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ABSTRACT
Scleroderma is a connective tissue dis -
ease of unknown etiology characterized
by the excessive deposition of extracel -
lular matrix in the skin. Cellular infil -
trates of certain immune cells and pro-
inflammatory mediators are suggested
to play a crucial role in cutaneous
fibrosis, forming complicated networks
between fibroblasts and immune cells
and/or cell-cell commu n i c ations. Ti s -
sue-selective trafficking of leukocytes is
mediated by combinations of adhesion
molecules and chemokines. A l t h o u g h
chemokines and their re c ep t o rs are
considered to be mediators of inflam -
m ation and fi b rosis in scl e ro d e rm a ,
their pathophysiological role remains
incompletely understood. Recent stud -
ies suggest that CCL2/ monocy t e
ch e m o at t ractant protein-1 plays an
important role in the fibrotic process,
i n cluding liver fi b ro s i s , p u l m o n a ry
fibrosis, and scleroderma. This review
s u m m a ri zes recent findings of the
potential roles of CCL2 in cutaneous
sclerosis in experimental animal mod -
els of scleroderma as well as human
scleroderma. 

Introduction
S cl e ro d e rma is a cutaneous fi b ro t i c
condition ch a ra c t e ri zed by ex c e s s ive
production and deposition of extracel-
lular matrix (ECM) in the skin, vascu-
lar injury and immunologic abnormali-
ties (1). Although the initial pathogene-
sis is still unclear, excessive production
as well as reorganization of connective
tissue constituents determines the
development of the disease (2). In par-
ticular, type I and III collagen, fibro-
nectin, and proteoglycans are produced
in large amounts by activated fibrob-
lasts in the affected dermis. In vitro
activated scleroderma fibroblasts con-
tinue to synthesize increased amounts
of collagen, as compared with control
fibroblasts (3). Although a number of

studies have been performed to investi-
gate the pathogenesis of scleroderma,
its etiology remains still unknown. In
the early stages of scleroderma, activat-
ed fibroblasts in the affected areas pro-
duce high amounts of collagen (4-6).
Histological analysis of the initial stage
of scl e ro d e rma reveals periva s c u l a r
infiltrates of mononuclear cells in the
d e rm i s , wh i ch is associated with
increased collagen synthesis in the sur-
rounding fibroblasts (7, 8). A number
of studies have demonstrated the cru-
cial role of several fibrogenic cytokines
released from immunocytes for initiat-
ing and/or leading to the sequential
events of fibrosis in this disease (9-12).
Recent evidence supports the concept
that leukocyte activation and elicitation
t h rough cy t o k i n e - d riven netwo rks is
one of the key processes in the autoim-
mune response (13). One of the fami-
lies of effector molecules is the large
group of mediators known as chemo-
kines. Chemokines are a large family of
small (7-15 kDa), structurally related
heparin-binding proteins that may par-
ticipate in immune and inflammatory
responses through the chemoattraction
and activation of leukocytes. Chemo-
kines are subdivided into four subfami-
lies based on the arrangement of their
N-terminal cysteine residues. 
CCL2 (fo rm e rly called monocy t e
chemoattractant protein-1) is a chemo-
at t ractant for monocytes and T- c e l l s ,
belonging to a C-C chemokine super-
family of small proteins that are impor-
tant in recruiting and activating leuko-
cytes during inflammation (14). CCL2
has also been ch a ra c t e ri zed as the
murine JE gene product. Previous stud-
ies showed that numerous types of cells
including fibroblasts, endothelial cells,
epithelial cells, mononuclear cells, and
smooth mu s cle cells are cap able of
ex p ressing CCL2 in the presence of
serum or specific stimuli. Recent stud-
ies have demonstrated that CCL2
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ex p ression is upreg u l ated in human
pulmonary (15) and liver (16) fibrosis,
as well as in animal models of pulmo-
nary fibrosis (17) or crescent nephritis
and interstitial kidney fibrosis (18). A
recent in vitro study shows that CCL2
u p reg u l ates type I collagen mRNA
expression in rat lung fibroblasts (19).
In this article, potential roles of CCL2
in experimental scleroderma as well as
human scleroderma was discussed.  

Role of CCL2 in experimental 
mouse models of scleroderma
Bleomycin-induced scleroderma
Bleomycin is a frequently used anti-
tumor antibiotic for various kinds of
cancers. Lung fibrosis is a well-known
side effect of bleomycin, and bleomy-
cin-induced pulmonary fi b rosis is an
established rodent model (20-23). We
c o n fi rmed that histological derm a l
sclerosis can be induced by repeated
subcutaneous injections of bleomycin
into the shaved skin of the back in vari-
ous mice strains (24-28), a l t h o u g h
there is some variation among strains in
the intensity and the periods required to
induce dermal sclerosis. Cellular infil-
trates in the lesional skin are mainly
composed of CD4+ T- c e l l s , m a c ro -
p h ages and mast cells. Mononu cl e a r
cell infiltrates in the skin precede the
induction of dermal sclerosis, which is
suggested to secret cytokines stimulat-
ing ECM production. 
Cytokines are important in the immune
and inflammatory systems. Although a
variety of cytokines and growth factors
a re invo l ved in the pat h ogenesis of
scleroderma, transforming growth fac-
tor-β (TGF-β) is suggested to play a
key role (9). TGF-β, which is found in
abundance in platelets and is released
f rom activated macro p h ages or ly m-
phocytes, is a strong chemoattractant
for fi b ro blasts (29). T G F -β i n c re a s e s
the synthesis of collagen type I and
type III or fi b ronectin by many cell
types in vitro (30-32). In add i t i o n ,
TGF-β modulates cell-matrix adhesion
protein receptors (33, 34). TGF-β also
reg u l ates the production of pro t e i n s
that can modify the ECM by proteolyt-
ic action, such as plasminogen activa-
tor, an inhibitor of plasminogen, or pro-
collagenase (35-37). TGF-β is capable

of stimu l ating its own synthesis by
fibroblasts through autoinduction (38).
It induces rapid fibrosis and angiogene-
sis when injected subcutaneously into
newborn mice (39). Thus, maintenance
of increased T G F -β p roduction may
lead to the progressive deposition of
ECM, resulting in fibrosis.   
It has been rep o rted that bl e o my c i n
directly stimulates alveolar macropha-
ges to secret fibroblast growth factor
(40), and alveolar macrophages obtain-
ed from bleomycin-induced lung injury
s e c ret growth stimu l at o ry factor fo r
lung fi b ro blasts (41). Mononu cl e a r
cells are considered to be major sources
of TGF-β. In the model of bleomycin-
induced scleroderma, immunohistolog-
ical analysis showed that TGF-β was
detected on the infiltrating cells, which
we re pre d o m i n a n t ly composed of
macrophages, as well as fibroblasts at
s cl e rotic stages fo l l owing bl e o my c i n
t re atment. T G F -β1 and -β2 mRNA
ex p ression was also detected in the
lesional skin. Blockade of TGF-β activ-
ity reduced the development of sclero-
derma (42). Therefore, it also plays a
key role in the pathogenesis of bleo-
mycin-induced scleroderma.    
Mast cells produce a number of cyto-
k i n e s , growth fa c t o rs , and mediat o rs
that are capable of activating fibrob-
lasts or endothelial cells (43). Potential
fibrogenic factors which are produced
by mast cells include histamine (44,
4 5 ) , t ryptase (46), T G F -β ( 3 0 - 3 2 ) ,
basic fibroblast growth factor (bFGF)
( 4 7 ) , i n t e rleukin-4 (IL-4) (48), a n d
platelet-derived growth factor (PDGF)
(49). In the model of bl e o my c i n -
induced scleroderma, mast cells were
increased in number in parallel with the
induction of dermal sclerosis. In addi-
tion, a marked degranulation was found
in particular in early phases, with ele-
vated plasma histamin levels (24). On
the contrary, bleomycin could induce
d e rmal scl e rosis even in ge n e t i c a l ly
mast cell-deficient W B B 6 F 1 - W / WV

mice similarly to control litterm at e s
(25). TGF-β can be detected immuno-
histologically on the infiltrating cells in
both WBB6F1-+/+ and W B B 6 F 1 -
W/WV mice (25). Mast cells may be
associated with but not necessary for
the induction of dermal sclerosis, im-

plying that mast cells may be not the
sole pathway to the induction of sclero-
sis.
Recently, excessive oxidative stress has
been implicated in the pathogenesis of
s cl e ro d e rma (50, 51). Bleomycin is
k n own to ge n e rate re a c t ive ox y ge n
species (ROS), such as superoxide and
hy d roxyl radicals. ROS can cause
endothelial cell damage, stimulate skin
fi b ro blast pro l i fe rat i o n , and incre a s e
c o l l agen production. We prev i o u s ly
d e m o n s t rated the inhibitory effect of
l e c i t h i n i zed superoxide dismu t a s e
(SOD) on bl e o mycin-induced scl e ro-
derma (52), suggesting the involvement
of RO S. Oxidat ive stress tra n s i e n t ly
induces CCL2 mRNA and pro t e i n
expression in cultured skin fibroblasts
(53). Th e re fo re, e l evated levels of
CCL2 in this model might be induced,
in part, via ROS by bleomycin.  
The biological actions of chemokines
are mediated through a family of seven
t ra n s m e m b rane G-protein-coupled re -
ceptors present on the surface of target
cells. CC chemokine receptor (CCR)-2
is a major receptor of CCL2, and is
expressed on monocytes, activated T-
c e l l s , B - c e l l s , n at u ral killer cells,
fibroblasts, and mast cells. In the model
of bl e o mycin-induced scl e ro d e rm a ,
expression of CCL2 and CCR-2 was
e l evated at both protein and mRNA
l evels in the lesional skin fo l l ow i n g
bleomycin treatment. CCL2 as well as
CCR-2 were detected on the infiltrating
mononuclear cells at early stages fol-
lowing bleomycin treatment, and also
detected on the fi b ro blasts at lat e r
stages in the sclerotic skin (54). These
findings suggest that CCL2 and CCR-2
signaling plays an important role in the
p at h ogenesis of bl e o my c i n - i n d u c e d
s cl e ro d e rma. A recent rep o rt demon-
strates that CCR-2-deficient mice are
protected from fibrosis (55),suggesting
that CCR-2 signaling promotes a profi-
brotic cascade.
Strategies to target chemokines include
inhibitors of chemokine synthesis, re-
ceptor antagonists, and chemokine tox-
ins. Continuous application of neutral-
izing antibody against CCL2 reduced
the development of experimental scle-
roderma (54). Gene therapy should also
be explored in this experimental model. 
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Sclerodermatous graft-versus-host 
disease (Scl GVHD) model
In ch ronic gra f t - ve rsus-host disease
( G v H D ) , wh i ch occurs across minor
h i s t o c o m p atibility barri e rs , s eve re
cutaneous fibrosis is observed with loss
of dermal fat , at ro p hy of derm a l
ap p e n d age s , mast cell dep l e t i o n , a n d
mononuclear cell infiltration (56, 57).
A recent rep o rt demonstrates that a
murine sclerodermatous GvHD model
for scleroderma reproduces skin thick-
ening, lung fibrosis, and upregulation
of mRNA expression of collagen and
TGF-β (58). Neutralization of TGF-β
prevented fibrosis in the skin as well as
in the lung (58). In this model, expres-
sion of C-C chemokines incl u d i n g
CCL2, CCL3/macrophage inflammato-
ry protein-1α and CCL5/RANTES was
i n c reased in the lesional skin befo re
skin thickening and infi l t ration of
CD45+ cells (59). 

Tight skin mouse
TGF-β and IL-4 are suggested to play
important roles in the pathogenesis of
fibrosis in tight skin (Tsk) mice. Both
cytokines have been shown to induce
collagen synthesis by fibroblasts, and
fibroblasts from Tsk mice are hyperre-
sponsive to IL-4 and TGF-β (60). Tar-
geted mutations in either the signaling
chain of the IL-4 receptor or STAT6
prevents the cutaneous hyperplasia in
Tsk mice, suggesting the importance of
IL-4 (60, 61). In Tsk mice, mast cells
are abundant in the thickened dermis
and exhibit prominent degra nu l at i o n
(62). A decrease in fibrosis associated
with inhibition of mast cell degranula-
tion by cro m o lyn and ke t o t i fen wa s
also rep o rted in the Tsk mice (63).
Mast cell is one of major sources of IL-
4. IL-4 has been shown to induce sig-
nificant levels of CCL2 production in
stromal cells (64, 65). On the contrary,
CCL2 upregulates IL-4 mRNA expres-
sion and protein production (66). Thus,
mutual induction of CCL2 and IL-4 has
greatly been speculated. The roles of
CCL2 in the fi b rosis of Tsk mice
should be clarified.  

The role of CCL2 in human 
scleroderma
In vitro a n a lysis showed that CCL2

upregulates type I collagen mRNA ex-
pression in rat lung fibroblasts, which
is indirectly mediated by endogenous
upregulation of TGF-β gene expression
(19). T G F -β p roduction by fi b ro t i c
fibroblasts was dependent on endoge-
nous CCL2 synthesis because the pres-
ence of CCL2 antisense oligo nu cl e -
otides markedly reduced TGF-β levels
in the mouse (67). Also our recent data
s h ow that CCL2 upreg u l ates the
m R NA levels of α1(I) collagen and
decorin in normal human skin fibrob-
lasts, whereas those of fibronectin and
biglycan were not significantly altered
(54). Biglycan/ PG-I and decorin/PG-II
are two small proteoglycans with a core
protein of similar size (42 kDa), con-
taining most often two and one chon-
droitin/dermatan sulphate glycosamin-
oglycan side chains, respectively. Al-
though these molecules display a high
degree of structural similarities, differ-
ential regulation of these molecules by
CCL2 was sugge s t e d. Interfe ro n -γ
( I F N -γ) , a rep re s e n t at ive antifi b ro t i c
cytokine, abrogated the CCL2-elicited
upregulation of α1(I) collagen mRNA
expression in human dermal fibroblasts
(Fig. 1). Whether CCL2 is directly or
indirectly involved in the development
of fibrosis should be further clarified.
Current studies have demonstrated in-

creased expression of CCL2 in patients
with systemic sclerosis (SSc) (68-71).
Hasegawa et al. (69) demonstrated that
serum levels and spontaneous produc-
tion levels by peripheral blood mono-
nuclear cells of CCL2 were elevated in
SSc patients compared with norm a l
controls. Elevated serum CCL2 levels
were correlated with pulmonary fibro-
sis. Immu n o h i s t o chemical analy s i s
also showed increased ex p ression of
CCL2 in scl e ro d e rma skin (68-70).
S cl e ro d e rma fi b ro blasts ex p ress in-
c reased levels of CCL2 mRNA and
p rotein (68-70). Distler et al. (71)
rep o rted that stimu l ation with PDGF
resulted in a significant increase in
CCL2 mRNA and protein. Furt h e r-
more, we demonstrated the autoinduc-
tion of CCL2 in scleroderma fibrob-
lasts (72). These in vivo and in vitro
results suggest a significant invo l ve-
ment of CCL2 in the pathogenesis of
scleroderma. In addition,we previously
reported that CCL2 enhances expres-
sion of mat rix metallopro t e i n a s e - 1
( M M P - 1 ) , M M P - 2 , as well as tissue
inhibitor of metalloproteinase-1 (TIMP-
1 ) in cultured human skin fibroblasts
(73). Enhanced MMP as well as TIMP
a c t ivity may contri bute to the tissue
remodeling.   
In scl e ro d e rma skin, mast cells are

Fig. 1 . Effect of CCL2 and IFN-γ on mRNA expression of β1 (I) collagen. Normal skin fibroblasts
were stimulated with CCL2 (10 ng/ml) and IFN-γ (100 or 1,000 U/ml) concomitantly in the serum-free
medium for 24 h. Then,total RNA was isolated and analyzed by Northern blot hybridization. The ribo-
somal bands stained with methylene blue confirmed equal loading of total RNA. 
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increased in number (74, 75), and with
degranulated mast cells as an activated
form (76), suggesting that mast cells
are important initiators of scleroderma.
Human mast cells are recently shown
to be a rich source of chemokines, in-
cluding CCL2, CCL3, CCL4/ macro-
p h age infl a m m at o ry pro t e i n - 1β, a n d
CCL5 (77), as well as a number of
cytokines, growth factors and media-
t o rs. Expression of stem cell fa c t o r
( S C F ) , a mast cell growth fa c t o r, i s
upregulated in scleroderma fibroblasts
(78, 79). SCF enhances CCL2 expres-
sion in human mast cell line, HMC-1
cells (80, 81) and human lung mast
cells (80). Co-culture of normal fibrob-
lasts with HMC-1 cells in monolayers
showed increased expression of α1(I)
collagen mRNA (81). Because CCL2
enhances type I collagen mRNA
expression in skin fibroblasts, we spec-
u l ate the mutual interaction betwe e n
mast cells and fibroblasts via CCL2/
SCF, which may play an important role
in fibrosis.
Recent hypotheses have indicated that
imbalance exists between the type 1
and type 2 cytokine response in the
p at h ogenesis of scl e ro d e rma. Type 2

cytokines include IL-4, IL-5, IL-10, IL-
13 and CCL2. IL-4, which is produced
by activated memory T-cells and mast
cells, is known to promote fibroblast
proliferation, collagen gene expression,
and collagen synthesis (82-84). Plasma
levels of IFN-γ are decreased in SSc
patients, while those of IL-4, IL-10 and
IL-13 are increased, compared to nor-
mal controls (85-87). Serum in the
majority of SSc patients showed elevat-
ed levels of CD30 (88), wh i ch is
expressed on activated type 2 cells. A
recent report shows that most CD4+ T-
cell clones generated from scleroderma
skin biopsies exhibited type 2 cytokine
p ro fi l e s , and increased ex p ression of
IL-4 and decreased IFN-γ l evels are
shown in the lesional skin of SSc (88). 
The regulation of ECM deposition is a
key event in cutaneous sclerosis. The
contact of fi b ro blasts with the sur-
rounding ECM exerts a direct profound
i n fluence on cellular functions by
inducing expression of ECM proteins
and proteases involved in tissue remod-
eling. This interaction is mediated by
specific receptors of which the β1 inte-
grin family has been characterized in
most detail. On fibroblasts, α1β1 and

α2β1 integrins are the major structures
of re c ognition of collagen and fo r
relaying signals which direct synthesis
and degradation of collagen. β1 inte-
grins have also been shown to be pre-
sent in scl e ro d e rma skin samples in
a reas of perivascular lymphoid cell
a c c u mu l ation and between collage n
bu n d l e s , in association with re s i d e n t
fi b ro blasts (89). We observed that
CCL2 upreg u l ates β1 integrin ge n e
t ra n s c ription as well as cell surfa c e
expression in human transformed fibro-
blasts (Fig. 2). Although similar experi-
ments should be performed using pri-
m a ry normal as well as scl e ro d e rm a
fibroblasts in the future, there is a pos-
sibility that CCL2 plays a role in cuta-
neous fibrosis/sclerosis in part by mod-
ulating β1 integrin receptor.  

Conclusion
Recent evidence has suggested that
fibroblasts are not only the structural
elements but also part of the immune
system. Fibroblasts can be activated to
d i s p l ay new functions important in
controlling ECM synthesis and in pro-
ducing cytokines and chemokines. The
interaction between immunocytes and

Fig. 2. Expression of β1 integrin following CCL2 stimulation. 
(A) Time course of the expression of β1 integrin mRNA steady-state levels in transformed Wi-26/SV-40 fibroblasts after stimulation with CCL2. Cells were
incubated with 10 ng/ml CCL2 for 6 to 48 h in serum-free medium. As a control (C),unstimulated cells were cultivated in serum-free medium for 48 h. Total
RNA was analyzed by Northern blot hybridization with cDNA probes.
(B) Cell surface expression of β1 integrin after CCL2 stimulation. Cells were incubated with or without 10 ng/ml CCL2 for 24 and 48 h, and analyzed by
flow-cytometry. The dotted lines are isotype-matched control. 1 (shaded histogram); unstimulated, 2; stimulated with CCL2 for 24 h, 3; stimulated with
CCL2 for 48 h.



REVIEWPotential role of CCL2 in cutaneous sclerosis / T. Yamamoto

373

fi b ro blasts via CCL2 is proposed in
Figure 3. Prior to the onset of dermal
s cl e ro s i s , i n fl a m m ation usually pre-
cedes. CCL2 derived from infiltrating
cells in the dermis may further enhance
cellular infiltrates and release of proin-
fl a m m at o ry or fi b rogenic cy t o k i n e s ,
leading to fibroblasts activation. Acti-
vated fi b ro blasts produce ECM pro-
teins and also CCL2,which may partic-
ipate in an autocrine fashion in fibrotic
p rocess. Enhanced MMP and T I M P
activity may also contribute to regulate
matrix degradation and remodeling in
fi b rotic process. CCL2 may play an
important role in the induction of cuta-
neous sclerosis via its direct effect of
upregulation of mRNA expression of
ECM proteins, as well as indirect effect
m e d i ated by a number of cy t o k i n e s
released from immu n o cytes re c ru i t e d
into the lesional skin. 

References
1. K R I E G T, M E U R E R M: Systemic scl e ro d e r-

ma. Clinical and pathophysiological aspects.
J Am Acad Dermatol 1988; 18: 457-81.

2. LEROY EC, T RO JA N OWSKA M, SMITH EA:
The pathogenesis of scleroderma (systemic
sclerosis, SSc). Clin Exp Rheumatol 1991; 9:
173-7. 

3. LEROY EC: Increased collagen synthesis by
scleroderma skin fibroblasts in vitro. J Clin
Invest 1974; 54: 880-9.

4. BOSTEIN GR, SHERER GK, LEROY EC: Fibro-
blast selection in scleroderma. An alternative
model of fibrosis. Arthritis Rheum 1982; 25:
189-95.

5. KRIEG T, PERLISH JS, FLEISCHMAJER R,
TIMPL R: Collagen synthesis by scleroderma
fibroblasts. Ann NY Acad Sci 1986; 460:375-
8. 

6. M AUCH C, ECKES B, HUNZELMANN N,
OONO T, KOZLOWSKA E, KRIEG T: Control
of fibrosis in systemic scleroderma. J Invest
Dermatol 1993; 100: 92-6.

7. FLEISHMAJER R, PERLISH JS, REEVES JRT:
Cellular infi l t rates in scl e ro d e rma skin.
Arthritis Rheum 1977; 20: 975-84.

8. SCHAFFETTER K, L A N K AT- BUTTGEREIT B,
KRIEG T: Localization of collagen mRNA in
normal and scleroderma skin by in-situ hy-
bridization. Eur J Clin Invest 1988; 18: 9-17.

9. LEROY EC, SMITH EA, KAHALEH MB, TRO-
JA N OWSKA M, S I LVER RM: A strat egy fo r
d e t e rmining the pat h ogenesis of systemic
sclerosis. Is transforming growth factor beta
the answer ? Arthritis Rheum 1989; 32: 817-
25.

10. POSTLETHWAITE AE: Connective tissue me-

tabolism including cytokine in scleroderma.
Curr Opin Rheumatol 1995; 7: 535-40.

11. KULOZIK M, HOGG A,LANKAT-BUTTGERE-
IT, KRIEG T: Co-localization of transforming
growth factor β2 with α1(I) pro c o l l age n
mRNA in tissue sections of patients with sys-
temic sclerosis. J Clin Invest 1990; 86: 719-
22.

12. PELTONEN J, KAHARI L, JAAKKOLA S et al.:
Evaluation of transforming growth factor β
and type I pro c o l l agen gene ex p ression in
fibrotic skin diseases by in situ hybridization.
J Invest Dermatol 1990; 94: 365-71.

13. GODESSART N, KUNKEL SL: Chemokines in
a u t o i m mune disease. C u rr Opin Immu n o l
2001; 13: 670-5.

14. ROLLINS BJ, MORRISON ED, STILES CD:
Cloning and ex p ression of JE, a gene in-
ducible by platelet-derived growth factor and
whose product has cytokine-like properties.
Proc Natl Acad Sci USA 1988; 85: 3742-8.

15. A N TONIADES HN, NEVILLE-GOLDEN J,
GALANOPOULOS T et al.: E x p ression of
monocyte chemoattractant protein 1 mRNA
in human idiopathic pulmonary fibrosis. Proc
Natl Acad Sci USA 1992; 89: 5371-5.

16. M A R R A F, DEFRANCO R, GRAPPONE C, e t
al.: Increased expression of monocyte chemo-
tactic protein-1 during active hepatic fibroge-
nesis: Correlation with monocyte infiltration.
Am J Pathol 1998; 152: 423-30.

17. ZHANG K, GHARAEE-KERMANI M, J O N E S
ML, WARREN JS, PHAN SH: Lung monocyte
chemoattractant protein-1 gene expression in
bl e o mycin-induced pulmonary fi b rosis. J
Immunol 1994; 153: 4733-41.

18. LYOID CM, M I N TO AW, DORF ME et al.:
RANTES and monocyte chemoattractant pro-
tein-1 (MCP-1) play an important role in the
inflammatory phase of crescent nephritis, but
only MCP-1 is involved in crescent formation
and interstitial fibrosis. J Exp Med 1997; 185:
1371-80.

19. GHARAEE-KERMANI M, DENHOLM EM,
PHAN SH : Costimulation of fibroblast colla-
gen and transforming growth factor β1 gene
expression by monocyte chemoattractant pro-
tein-1 via specific re c ep t o rs. J Biol Chem
1996, 271: 17779-84.

20. THRALL RS, MCCORMICK JR, JACK RM,
MCREYNOLDS RA, WARD PA: B l e o my c i n -
induced pulmonary fibrosis in the rat: Inhibi-
tion with indometahcin. Am J Pathol 1979,
95: 117-27.

21. A S O Y, YO N E DA K , K I K K AWA Y: M o rp h o-
l ogical and biological study of pulmonary
changes induced by bleomycin in mice. Lab
Invest 1976, 35: 558-68.

22. C H A N D L E R D B, HYDE DM, GIRI SN: M o r-
p h o m e t ric estimates of infi l t rat ive cellular
changes during the development of bleomy-
cin-induced pulmonary fibrosis in hamsters.
Am J Pathol 1983, 112: 170-7.

23. BOWDEN DH: Unraveling pulmonary fibro-
sis: The bleomycin model. Lab Invest 1984,
50: 487-8. 

24. YAMAMOTO T, TAKAGAWA S, KATAYAMA I
et al.: Animal model of sclerotic skin. I:Local
injections of bleomycin induce sclerotic skin
m i m i cking scl e ro d e rma. J Invest Derm at o l
1999; 112: 456-62.

25. YA M A M OTO T, TA K A H A S H I Y, TA K AG AWA

Fig. 3. Proposed roles of CCL2 in the induction of skin sclerosis.



REVIEW Potential role of CCL2 in cutaneous sclerosis / T. Yamamoto

374

S, KATAYAMA I,NISHIOKA K: Animal model
of sclerotic skin. II:Bleomycin induced scle-
ro d e rma in ge n e t i c a l ly mast cell defi c i e n t
W B B 6 F 1 - W / WV m i c e. J Rheumatol 1 9 9 9 ;
26: 2628-34.

26. YA M A M OTO T, K U RO DA M, TA K AG AWA S,
NISHIOKA K: Animal model of sclerotic skin.
III:Histopathological comparison of bleomy-
cin-induced scl e ro d e rma in va rious mice
strains. Arch Dermatol Res 2000; 292: 535-
41.

27. YAMAMOTO T, NISHIOKA K: Animal model
of sclerotic skin. IV: Induction of dermal scle-
rosis by bleomycin is T cell independent. J
Invest Dermatol 2001; 117: 999-1001.

28. YAMAMOTO T, NISHIOKA K: Animal model
of sclerotic skin. V: Increased expression of
α-smooth muscle actin in fibroblastic cells in
bleomycin-induced scleroderma. Clin Immu-
nol 2002; 102: 77-83. 

29. ROBERTS AB, SPORN MB: The transforming
growth factor βs. In SPORNMB and ROBERTS
AB (Eds.): Handbook of Experimental Phar -
macology. Peptide Growth Factors and their
Receptors. Vol. 95. New York, Springer-Ver-
lag, 1990; 419-72.

30. VARGA J, ROSENBLOOM J, JIMENEZ SA:
Transforming growth factor β (TGFβ) causes
a persistent increase in steady-state amounts
of type I and type III collagen and fibronectin
mRNAs in normal human dermal fibroblasts.
Biochem J 1987; 247: 597-604.

31. RAGHOW J, POSTLETHWAITE AE,KESKI-OJA
J, MOSES HL, KANG A H : Tra n s fo rm i n g
growth factor-β increases steady state levels
of type I procollagen and fibronectin messen-
ger RNAs post-transcriptionally in cultured
human dermal fibroblasts. J Clin Invest 1987;
79: 1285-8.

32. I G N OTZ RA, M A S S AGUE J: Tra n s fo rm i n g
growth factor-β stimulates the expression of
fibronectin and collagen and their incorpora-
tion into the extracellular matrix. J Biol Chem
1988; 261: 4337-45.

33. HEINO J , IGNOTZ RA, HEMLER ME,CROUSE
C, MASSAGUE J: Regulation of cell adhesion
receptors by transforming growth factor-beta.
J Biol Chem 1989; 264: 380-8.

34. IGNOTZ RA, HEINO J, MASSAGUE J: Regula-
tion of cell adhesion receptors by transform-
ing growth factor-beta. J Biol Chem 1989;
264: 389-92. 

35. LAIHO M, SAKSELA O, ANDREASEN PA ,
KESKI-OJA J: Enhanced production and extra-
cellular deposition of the endothelial-type
plasminogen activator in cultured human lung
fi b ro blasts by tra n s fo rming growth fa c t o r
beta. J Cell Biol 1986; 103: 2403-10.

36. LAIHO M, SAKSELA O, KESKI-OJA J: Trans-
forming growth factor-beta induction of type-
1 plasminogen activator inhibitor. Pericellular
d eposition and sensitivity to ex oge n o u s
urokinase. J Biol Chem 1987; 262: 17467-74.

37. EDWARDS DR, MURPHY G, REYNOLDS JJ et
al.: Transforming growth factor beta modu-
lates the expression of collagenase and metal-
l o p roteinase inhibitor. EMBO J 1987; 6:
1899-904.

38. OBBERGHEN-SCHILLING EV, ROCHE NS,
FLANDERS KC, SPORN MB, RO B E RTS A B:
Transforming growth factor β1 positively reg-
ulates its own expression in normal and trans-

formed cells. J Biol Chem 1988; 263:7741-6.
39. RO B E RT S A B, SPORN MB, ASSOIAN RK e t

al.: Transforming growth factor type β: Rapid
induction of fibroblasts and angiogenesis in
vivo and stimulation of collagen formation in
v i t ro. Proc Natl Acad Sci USA 1986; 83:
4167-71.

40. DENHOLM EM,PHAN SH: The effects of ble-
omycin on alveolar macrophage growth fac-
tor secretion. Am J Pathol 1989; 134: 355-63.

41. KOVACS EJ, KELLEY J: Secretion of macro-
p h age - d e rived growth factor during acute
lung injury by bleomycin. J Leukocyte Biol
1985; 37: 1-14.

42. YAMAMOTO T, TAKAGAWA S , KATAYAMA I,
NISHIOKA K: Anti-sclerotic effect of trans-
forming growth factor-β antibody in a mouse
model of bl e o mycin-induced scl e ro d e rm a .
Clin Immunol 1999; 92: 6-13. 

43. GALLI SJ: New concepts about the mast cell.
N Engl J Med 1989; 328: 1657-62. 

44. RUSSEL JD, RUSSEL SB, TRUPLIN KM: The
effect of histamine on the growth of cultured
fibroblasts isolated from normal and keloid
tissue. J Cell Physiol 1977; 93: 389-94.

45. HATAMOCHI A, UEKI H, MAUCH C, KRIEG
T: Effect of histamine of collagen and non-
collagen mRNA production in human skin
fibroblasts. J Dermatol Sci 1991; 2: 407-12.

46. G RUBER BL, KEW RR, JELASKA A et al.:
Human mast cells activate fibroblasts. Tryp-
tase is a fibrogenic factor stimulating colla-
gen messenger ribonucleic acid synthesis and
fibroblast chemotaxis. J Immunol 1997; 158:
2310-7.

47. RIFKIN DB, MOSCATELLI D: Recent devel-
opments in the cell biology of basic fibroblast
growth factor. J Cell Biol 1989; 109: 1-6.

48. FERTIN C, NICOLAS JF, GILLERY P, KALIS B,
BAUCHEREAU J, MAQUART FX: Interleukin-
4 stimulates collagen synthesis by normal and
s cl e ro d e rma fi b ro blasts dermal equiva l e n t s .
Cell Moll Biol 1991; 37: 823-9. 

49. ROSS R, RAINES EW, BOWEN-POPE DF: The
biology of platelet-derived growth factor. Cell
1986; 46: 155-69.

50. C A S C I O L A - ROSEN L, WIGLEY F, ROSEN A:
Scleroderma autoantigens are uniquely frag-
mented by metal-cat a ly zed ox i d ation re a c-
tions: implications for pathogenesis. J Exp
Med 1997; 185: 71-9.

51. SAMBO P, JANNINO L, CANDELA M et al.:
Monocytes of patients with systemic sclerosis
(scleroderma) spontaneously release in vitro
i n c reased amounts of superoxide anion. J
Invest Dermatol 1999; 112: 78-84.

52. YA M A M OTO T, TA K AG AWA S, M I Z U S H I M A
Y, NISHIOKA K: Effect of superoxide dismu-
tase on bleomycin-induced dermal sclerosis:
I m p l i c ations for the tre atment of systemic
sclerosis. J Invest Dermatol 1999; 113: 843-
7.

53. GALINDO M, SANTIAGO B, ALCAMI J et al.:
H y p oxia induces ex p ression of the ch e m -
okines monocyte ch e m o at t ractant pro t e i n - 1
(MCP-1) and IL-8 in human dermal fibrob-
lasts. Clin Exp Immunol 2001; 123: 36-41. 

54. YAMAMOTO T, NISHIOKA K: Role of mono-
cyte chemoattractant protein-1 and its recep-
tor, CCR-2, in the pathogenesis of bleomy-
cin-induced scleroderma. J Invest Dermatol
(accepted).

55. MOORE BB, PAINE R III,CHRISTENSEN PJ et
al.: Protection from pulmonary fibrosis in the
absence of CCR2 signaling. J Immunol 2001;
167: 4368-77. 

56. JAFFEE BD, CLAMAN HN : Chronic graft-ver-
sus-host disease (GVHD) as a model for scle-
roderma. I. Description of model system. Cell
Immunol 1983; 73: 1-12.

57. CLAMAN HN, JAFFEE BD, HUFF JC, CLARK
RAF: Chronic graft-versus-host disease as a
model for scleroderma II. Mast cell depletion
with deposition of immunoglobulins in the
skin and fibrosis. Cell Immunol 1985; 94:73-
84.

58. MCCORMICK LL, ZHANG Y, TO OTELL E,
GILLIAM AC: Anti-TGF-β treatment prevents
skin and lung fibrosis in murine scleroderma-
tous graft-versus-host disease: A model for
human scleroderma. J Immunol 1999; 163:
5693-9.

59. ZHANG Y, MCCORMICK LL, DESAI SR, WU
S, GILLIAM AC: M u rine scl e ro d e rm at o u s
graft-versus-host disease, a model for human
s cl e ro d e rm a : Cutaneous cy t o k i n e s , ch e m o -
kines, and immune cell activation. J Immunol
2002; 168: 3088-98. 

60. M ACGAHA T, S A I TO S, PHELPS RG et al.:
Lack of skin fibrosis in tight skin (TSK) mice
with targeted mutation in the interleukin-4Rα
and tra n s fo rming growth fa c t o r-β genes. J
Invest Dermatol 2001; 116: 136-43.

61. ONG CJ, IP S, TEH SJ, WONG C, JIRIK FR,
GRUSBY M, TEH HS: A role for T helper 2
cells in mediating skin fibrosis in tight-skin
mice. Cell Immunol 1999; 196: 60-8.

62. WALKER M, HARLEY R, LEROY EC: Inhibi-
tion of fibrosis in Tsk mice by blocking mast
cell degra nu l ation. J Rheumat o l 1987; 14:
299-301.

63. WA L K E R M , HARLEY R, LEROY EC: Ke t o-
tifen prevents skin fibrosis in the tight skin
mouse. J Rheumatol 1990; 17: 57-9.

64. KIKUCHI H, H A NA Z AWA S, TA K E S H I TA A ,
NAKADA Y, YAMASHITA Y, KITANO S: Inter-
leukin-4 acts as a potent stimu l ator for ex p re s-
sion of monocyte chemoattractant JE/MCP-1
in mouse peritoneal macrophages. Biochem
Biophys Res Commun 1993; 203: 562-9.

65. L E E Y W, HENNIG B, TOBOREK M: R e d ox -
regulated mechanisms of IL-4-induced MCP-
1 expression in human vascular endothelial
cells. Am J Physiol Heart Circ Physiol 2003;
284: H185-92.

66. LUKACS NW, CHENSUE SW, KARPUS WJ et
al.: C-C chemokines differentially alter inter-
leukin-4 production from lymphocytes. Am J
Pathol 1997; 150: 1861-8. 

67. HOGABOAM CM,BONE-LARSON CL, LIPINS-
KI S et al.: Differential monocyte chemoat-
tractant protein-1 and chemokine receptor 2
expression by murine lung fibroblasts derived
from Th1- and Th2-type pulmonary granulo-
ma models. J Immunol 1999, 163: 2193-201.

68. HASEGAWA M, SATO S, TAKEHARA K : Aug-
m e n t ation of production of ch e m o k i n e s
( m o n o cyte chemotactic protein-1 (MCP-1),
macrophage inflammatory protein-1α (MIP-
1α) and MIP-1β) in patients with systemic
sclerosis:MCP-1 and MIP-1α may be involv-
ed in the development of pulmonary fibrosis.
Clin Exp Immunol 1999; 117: 159-65.

69. YA M A M OTO T, ECKES B, H A RTMANN K,



REVIEWPotential role of CCL2 in cutaneous sclerosis / T. Yamamoto

375

KRIEG T: Expression of monocyte chemoat-
tractant protein-1 in the lesional skin of sys-
temic scl e rosis. J Derm atol Sci 2001; 26:
133-9.

70. GALINDO M, SANTIAGO B, RIVERO M, RUL-
LAS J, ALCAMIl J, PABLOS JL: C h e m o k i n e
expression by systemic sclerosis fibroblasts:
Abnormal regulation of monocyte chemoat-
tractant protein 1 expression. Arthritis Rheum
2001, 44: 1382-6. 

71. DISTLER O, PAP T, KOWAL-BIELECKA O et
a l .: O ve rex p ression of monocyte ch e m o at-
tractant protein 1 in systemic sclerosis: Role
of platelet-der ived growth factor and effects
of monocyte chemotaxis and collagen synthe-
sis. Arthritis Rheum 2001, 44: 2665-78. 

72. YA M A M OTO T, ECKES B, KRIEG T: H i g h
ex p ression and autoinduction of monocy t e
chemoattractant protein-1 in scleroderma fi-
b ro blasts. Eur J Immu n o l 2 0 0 1 , 3 1 : 2 9 3 6 -
2941.

73. YAMAMOTO T, ECKES B, MAUCH C, HART-
MANN K, KRIEG T: Monocyte chemoattrac-
tant protein-1 enhances gene expression and
synthesis of mat rix metalloproteinase-1 in
human fi b ro blasts by an autocrine IL-1α
loop. J Immunol 2000; 164: 6174-9.

74. H AWKINS RA, CLAMANl HN, CLARK RAF,
S T E I G E RWALD JC: I n c reased dermal mast
cell populations in progressive systemic scle-
rosis: a link in chronic fibrosis ? Ann Intern
Med 1985; 102: 1182-6.

75. NISHIOKA K, KO BAYASHI Y, K ATAYAMA I,
TA K I J I R I C: Mast cell nu m b e rs in diff u s e
s cl e ro d e rma. A rch Derm atol 1 9 8 7 ;1 2 3 :2 0 5 - 8 .

76. S E I B O L D J R , G I O R N O R C , CLAMAN HN:
Dermal mast cell degranulation in systemic
sclerosis. Arthritis Rheum 1990; 33: 1702-9. 

77. S E LVAN RS, BUTTERFIELD JH, K R A N G E L
MS: Expression of multiple chemokine genes
by human mast cells. J Biol Chem 1994; 269:
13893-8.

78. YAMAMOTO T, KATAYAMA I, NISHIOKA K:
Expression of stem cell factor in the lesional
skin of systemic scl e rosis. D e rm at o l ogy
1998; 197: 109-14.

79. KIHIRA C,MIZUTANI H,ASAHI K, HAMANA-
KA H, SHIMIZU M: I n c reased cutaneous
immunoreactive stem cell factor expression
and serum stem cell factor level in systemic
scleroderma. J Dermatol Sci 1999; 20: 72-8.

80. BAG H E S TANIAN M, H O F BAUER R, K I E N E R
HP et al.: The c-kit ligand stem cell factor and
anti-IgE promote ex p ression of monocy t e
ch e m o at t ractant protein-1 in human lung
mast cells. Blood 1997; 90: 4438-49.

81. YA M A M OTO T, H A RTMANN K, ECKES B,
KRIEG T: Role of stem cell factor and mono-
cyte chemoattractant protein-1 in the interac-
tion between fi b ro blasts and mast cells in
fibrosis. J Dermatol Sci 2001, 26: 106-11.

82. POSTLETHWAITE AE, HOLNESS MA, KATAI
H,RAGHOW R: Human fibroblasts synthesize
e l evated levels of ex t racellular mat rix pro-
teins in response to interleukin 4. J Clin
Invest 1992; 90: 1479-85.

83. G I L L E RY P, F E RTIN C, NICOLAS JF et al.:
I n t e rleukin-4 stimu l ates collagen gene ex -
pression in human fibroblast monolayer cul-
t u res. Potential role in fi b rosis. FEBS Lett

1992; 302: 231-4.
84. SEMPOWSKI GD, BECKMANN MP, DERDAK

S, PHIPPS RP: Subsets of murine lung fibrob-
lasts ex p ress membrane-bound and solubl e
IL-4 re c ep t o rs. Role of IL-4 in enhancing
fibroblast proliferation and collagen synthe-
sis. J Immunol 1994; 152: 3606-14.

85. NEEDLEMANN BW, WIGLEY FM, STAIR RW:
I n t e rl e u k i n - 1 , i n t e rl e u k i n - 2 , i n t e rl e u k i n - 4 ,
interleukin-6, tumor necrosis factor α, and
interferon-γ levels in sera from patients with
scleroderma. Arthritis Rheum 1985; 28: 775-
80. 

86. KANTOR TV, FRIBERG D, MEDSGER TA JR,
BU C K I N G H A M R B, W H I T E S I D E T L: C y t o -
kine production and serum levels in systemic
sclerosis. Clin Immunol Immunopathol 1992;
65: 278-85.

87. H A S E G AWA M, F U J I M OTO M, KIKUCHI K,
TAKEHARA K: Elevated levels of interleukin-
4 (IL-4), IL-10, and IL-13 in patients with
systemic scl e ro s i s . J Rheumatol 1997; 24:
328-32.

88. MAVILIA C, SCALETTI C, ROMAGNANI P et
al.: Type 2 helper T-cell predominance and
high CD30 expression in systemic sclerosis.
Am J Pathol 1997; 151: 1751-8.

89. SOLLBERG S, PELTONEN J, UITTO J, JIMEN-
EZ SA: Elevated expression of β1 and β2 inte-
grins, intercellular adhesion molecule 1, and
endothelial leukocyte adhesion molecule 1 in
the skin of patients with systemic sclerosis of
recent onset. Arthritis Rheum 1992;35: 290-
8. 


