2- and Rho

kinase 1-mediated phosphorylation of myosin L chain 2 was indispensable for the PAR-mediated chemotaxis as shown by pharmaco-

logical inhibitors. Additionally, thrombin stimulated the Rho-dependent release of the CC chemokine CCL18/pulmonary and activation-

regulated chemokine, which induces chemotaxis of lymphocytes and immature DC as well as fibroblast proliferation. The colocalization

of CD83� DC with CCL18 in human atherosclerotic plaques revealed by immunofluorescence microscopy combined with the presence

of functionally active thrombin receptors on mature DC point to a previously unrecognized functional role of thrombin in DC biology.

The thrombin-induced stimulation of mature DC may be of particular relevance in atherosclerotic lesions, which harbor all components

of this novel mechanism. The Journal of Immunology, 2008, 181: 1215–1223.

T
hrombin is generated at sites of vascular injury and during

inflammation (1, 2). When generated in close proximity to

its cellular receptors (3, 4), thrombin triggers not only in-

creased fibrin deposition, but also activation of cells expressing pro-

tease-activated receptors (PARs),4 which include endothelial and vas-

cular smooth muscle cells as well as various blood cells (1, 2, 5).

Binding of thrombin to its respective PARs leads to cleavage of

the N-terminal exodomain, unmasking a new N terminus that acts

as tethered ligand. Receptor-activating peptides (AP) mimic the

newly formed N-terminal sequence of the receptor and activate

PARs independent of protease activity and receptor cleavage (1,

2). Among the four members of PARs, PAR1, PAR3, and PAR4

are activated by thrombin, whereas PAR2 is activated, by trypsin,

factor VIIa or Xa, as well as mast cell tryptase (1, 2).

Dendritic cells (DC) are essential for the induction of the adaptive

immune response (6, 7). On the basis of their phenotype and their

ability to prime naive T cells, they are commonly subdivided into im-

mature and mature DC (mDC) (8). Ags, pathogens, LPS, TNF-�, and

other factors induce functional changes culminating in the transition

from the Ag-capturing immature to the Ag-presenting mDC (7, 8).

Small numbers of DC are localized in the intima of apparently

normal, nondiseased arteries (9–11). Interestingly, atherosclerosis-

prone regions of the murine vessel wall contain abundant DC,

suggesting a role of these cells in the process of atherogenesis (12).

In atherosclerotic arteries, the number of DC further increases,

indicating that some of them do not migrate to lymph nodes, but

remain in the vessel wall, where they could activate T cells directly

within the intima (10, 11, 13). DC-T cell interactions were shown

to be frequent in rupture-prone plaque regions, suggesting that this

could contribute to plaque destabilization (14). LPS and endoge-

nous ligands such as minimally modified low density lipoprotein

activate TLR4, whereas genetic deficiency of TLR4 or MyD88

involved in TLR signaling reduces atherosclerosis as well as the

plaque areas in apoE�/� mice (15, 16). Further evidence for a link

between adaptive immune responses and atherogenesis comes from

the enhanced TLR expression in murine and human atherosclerotic

lesions. Although pivotal roles for DC and TLR signaling have been

claimed in the development of atherosclerosis (13, 17), little is known

about the induction of DC stimulation and accumulation.

Immature DC (iDC) express only small amounts of PAR1 and

PAR3 mRNA, but no detectable PAR proteins on their surface (5). On

the other hand, a subset of DC may express PAR2. Thus, an endog-

enous serine protease acting on PAR2 seems to stimulate DC devel-

opment from murine bone marrow progenitor cells (18). So far, little

is known about the expression and function of PARs in DC.

In this study, we report expression and function of thrombin re-

ceptors in DC matured by different stimuli. We demonstrate for the

Institute of Pharmacology of Natural Products and Clinical Pharmacology, Ulm Uni-
versity, Ulm, Germany

Received for publication November 7, 2007. Accepted for publication May 13, 2008.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

1 This work was supported by grants from the Deutsche Forschungsgemeinschaft (to
T.S and Th.S.).

2 X.L. and Ta.S. contributed equally to this work.

3 Address correspondence and reprint requests to Dr. Thomas Simmet, Institute of
Pharmacology of Natural Products and Clinical Pharmacology, Ulm University,
Helmholtzstrasse 20, D-89081 Ulm, Germany. E-mail address: thomas.simmet@
uni-ulm.de

4 Abbreviations used in this paper: PAR, protease-activated receptor; DC, dendritic
cell; iDC, immature DC; mDC, mature DC; ROCK, Rho kinase; MLC2, myosin L
chain 2; AP, activating peptide; PARC, pulmonary and activation-regulated chemo-
kine; CD40L, CD40 ligand.

Copyright © 2008 by The American Association of Immunologists, Inc. 0022-1767/08/$2.00

The Journal of Immunology

www.jimmunol.org

 b
y
 g

u
est o

n
 A

u
g
u
st 4

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


first time that in LPS-matured DC thrombin triggers chemotactic re-

sponses as well as an increased release of the CC chemokine CCL18,

also known as pulmonary and activation-regulated chemokine

(PARC), for which no murine homolog exists (19). Our data provide

insight into novel aspects of DC function linking the coagulation sys-

tem to the adaptive immune response. The findings might be of par-

ticular significance in atherosclerotic lesions, where all necessary

components of this new activation mechanism are colocalized. Sup-

port for such a mechanism comes from immunofluorescence micros-

copy of plaque material from human carotid endarterectomies show-

ing colocalization of matured CD83� DC, thrombin receptors, and

CCL18.

Materials and Methods
Differentiation of DC

DC were differentiated from human monocytes obtained from buffy coats
with 1000 U/ml GM-CSF (Berlex Laboratories) and 25 ng/ml IL-4 (Pierce)
as described previously (5). The differentiation was confirmed by flow
cytometric analysis of CD14 (mouse anti-CD14; Dianova), CD1a, HLA-
DR, CD83, and CD86 (BD Biosciences). As secondary Abs served PE-
conjugated donkey anti-mouse and donkey anti-rabbit F(ab�)2 (Dianova).
iDC were used after 6 days. Maturation was induced by incubation for an
additional 48 h using either 0.5 �g/ml LPS (Escherichia coli serotype
055:B5; Sigma-Aldrich), 50 ng/ml TNF-� (PeproTech), or 0.5 �g/ml
CD40 ligand (CD40L; PJK) (20) Cells were kept in FCS-free RPMI 1640
for 6 h before each experiment. We excluded platelet contamination by
analysis of CD41 that remained undetectable both by RT-PCR and flow
cytometry (data not shown).

mRNA detection

Total RNA was extracted using TRIzol (Invitrogen). Total RNA (1.5 �g)
was used and specific primers for PAR1, PAR2, PAR3, PAR4, and
GAPDH (ThermoHybaid) for normalization (5). Primers for CCL18 were
as described elsewhere (21). To exclude genomic DNA contamination, all
RNA samples were pretreated with DNase I (Invitrogen). The identity of
the PCR products was confirmed by sequencing (Applied Biosystems
Prism 310). Platelets isolated as described served as positive control for
PAR4 mRNA amplification (5). For quantitative real-time PCR, reactions
were run on a real-time PCR system (Applied Biosystems 7300), detected
with SYBR green (Applied Biosystems), and relative gene expression was
determined by normalizing to GAPDH using the �CT method.

Protein expression

Protein expression was analyzed by Western blot immunoblotting and flow
cytometry with a FACScan (BD Biosciences) (5). For the analysis of phos-
phorylation of ERK1/2, p38, and myosin L chain (MLC) 2 (Cell Signaling
Technology), mDC (0.8 � 106 cells, day 6) were kept without stimuli in
FCS-free medium for an additional 6 h before stimulation with thrombin
(Enzyme Research Laboratories) or PAR-specific APs. Alternatively, cells
were pretreated for 15 min with 10 �M of either Y27632, U0126, or 1 �M
peptide 18 (Calbiochem) before treatment. After indicated times, the cells
were lysed for Western blot immunoblotting. Actin served as loading con-
trol (Chemicon International). Expression of PARs on the cell surface was
analyzed by flow cytometry using mouse anti-PAR1 (Beckman Coulter)
and rabbit anti-PAR3 (Santa Cruz Biotechnology) (5). For the quantifica-
tion of CCL18 secretion, supernatants of DC were harvested 24 h after
treatment with thrombin (3 U/ml), PAR1-AP (TFLLRNPNDK), or
PAR3-AP (TFRGAP; ThermoHybaid), each at 100 �M and stored at
�20°C until analyzed by ELISA (R&D Systems). Hirudin (10 U/ml; Cal-
biochem), anti-PAR1-neutralizing Ab WEDE15 (50 �g/ml; Beckman
Coulter), or PAR1-specific inhibitor SCH 79797 (10 �M; Tocris) (22)
added 20 min before stimulation were used to ensure the specificity of the
effects observed.

FIGURE 1. Maturation of monocyte-derived iDC with LPS induces

PAR1 and PAR3 expression. iDC were differentiated from monocytes us-

ing GM-CSF and IL-4. Maturation of iDC was induced either by 0.5 �g/ml

LPS, 50 ng/ml TNF-�, or 0.5 �g/ml CD40L for 48 h. Flow cytometry of

the DC markers HLA-DR, CD83, and CD86 and CD1a (A). Shaded peaks

represent isotype controls. RT-PCR analysis of PAR mRNA expression in

iDC and mDC by either LPS (0.5 �g/ml), TNF-�, or CD40L (left panel)

or the indicated concentrations of LPS (right panel) for 48 h (B). Mono-

cytes served as positive control. RT-PCR analysis did not detect PAR4

expression. PAR4 expression in platelets served as positive control.

GAPDH mRNA, normalization. Western blot analysis of PAR1 and PAR3

expression in whole cell lysates (C). Actin, loading control. Flow cytom-

etry of PAR1 and PAR3 expression on the DC surface (D). Shaded peaks,

isotype controls. The inserts represent the mean fluorescence index calcu-

lated as ratio of mean fluorescence intensity of PAR1 or PAR3 expression

compared with control IgG and presented as mean � SEM of three to

seven experiments.

1216 ACTIVATION OF mDC BY THROMBIN
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Cytosolic calcium levels

Washed cells were loaded with fura-2 acetoxymethyl ester (Molecular
Probes), challenged with either thrombin (1–10 U/ml) or the positive con-
trol WKYMVm (10 nM; Bachem) (23) and cytosolic Ca2� concentrations
were analyzed and calculated as previously described (5).

Actin polymerization

DC (5 � 106 cells/ml) were kept at 37°C for 5 min before the addition of
the chemoattractants thrombin (3 U/ml), PAR-1AP (100 �M), PAR-3AP
(100 �M), or the positive control WKYMVm (10 nM) (23). Hirudin (10
U/ml) was used as a specific inhibitor of thrombin. At the indicated time
points, the reactions were stopped by addition of paraformaldehyde. After
washing, the cells were permeabilized in ice-cold PBS/0.1% Triton X-100,
stained with fluorescein-labeled phalloidin (Molecular Probes), and ana-
lyzed by flow cytometry (FACScan). For each time point, the mean fluo-
rescence intensity was normalized to control, i.e., nonstimulated cells at
time point 0. Alternatively, DC (0.75 � 106 cells/chamber) were seeded
onto Falcon culture slides (BD Biosciences) on day 6, just before LPS
maturation. Two days later, cells were stimulated with thrombin (3 U/ml),
fixed, permeabilized, stained with Texas Red phalloidin, counterstained
with Hoechst 33258, and analyzed by microscopy using an Axiophot 2
(Zeiss) and AxioVision 4.5.

ROCK assay

DC were stimulated either with thrombin (3 U/ml), PAR1-AP (300 �M),
or PAR3-AP (300 �M) for the indicated time. The cells were lysed, di-
vided into two aliquots, and precleared with protein A or G Sepharose
beads. Rho kinase (ROCK) 1 and ROCK2 were immunoprecipitated using
rabbit anti-ROCK1 (Sigma-Aldrich) or goat anti-ROCK2 (Santa Cruz Bio-
technology) and protein A (ROCK1) or G (ROCK2) Sepharose beads (GE
Healthcare Bio-Sciences). The kinase activity was analyzed using
[�-32P]ATP and 0.5 �g of recombinant MYPT1 (Upstate Biotechnology)
as substrate (24). Phosphorylated substrate was visualized by phosphor
imaging. Western blot immunoblotting of ROCK1 and ROCK2 ensured
specific immunoprecipitation.

Migration assays

Cell migration was evaluated using tissue culture-treated 24-well Trans-
well plates (Costar) with polycarbonate membranes (pore size, 5 �m). DC
were suspended in RPMI 1640 containing 0.1% BSA at a concentration of
2 � 106 cells/ml, and 100 �l was added to the upper compartment of each
well (25). When cells were pretreated with kinase inhibitors, these were
added to the upper and lower compartments 15 min before addition of the
respective chemoattractant. For checkerboard analysis, increasing concen-
trations of thrombin were added to the upper and lower compartments. DC
were allowed to migrate for 4 h, fixed with paraformaldehyde, stained with
hematoxylin (Accustain; Sigma-Aldrich), and migrated cells were counted
with a standard microscope (Olympus CH-2; �1000 magnification, oil
immersion) (25).

Fluorescence microscopy

Cryosections (5 �m) were obtained from frozen human carotid endarter-
ectomy specimens. The sections were fixed in acetone, blocked with 5%
goat serum, and incubated with Cy5-coupled mouse anti-CD83 IgG1
(551058; BD Biosciences) as a marker for mDC (7, 20) or FITC-coupled
mouse anti-CCL18 IgG1 (IC394F; R&D Systems) in PBS/0.3% Triton
X-100. Alternatively, anti-PAR1 (WEDE15), anti-PAR3 (H-103; Santa
Cruz Biotechnology), or control IgG (Dianova) followed by FITC-conju-
gated F(ab�)2 (Dianova) were used. Nuclei were counterstained with
Hoechst 33258. Fluorescence microscopy was performed with an Axiophot
2. Control sections were stained with the same concentrations of Cy5- and
FITC-labeled control IgG (Dianova). Specimens from nine patients were
analyzed.

Statistical analysis

Statistical significance was calculated with the Newman-Keuls test. Data
shown represent the mean � SEM where applicable. Differences were
considered significant for p � 0.05.

Results
LPS-induced maturation triggers PAR1 and PAR3 expression in

monocyte-derived DC

Analyzing the expression of PARs in human APCs, we have pre-

viously shown that differentiation of monocytes into iDC is ac-

companied by down-regulation of PAR1 and PAR3 on the cell

surface (5). In this study, we investigated the induction of throm-

bin receptors in DC matured by different stimuli.

FIGURE 2. Thrombin fails to increase cytosolic Ca2� levels yet induces

actin polymerization in LPS-matured DC. DC loaded with fura-2 ace-

toxymethyl ester were stimulated with thrombin. DC stimulated with the

peptide WKYMVm served as positive controls (A). One of three indepen-

dent experiments is shown. Actin polymerization in mDC stimulated with

thrombin in the presence or absence of hirudin was analyzed by flow cy-

tometry (B). WKYMVm, positive control. The cells were stained with

fluorescein-labeled phalloidin. Results are presented as mean fluorescence

intensity of four to seven independent experiments � SEM. Fluorescence

microscopy of actin polymerization in LPS-matured DC 1 min after throm-

bin (3 U/ml) stimulation (C). F-actin was visualized with Texas Red-con-

jugated phalloidin (red). Nuclei were counterstained with Hoechst 33258

(blue). Original magnification, �200 and �1000.

1217The Journal of Immunology
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We confirmed maturation of iDC by either LPS, TNF-�, or

CD40L by flow cytometry showing up-regulation of the HLA-DR,

MHC class II costimulatory molecules CD83 and CD86 (Fig. 1A)

and down-regulation of CD1a (7, 20). When DC were matured

either by exposure to TNF-� or CD40L, RT-PCR did not yield

significant amounts of PAR1, PAR2, or PAR3 amplification prod-

ucts (Fig. 1B). In contrast, maturation with LPS concentration de-

pendently increased both PAR1 and PAR3 mRNA levels (Fig. 1B).

The differential induction of PAR mRNA by the various matura-

tion stimuli was reflected by analogous changes at the protein level

of matured DC as shown by immunoblots of whole cell lysates

(Fig. 1C) and by flow cytometric analysis of the PAR1 and PAR3

expression on the cell surface (Fig. 1D). At the concentrations

used, LPS did not affect the viability of the matured DC as mea-

sured by the XTT (formazan) assay and by annexin V binding

(data not shown).

Similar to iDC (5), PAR4 mRNA remained undetectable in

mDC, but was easily identified in platelets, which served as pos-

itive control (Fig. 1B). Thus, similar to monocytes and macro-

phages, mDC do not express PAR4, yet upon LPS-induced mat-

uration, they do express PAR1 and PAR3.

Thrombin elicits actin polymerization in LPS-matured DC

In various cells including monocytes, signaling via PARs increases

cytosolic Ca2� levels (1, 5, 26, 27). However, stimulation of mDC

with thrombin (1–10 U/ml) did not elicit any cytosolic Ca2�

FIGURE 3. Thrombin induces chemotaxis of LPS-, but not of TNF-�-

matured DC. Migration of mDC was analyzed in Transwell chambers (pore

size, 5 �m). After migration (4 h), the cells were fixed, stained, and those

migrated through the membrane were counted. The data are presented as

chemotactic index, the ratio between the cells migrated to the chemotactic

stimulus and the random migration (control). Thrombin, PAR1-AP, and

PAR3-AP induce concentration-dependent chemotaxis of LPS-matured

DC (A). Thrombin does not induce chemotaxis of TNF-�-matured DC (B).

Thrombin-induced chemotaxis is inhibited by PAR1-neutralizing Ab

WEDE15 (50 �g/ml) (C). Results are mean � SEM of four to six inde-

pendent experiments. �, p � 0.05 and ��, p � 0.01 vs controls.

FIGURE 4. Thrombin activates kinases ROCK1 and ERK1/2 and trig-

gers phosphorylation of regulatory MLC. Rho kinase assay (A). mDC were

stimulated with either thrombin (3 U/ml), PAR1-AP, or PAR3-AP (each at

100 �M) for 20 min or thrombin (3 U/ml) for the indicated time. The cells

were lysed and ROCK1 or ROCK2 were immunoprecipitated. Kinase ac-

tivity was analyzed using MYPT as substrate. Phosphorylated substrate

was visualized by phosphor imaging. Western blotting of ROCK1 and

ROCK2 ensured specific immunoprecipitation. IP, Immunoprecipitation;

KA, kinase assay; WB, Western immunoblot. Western immunoblots of

phosphorylated regulatory MLC (MLC2), ERK1/2, and p38 MAPK in

mDC-treated either with thrombin (3 U/ml), PAR1-AP, or PAR3-AP (each

at 100 �M) (B). Actin, loading control. Thrombin (3 U/ml) and PAR1-AP

(100 �M)-induced p-ERK1/2 phosphorylation is inhibited by the specific

PAR1 antagonist SCH 79797 (10 �M) (C). Each experiment is represen-

tative of three.

Table I. Checkerboard analysis of thrombin-induced migration

of mDCa

Below
Membrane

Above Membrane

Thrombin (U/ml)

Thrombin
(U/ml)

0 1 3 10

0 1.00 0.99 � 0.24 1.12 � 0.18 0.97 � 0.12
1 1.20 � 0.25 1.08 � 0.16 0.93 � 0.18 1.35 � 0.36
3 2.52 � 0.20 2.30 � 0.44 1.52 � 0.36 1.34 � 0.34
10 2.62 � 0.36 2.43 � 0.29 2.15 � 0.47 1.30 � 0.25

a The concentrations of thrombin were added to the upper and/or lower compart-
ment of the Transwell chambers. The chemotactic index compared to nontreated cells
is given; mean � SEM of four independent experiments.

1218 ACTIVATION OF mDC BY THROMBIN
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increase, whereas the same cells clearly responded to the chemo-

tactic peptide WKYMVm (23) as positive control (Fig. 2A).

Thrombin-induced chemotaxis is well established in monocytes

and vascular smooth muscle cells (1, 2). Cell migration requires

actin polymerization at the leading edge of the polarized cells and

myosin activation at the rear, thereby enabling cell contraction and

detachment (28). Within 15 s of thrombin stimulation, we ob-

served a sustained polymerization of actin, which was completely

inhibited by the specific thrombin inhibitor hirudin (Fig. 2B). The

actin polymerization increased 30 s after stimulation to 1.36 �

0.04 for thrombin (3 U/ml), 1.25 � 0.02 for PAR1-AP, and 1.21 �

0.10 for PAR3-AP (fold increase, both at 100 �M). Similarly,

WKYMVm (23) induced an equally strong response (Fig. 2B). The

thrombin-induced actin polymerization became clearly visible in

permeabilized mDC stained with fluorescence-labeled phalloidin

(Fig. 2C). A similar increase in actin polymerization was observed

in monocytes stimulated with thrombin (3 U/ml; data not shown).

Thrombin stimulates migration of LPS-mDC

Thrombin induced a concentration-dependent migration in LPS-

matured (Fig. 3A), but not in TNF-�-matured DC (Fig. 3B),

implying that the cell migration depends on the differential PAR

expression triggered by the maturation stimuli. The thrombin-in-

duced locomotion was clearly dependent on a positive concentra-

tion gradient of thrombin between the lower and upper compart-

ments of the chambers as confirmed by checkerboard analysis

(Table I). When equal concentrations of thrombin were added to

the upper and lower compartments, higher concentrations of

thrombin (3–10 U/ml) initiated only a slightly higher random cell

migration. Therefore, only a negligible component of the throm-

bin-induced DC migration is attributable to chemokinesis. Thus,

thrombin induces a true chemotactic response in LPS-matured DC.

To confirm the putative role of PARs in this effect, we also

tested a specific PAR1-AP for its chemotactic activity. PAR1-AP

(30–300 �M) elicited a concentration-dependent chemotactic re-

sponse in LPS-matured DC (Fig. 3A), and anti-PAR1-neutralizing

Ab WEDE15 (5) completely inhibited the thrombin-induced mi-

gration (Fig. 3C), indicating that thrombin activates DC via PAR1.

Only at 300 �M PAR3-AP, which mimics the sequence of the

human PAR3-tethered ligand, triggered a modest chemotactic re-

sponse in the LPS-matured DC (Fig. 3A).

Thrombin activates ROCK1, ERK1/2, and triggers

phosphorylation of MLC2

Activation of Rho GTPases in migrating cells is essential for the

formation of stress fibers, focal adhesion complexes, and contrac-

tile actin-myosin filaments (28, 29). Rho exerts its effects through

activation of the ROCKs ROCK1 and ROCK2. ROCKs are serine/

threonine kinases, which activate the regulatory myosin L chain

(MLC2) either by direct phosphorylation or by phosphorylation

and inactivation of the myosin-binding subunit (MYPT) of the

MLC phosphatase; such inactivation of the MLC phosphatase

leads to decreased MLC2 dephosphorylation and hence increased

tension generation by facilitating interaction of myosin with F-

actin (29). In vitro kinase assays with MYPT as substrate and

selectively immunoprecipitated ROCK1 or ROCK2 from lysates

of stimulated DC showed that thrombin, PAR1-AP, and, to a lesser

extent, PAR3-AP, induced rapid activation of ROCK1 within 1–5

min (Fig. 4A). ROCK2 was constitutively activated in nonstimu-

lated LPS-matured DC, which might be due to cell adhesion and

engagement of integrins (30). Neither thrombin nor PAR-APs

were found to enhance ROCK2 activity (Fig. 4A). Thus, in LPS-

matured DC thrombin activates ROCK1.

FIGURE 5. Thrombin-induced chemotaxis of LPS-

matured DC is critically dependent on ROCK, ERK1/2,

and MLCK signaling. Thrombin-induced phosphoryla-

tion of MLC2 is inhibited by inhibitors of ROCK,

MEK, and MLCK (A). Western immunoblot of DC pre-

treated for 15 min with either ROCK inhibitor Y27632,

MEK inhibitor U0126 (each 10 �M), or the MLCK in-

hibitor peptide 18 (1 �M) and then treated with either

thrombin (3 U/ml), PAR1-AP, or PAR3-AP (each at

100 �M) for 20 min. Phosphorylated MLC2 and phos-

phorylated/activated ERK1/2 were analyzed by immu-

nostaining. Actin, control. One of three independent ex-

periments is shown. Chemotaxis (B). Cells were

preincubated with inhibitors for 15 min and then al-

lowed to migrate toward thrombin (3 U/ml), PAR1-AP,

or PAR3-AP (each at 100 �M). Results are mean �

SEM of three independent experiments.
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Analysis of MLC2 phosphorylation demonstrated that thrombin

and PAR1-AP induce a rapid, time-dependent phosphorylation of

MLC2 with similar kinetics (Fig. 4B). By contrast, PAR3-AP in-

duced a modest and delayed phosphorylation of MLC2 when com-

pared with thrombin or PAR1-AP (Fig. 4B).

In addition to ROCK, members of the MAPK such as p38, JNK,

and ERK may also be involved in the process of cell migration by

phosphorylating MLC kinase, calpain, or the focal adhesion kinase

FAK (31). Activated MLC kinase is able to directly phosphorylate

MLC2 (32). Stimulation of LPS-matured DC with thrombin or

PAR-APs had no effect on the phosphorylation of p38 (Fig. 4B) or

JNK (data not shown). However, thrombin and PAR-APs induced

rapid activation of ERK1/2, which can contribute to MLC2 phos-

phorylation and the chemotactic response via activation of the

MLC kinase (31). The ERK1/2 activation was induced with kinet-

ics similar to those observed for MLC2 phosphorylation (Fig. 4B).

The thrombin- and PAR1-AP-induced ERK1/2 activation was se-

lectively inhibited by the specific PAR1 antagonist SCH79797

(22) (Fig. 4C).

Activation of ROCK1 and ERK1/2 is indispensable for the

PAR-mediated phosphorylation of MLC2 and the DC migration

To analyze the role of ROCK and ERK1/2 activation in the throm-

bin-induced MLC2 phosphorylation and cell migration, we used

inhibitors of ROCK, the ERK pathway and of MLC kinase. The

MLC kinase can either be activated by Ca2�/calmodulin and/or by

ERK1/2 (29, 33).

The selective ROCK inhibitor Y27632 (34), which targets the

ATP-dependent kinase domain (32), abolished the MLC2 phos-

phorylation induced by thrombin and PAR-APs (Fig. 5A), but had

no effect on thrombin and PAR1-AP-mediated activation of ERK.

Similarly, the ERK pathway inhibitor U0126 (34) effectively in-

hibited not only ERK1/2 phosphorylation, but also the phosphor-

ylation of MLC2 induced by stimulation with thrombin or PAR1-

AP. Inhibition of the MLC kinase with the membrane-permeant

inhibitor peptide 18 (35) had no effect on the ERK1/2 phosphor-

ylation, but inhibited the MLC2 phosphorylation, indicating that

this kinase is critically involved in the thrombin-induced signaling

via ERK1/2 pathway (Fig. 5A).

Consistently, the ROCK inhibitor Y27632 as well as the ERK

pathway inhibitor U0126 impaired the thrombin- and PAR-AP-

induced chemotaxis of mDC, implicating that activation of both

kinases is essential for the PAR-mediated chemotactic response

(Fig. 5B). Similar inhibitory effects on chemotaxis were observed

when the MLC kinase inhibitor peptide 18 was used, demonstrat-

ing a critical interdependence between the three kinases in terms of

DC chemotaxis (Fig. 5B).

Stimulation of PAR on LPS-matured DC triggers CCL18/PARC

induction

The chemokine CCL18 is synthesized by monocyte-derived DC.

Its production in vitro and in vivo by DC is regulated by proin-

flammatory and anti-inflammatory signals, such as cytokines and

PGs (19). Activation of PARs on LPS-matured DC by thrombin,

PAR1-AP, and, to a lesser extent, by PAR3-AP induced a mark-

edly increased expression of CCL18 mRNA within 9 h (Fig. 6A).

Accordingly, mDC stimulated with thrombin, PAR1-APs, or

PAR3-AP released increased amounts of CCL18 into the medium

(Fig. 6B). Pretreatment of LPS-matured DC with inhibitors of

ROCK, ERK, or MLC kinase, namely, Y27632, U0126, and pep-

tide 18, showed that ROCK activation is essential for the PAR-

mediated expression of CCL18 mRNA and protein in LPS-ma-

tured DC (Fig. 6, C and D). In contrast to the PAR-induced CCL18

release, the one by unstimulated cells was independent on ROCK

activation, because addition of Y27632 (10 �M) to the control

cells had no significant effect on the constitutive CCL18 expres-

sion (102 � 0.3%, n � 6). Activation of PARs by thrombin,

PAR1-APs, or PAR3-APs did not trigger any release of other

FIGURE 6. Stimulation of thrombin receptors augments production of

the chemokine CCL18/PARC. Thrombin (3 U/ml), PAR1-AP, or

PAR3-AP (each 100 �M) induce CCL18 mRNA in LPS-matured DC (A).

Total RNA was isolated after 9 h and subjected to RT-PCR using CCL18-

specific primers. GAPDH, control. Thrombin (3 U/ml), PAR1-AP, or

PAR3-AP (each 100 �M) induce release of CCL18 from mDC as deter-

mined by ELISA after 24 h (B). Effects of kinase inhibitors on the CCL18

mRNA expression (C). mDC were pretreated for 15 min with the ROCK

inhibitor Y27632 or the MEK inhibitor U0126 (each 10 �M) or the MLCK

inhibitor peptide 18 (1 �M) and then stimulated with thrombin, PAR1-AP,

or PAR3-AP as in A. Expression of CCL18 and GAPDH was analyzed by

RT-PCR. Effects of the kinase inhibitors on CCL18 release (D). mDC were

treated as in C for 24 h; CCL18 release was analyzed by ELISA. 100% �

5.59 � 0.69 ng/ml. All results are representative of three to five experi-

ments; �, p � 0.05 and ��, p � 0.01 vs control.
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proinflammatory cytokines such as TNF-�, IL-6. or MCP-1 by

mDC, nor was the production of IL-10 stimulated (data not

shown). Interestingly, real-time PCR analysis demonstrated that

thrombin (3 U/ml, 6–24 h) induced in addition to CCL18 expres-

sion of CCL22 mRNA (5.78 � 2.27-fold, 24 h, n � 4) and CXCL8

(1.60 � 0.32-fold, 12 h, n � 4), whereas no changes were ob-

served in CCL3, CCL4, and CXCL10 mRNA expression.

CCL18 has no rodent homolog that would allow to study its

expression in mouse models (19). We therefore sought to gain

evidence for its role in atherosclerotic lesions by multicolor fluo-

rescence microscopy of sections from human atherosclerotic

plaques from carotid endarterectomies. Fluorescence microscopy

of cryosections immunostained for mature CD83� DC and CCL18

revealed colocalization by fluorescence overlay of the DC marker

CD83 and CCL18, resulting in yellow color (Fig. 7B). Similarly,

CD83� DC colocalize in plaques with PAR1 (Fig. 7C) and PAR3

(Fig. 7D). This indicates that mDC express CCL18 within athero-

sclerotic plaques, which harbor all factors required for thrombin

activation as well as active thrombin (4).

Discussion
The classical paradigm of DC maturation predicts that mDC in

contrast to iDC prime T cell responses (8, 20). However, this sim-

ple model does not sufficiently reflect the existence of different

maturation stages of DC (6, 20). In contrast to other maturation

stimuli, only LPS induces development of fully matured DC,

which secrete the Th1-polarizing cytokines such as IL-12 (6, 36,

37). Consistent with the diverse response to maturation stimuli, we

found differential effects on PAR1 and PAR3 expression in DC.

Thus, LPS-matured DC express PAR1 and PAR3, whereas

TNF-�- or CD40L-matured DC do not, suggesting that the PAR

expression might be important for specific functions confined to

LPS-matured DC. As in monocytes (5), neither immature nor

mDC express the third thrombin receptor PAR4.

Data on the role of thrombin and its receptors in DC are scarce.

We have previously demonstrated that differentiation of human

monocytes into iDC results in down-regulation of PAR1, PAR2,

and PAR3 (5). On the other hand, serine proteases may well play

a role in DC function (38) because administration of bovine throm-

bin to mice induced autoimmune disease, suggesting an immune

stimulatory function possibly mediated by PARs (39, 40). More-

over, administration of the specific thrombin inhibitor hirudin

dose-dependently prevented the onset of autoimmune arthritis in

mice (41), and thrombin inhibition by melagatran reduces lesion

size and promotes plaque stability in apoE�/� mice (42).

Migration is an essential feature of DC that is mainly controlled

and coordinated by chemokines (7, 8). It is often assumed that DC

migrate only into lymph nodes. However, DC may cluster with T

cells within atherosclerotic lesions (9–11, 43). Recently, immunity

and DC-centered models of atherogenesis have gained much at-

tention (11, 13). Indeed, the LPS receptor TLR4 is expressed in

both human and murine atherosclerotic lesions and TLR4-deficient

apoE�/� mice showed a significant reduction of aortic lesion areas

establishing a link between TLR4 activation and atherogenesis (15,

17). Moreover, macrophages in atherosclerotic lesions constitu-

tively express tissue factor leading to local generation of thrombin

(1, 4). Therefore, thrombin could recruit DC to the vascular-asso-

ciated lymphoid tissue (11, 43) in atherosclerotic lesions. Indeed,

stimulation of the matured DC either with thrombin, PAR1-AP, or

PAR3-AP elicited a concentration-dependent chemotaxis. Throm-

bin binding to PAR1 and PAR3 is potentiated by hirudin-like se-

quences located C-terminal to the cleavage site enhancing the ef-

fective local concentration of thrombin compared with other

ligands (1). This might explain why the chemotactic response of

mDC to thrombin was higher than that to PAR1-AP.

In addition, the more effective stimulation by thrombin com-

pared with PAR1-AP might also be due to stimulation of two re-

ceptors, namely, PAR1 and PAR3. In general, APs serve as con-

venient tools for dissecting distinct receptor activation. However,

receptor activation may be modulated depending on AP cross-re-

activity or intermolecular ligation of one PAR molecule by another

(1, 44). We used a PAR1-AP that is specific for PAR1 (44). On the

contrary, PAR3-AP may not be PAR3 selective. Thus, PAR3 over-

expressed in COS7 cells was activated by thrombin, but not by

PAR3-AP (1). However, human PAR3-AP stimulate Ca2� and

ERK1/2 signaling, as well as proliferation of human vascular mus-

cle cells (26). Only recently it has been proposed that PAR3-AP

might be able to activate PAR1 and PAR2 (45). Therefore, it was

likely that the small chemotactic response seen with PAR3-AP

might have been due to activation of PAR1. In line with this,

FIGURE 7. Colocalization of CCL18, PAR1, and PAR3 with DC in

human atherosclerotic plaque specimens. Cryosections of human athero-

sclerotic plaques from carotid endarterectomies were stained with anti-

CD83 Ab (red), DNA stain Hoechst 33258 (blue), and either anti-CCL18

(B), PAR1 (C), or PAR3 (D) Abs (green). Control sections were stained

with fluorescence-labeled control IgG (A). Overlay of the stainings re-

vealed colocalization (yellow). Representative sections from nine patients

are shown. Original magnification, �400.
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PAR1- neutralizing Ab totally inhibited the thrombin-induced che-

motaxis. In addition, the specific PAR1 antagonist SCH79797

blocked the ERK1/2 phosphorylation induced by thrombin, indi-

cating signaling primarily via PAR1.

Chemotaxis requires integration of various signaling pathways,

including small Rho GTPases and MAPK (29, 31). Ligated PAR1

can activate heterotrimeric G proteins from different families, such

as G12/13, Gq, and Gi, which are all expressed in DC (46) and

which can signal independent from of each other (1). Whereas Gq

mediates calcium signaling, G12/13 is coupled to Rho/ROCK (1,

27) and Gi is linked to the Ras/ERK pathway (47). These multiple

signaling pathways can be activated in endothelial cells, where

PAR1 modulates several independent functional responses, such as

endothelial permeability via G12/13/Rho, intracellular calcium in-

crease via Gq, and ERK activation through Gi/Ras-MEK1 path-

ways (27, 47).

Because thrombin stimulation did not trigger any intracellular

Ca2� response in LPS-matured DC, we further analyzed activation

of Rho/ROCK and ERK signaling pathways.

Interaction of myosin with actin, essential for cell movement, is

regulated primarily by phosphorylation of the regulatory myosin L

chain MLC2. MLC2 phosphorylation, in turn, is regulated by the

Ca2�/calmodulin-regulated MLC kinase. In addition, activated

ERK is able to phosphorylate and activate MLC kinase directly

(31). Accordingly, constitutively active MEK1, an upstream kinase

of ERK, induces MLC kinase activation, MLC2 phosphorylation,

and cell migration (33). Interestingly, this process occurs without

an intracellular Ca2� concentration increase. Thrombin and PAR-

APs induced a rapid, time-dependent activation of ERK in DC, the

kinetics of which were similar to those of MLC2 phosphorylation,

suggesting that ERK1/2 mediates phosphorylation of the regula-

tory MLC. Indeed, inhibition of ERK activity by U0126 abolished

MLC2 phosphorylation and thrombin-induced DC migration, con-

firming a central role of ERK in MLC2 phosphorylation.

Besides ERK and MLC kinase, also Rho GTPases are involved

in the regulation of myosin phosphorylation through the down-

stream effectors ROCKs. ROCK phosphorylates the myosin-bind-

ing subunit of MLC phosphatase, leading to its inhibition and the

subsequent promotion of the MLC2 phosphorylation associated

with contraction without intracellular Ca2� concentration in-

creases (48). Accordingly, dominant negative ROCK or treatment

with ROCK inhibitors led to enhanced MLC phosphatase activity

and increased MLC2 dephosphorylation in migrating cells (49).

Likewise, in monocytes Rho and its downstream effector ROCK,

but not Rac1 or Cdc42, are essential for cell migration (50). Inhi-

bition of ROCK activity in DC totally inhibited MLC2 phosphor-

ylation, but had no effect on ERK phosphorylation induced by

thrombin. Hence, ROCK contributes to increased MLC2 phos-

phorylation via inactivation of MLC phosphatase. Thus, the coor-

dinated activation of Rho/ROCK1 and ERK/MLC kinase path-

ways is indispensable for the thrombin-induced chemotaxis of DC.

Interestingly, in DC thrombin stimulated only one of the two

Rho kinases, namely, ROCK1. The finding that thrombin triggers

chemotaxis in mDC through selective activation of ROCK1 is con-

sistent with data showing that in fibroblasts ROCK1 rather than

ROCK2 is important for stress fiber formation, whereas ROCK2 is

involved in phagocytosis (51).

Whereas a role for Rho/ROCK in chemotaxis is well estab-

lished, recent findings indicate that Rho might also modulate tran-

scription factor activity and subsequent gene induction (29), e.g.,

expression of vascular endothelial growth factor (52). Activation

of transcription factors might also induce cytokines and chemo-

kines required for DC function in adaptive immunity (7). Treat-

ment of DC with thrombin, PAR1-APs, and PAR3-APs induced

expression of the CC chemokine CCL18/PARC, a potent chemoat-

tractant for T cells and iDC (19). CCL18 is crucial for the homeo-

static trafficking of lymphocytes and DC to tissues where CCL18

is constitutively expressed (19). CCL18 seems to be associated

with a number of pathological conditions including malignances

and chronic inflammation (19). Moreover, CCL18 expression is

also detected in atherosclerotic lesions (21). In monocytes in vitro

its production is induced by LPS and CD40L (53), whereas in iDC

it is activated by anti-inflammatory stimuli such as IL-10 or vita-

min D3 (54, 55). Since rodents do not have a CCL18 analog, stud-

ies on its regulation and function in vivo have been hampered (19).

Our data show that mature CD83� DC colocalize with CCL18

within human atherosclerotic plaques and that thrombin potenti-

ates expression of CCL18 in LPS-matured DC via the Rho/ROCK-

dependent pathway, whereas it does not induce release of T cell-

activating proinflammatory cytokines such as TNF-�, IL-6, and

the CC chemokine CCL2.

In conclusion, our data demonstrate expression of functionally

active thrombin receptors on LPS-matured DC. In these cells,

thrombin was identified as a potent chemoattractant and as a

CCL18 chemokine inducer signaling via Rho/ERK-dependent

pathways. Taking into account the presence of thrombin and PAR-

expressing DC in atherosclerotic lesions, this mechanism of DC

activation provides a novel link between immunity and

atherogenesis.
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