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ABSTRACT
Monocyte chemoattractant protein (MCP)-1 (CCL2) specifically attracts monocytes and memory T cells. Its expression occurs in a variety of diseases characterized by mononuclear cell infiltration, and there is substantial biological and
genetic evidence for its essential role in atherosclerosis and multiple sclerosis.
Despite intensive screening, there are as yet no small-molecule antagonists of the
receptor of MCP-1/CCL2, CCR2. However, biological agents, including antibodies and inhibitory peptides, have been developed and may be useful for these
indications. Recent evidence from genetically modified mice indicates that
MCP-1 and CCR2 have unanticipated effects on T helper (Th) cell development.
However, unlike the identical phenotypes of MCP-1/CCL2–/– and CCR2–/– mice
in inflammatory diseases, the phenotypes of these mice are disparate in adaptive
immunity: MCP-1 stimulates Th2 polarization, whereas CCR2 activation stimulates Th1 polarization. This presents both a challenge and an opportunity for
targeting the MCP-1/CCL2/CCR2 axis in disease.
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INTRODUCTION

Monocyte chemoattractant protein (MCP)-1 (CCL2)
was only the third chemokine to be purified to homogeneity after platelet factor 4 and interleukin
(IL)-8 (42,71). Its ability to attract monocytes, but
not neutrophils, in vitro was one of the early indications that chemokines would have activities that
might explain the trafficking patterns of leukocytes
in inflammation. This prediction has been fulfilled
by demonstrations of the critical role that MCP-1/
CCL2 plays in inflammatory diseases that involve
mononuclear cell infiltration. In fact, the striking
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phenotypes of mice deficient for MCP-1/CCL2, or
for its receptor, CCR2, in inflammatory models provide strong arguments against concerns about functional redundancy in the chemokine system in vivo,
and for the benefits of pharmacological targeting of
this ligand/receptor pair in disease. Early results
have suggested that there is tremendous promise in
this therapeutic approach.
However, MCP-1/CCL2 expression also occurs in a
variety of settings in addition to inflammation, and
as investigators have begun to examine its functions
in these contexts, they have been confronted by unexpected results. For example, activities attributed
to MCP-1/CCL2 cannot always be symmetrically
matched by activities of CCR2, even though no other
functional receptors for MCP-1/CCL2 have been
identified. Furthermore, three additional MCPs in
humans and four additional MCPs in mice can activate CCR2, and their contributions to normal physiology and disease are just now being revealed. Thus,
on closer inspection, the deceptively simple MCP-1/
CCL2/CCR2 system has revealed itself to be much
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more complicated. This review will attempt to summarize what we know about MCP-1/CCL2 and
CCR2 not only in areas where the data support a
clear-cut interpretation of their functions, but also
where rapidly evolving information makes the
ground feel a little less firm.
IN VITRO PROPERTIES AND
RECEPTOR ACTIVATION

The eponymous function of MCP-1/CCL2 is, of
course, its ability to attract monocytes in chemotaxis
chambers in vitro (42,71). Its potency, with an eliciting of 50% of the maximal response (EC50) of 1
nM, is similar to that of many other chemokines in
analogous assays. In addition, MCP-1/CCL2 has
been shown to attract memory T cells (8), although
CCR2 levels are low in resting cells. It also attracts
basophils and stimulates histamine release (2,4,38).
Given the fact that CCR2 is a G protein-coupled
receptor, it is not surprising that MCP-1/CCL2 can
induce a variety of other physiological responses
from cells expressing the receptor. These include a
rise in intracellular calcium, the induction of the respiratory burst, and a new gene expression (32,58).
Because CCR2 can be expressed by cells other than
leukocytes (e.g., neurons [3,12]), it is likely that
MCP-1/CCL2-mediated activation of nonhematopoietic cells will elicit more specialized responses.
One area of controversy in the chemokine field concerns the mechanism whereby MCP-1/CCL2 activates CCR2. Like most other chemokines, the crystal
and solution structures of MCP-1/CCL2 indicate
that it forms multimers (27). In addition to the by
now familiar CC chemokine dimer structure, MCP1/CCL2 also forms stable tetramers, in which the
dimer of dimers interface recapitulates aspects of the
CXC dimer structure (40). Initially, these structural
findings led to questions about the form in which
MCP-1/CCL2 activates CCR2 (i.e., does MCP-1/
CCL2 activate its receptor as a monomer or multimer?). One argument for obligate multimermediated activation came from analyzing an Nterminally truncated MCP-1/CCL2 variant that
behaves as an MCP-1/CCL2 antagonist. This variant, called 7ND (73), lacks amino acids 2–8 and is
similar to the N-terminal deletion variant called
MCP-1/CCL2(9-76) (19), except that 7ND retains
its N-terminal pyroglutamate. Because of the possibility that MCP-1/CCL2 might activate CCR2 as a
multimer, one possible mechanism of the inhibition
by 7ND of wild-type MCP-1/CCL2 might occur via
the formation of inactive heteromultimers. Consistent with that model was the observation that 7ND

was unable to inhibit the chemoattractant activity of
covalently cross-linked MCP-1/CCL2 homodimers
(72). This was interpreted to mean that 7ND had to
be able to bind free MCP-1/CCL2 monomers and to
create inactive multimers to exert its inhibitory activity. That interpretation, in turn, was taken to
mean that MCP-1/CCL2 activates its receptor in a
multimeric form.
Provocative data that might be consistent with this
model come from the group of Martinez and colleagues (57) in Madrid. Their observations indicate
that some chemokine receptors, including CCR2,
undergo ligand-driven multimerization, and that
this process may be necessary for signal transduction
(57). Thus, by analogy to receptor tyrosine kinases
and their ligands, dimeric chemokine ligands might
be required for inducing receptor dimerization.
However, unlike the situation with receptor tyrosine
kinases, there has been no demonstration yet that
enforced receptor dimerization in the absence of the
ligand can generate a cytoplasmic signal.
Although the foregoing data tend to support a model
of multimeric MCP-1/CCL2 interaction with CCR2,
direct measurements of MCP-1/CCL2 monomer affinities have indicated that the dissociation constant,
Kd, for dimer dissociation is on the order of 3–5 M
(52). This concentration is nearly 1000-fold higher
than the EC50 for chemoattractant activity, suggesting that, at physiological concentrations, essentially
all free MCP-1/CCL2 is monomeric. Furthermore,
elegant work by the group of Handel and colleagues
(51) at the University of California at Berkeley demonstrated that the substitution of proline-8 by alanine produced an obligate monomer that nonetheless
had wild-type chemoattractant potency in vitro. This
would seem to settle the issue in favor of monomeric
MCP-1/CCL2 activating its receptor, although these
data do not rule out the possibility of two obligate
monomers simultaneously binding to CCR2 to accomplish activation.
Ultimately, the discrepancy between monomer and
multimer models of MCP-1/CCL2 action may be resolved by recent findings from the group of Proudfoot and colleagues at Serono, indicating that the
obligate monomer, while active in vitro, is inactive in
vivo (A. Proudfoot and T. Handel; personal communication). Thus, multimers may be required for the
more complicated interactions that occur when leukocytes are attracted in vivo. For example, multimers may be required for interactions with glycosaminoglycans that “present” chemokines to leu-
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kocytes as they roll on the surface of vascular
endothelial cells (44).
MCP-1/CCL2 IN INFLAMMATORY DISEASE

Much less controversial are the findings relating
MCP-1/CCL2 and CCR2 to inflammatory disease.
Although the discovery that this chemokine/
chemokine receptor axis plays an important role in
inflammatory settings was somewhat predictable,
the topic is worthy of review because of the nearterm likelihood that relevant clinical interventions
will be forthcoming. Admittedly, MCP-1/CCL2 expression occurs in many different diseases that are
characterized by the accumulation of mononuclear
cells and will probably be found to contribute to the
pathobiology of these diseases. However, the disorders for which the most complete data exist are atherosclerosis, or related vasculopathies, and multiple
sclerosis (MS).
Atherosclerosis

The presumption that MCP-1/CCL2 would be involved in atherogenesis stems from the inflammatory
model of atherosclerosis, which was gaining credence at about the same time that the fundamentals
of chemokine biology were emerging (11,59). Because the earliest steps in the atherogenic cascade
involve the infiltration of circulating monocytes into
the arterial subendothelium, MCP-1/CCL2 was considered to be an excellent candidate for the signal
that elicited their accumulation. In fact, all of the
cellular elements of the arterial wall are capable of
MCP-1/CCL2 secretion (13,55,64), and potent inducers of MCP-1/CCL2 include pathophysiologically relevant stimuli such as oxidized lipid (i.e.,
minimally modified low-density lipoprotein [LDL])
(13) and shear stress. In addition, MCP-1/CCL2 expression occurs in human plaques (48,70).
Evidence for the pathogenetic involvement of MCP1/CCL2 was obtained primarily and most convincingly through the analysis of genetically modified
mice that were deficient for MCP-1/CCL2 or CCR2.
For example, MCP-1/CCL2-deficient mice in an
LDL receptor-deficient background were fed a
cholate-free, high-cholesterol diet and were assessed
for aortic lesion formation (24). After 12 weeks, the
MCP-1/CCL2-deficient mice had 83% less lipid deposition throughout their aortic trees than did LDL
receptor-deficient mice with intact MCP-1/CCL2
genes. This difference persisted for as long as 20
weeks of feeding on the high-cholesterol diet, during
which time the extent of disease in the MCP-1/
CCL2–/– mice did not vary, suggesting that their di-

minished plaque formation was a fixed phenotype. A
very similar outcome was described for MCP-1/
CCL2 deficiency in an apoB transgenic atherosclerosis model (21). Conversely, gain-of-function experiments have supported the notion of the contribution of MCP-1/CCL2 to atherosclerosis. For
example, engineered overexpression of MCP-1/
CCL2 in the arterial wall of hypercholesterolemic
rabbits produced accelerated atherosclerosis (47), as
did transplantation of apoE–/– mice using bone marrow cells transgenically overexpressing MCP-1/
CCL2 (1). On the receptor side, CCR2 deficiency in
an apoE-deficient background also provided substantial protection against plaque formation (7).
In all of the cases involving knockout mice, diminished atherosclerosis correlated with diminished
macrophage content in the arterial wall, and in the
gain-of-function models, disease severity correlated
with increased macrophage content. Thus, the general model that these findings support is that MCP1/CCL2 is secreted by endothelial and arterial
smooth muscle cells in response to vascular insults
such as hyperlipidemia. This MCP-1/CCL2 then attracts circulating monocytes, which accumulate in
the subendothelium, differentiate into macrophages,
continue to take up lipids, and become foam cells of
the fatty streak.
Interestingly, a series of recent observations have
suggested that the function of MCP-1/CCL2 in this
setting is quite circumscribed and limited to the diapedesis step of monocyte infiltration. The earlier step
of this process, the firm arrest of monocytes on endothelial cells, is mediated by CXCR2 and its ligands. The first hint of this function for CXCR2
came from the observation that apoE–/– mice transplanted with bone marrow cells from mice deficient
for the murine CXCR2-like receptor had less lesion
formation (5). Since then, CXCR2 has been shown
to induce firm monocyte adhesion to endothelial
cells (18). Furthermore, CXCR2 ligands, and not
MCP-1/CCL2, induce the arrest of monocytes on carotid arterial explants under flow conditions (30).
Thus, CXCR2 and CCR2 subserve different functions in monocyte accumulation in atherosclerosis,
both of which are necessary for cellular infiltration
into the subendothelium.
There is some human genetic support for the importance of MCP-1/CCL2/CCR2 in atherosclerosis.
Genotyping for a polymorphism at position –2518 in
the MCP-1/CCL2 promoter revealed that the prevalence of G/G homozygotes was significantly higher
among patients with coronary artery disease than
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control subjects (odds ratio: 2.2) (65). A CCR2 polymorphism in which isoleucine appears at position 64
in place of the more frequent valine, is associated
with decreased cardiovascular risk (23). This variant has been reported to signal less efficiently, thus
providing a plausible mechanistic basis for the protective effect of the allele.
Because the absence of MCP-1/CCL2 or CCR2 in
genetically modified mice had no effect on total cholesterol or individual plasma lipoprotein levels, these
results suggest that therapies directed against MCP1/CCL2 or CCR2 might be beneficial in patients
with refractory hypercholesterolemia, or even as an
adjunct to therapy with lipid-lowering agents. However, it now seems that lipid-lowering agents may
interact already with this pathway. For example, one
of the anti-inflammatory activities of the statins is
the suppression of MCP-1/CCL2 expression (35).
Statin administration to humans also has produced
lower plasma MCP-1/CCL2 levels (37), suggesting
that these agents exert their cardioprotective effects
both by lowering cholesterol and by dampening
monocyte recruitment to injured vessels.
In addition to statins, however, a direct anti-MCP1/CCL2 therapy has been shown to be effective in
rodent atherosclerosis models. The therapeutic agent
in this case is the N-terminally truncated MCP-1/
CCL2 variant 7ND, which was mentioned earlier. A
group in Japan has pioneered the delivery of 7ND by
expression plasmid transduction into skeletal
muscle, which results in the synthesis and secretion
of substantial amounts of 7ND that can be measured
in plasma. This “gene therapy” approach has been
used in an L-N(G)-nitro-L-arginine methylester hypertensive rat model (14) and in apoE-deficient
mice (49). In both cases, animals treated with 7ND
had substantially less lesion formation in their coronary arteries and aortas. As in the MCP-1/CCL2 and
CCR2 knockout mice, decreased disease correlated
with decreased macrophage influx into the arterial
wall. These studies provide a mechanistic confirmation of the importance of MCP-1/CCL2 in atherosclerosis that nicely complements the work in genetically modified animals.
Currently available therapeutic agents include 7ND
and antibodies directed against MCP-1 and CCR2. It
may be impractical to consider lifelong administration of biological agents like these for preventing
atherosclerosis, but there are other settings in which
this may make sense. One example is restenosis after
balloon angioplasty and stent placement. In the early
1990s, it was shown that balloon injury of the rabbit

aorta induced abundant local MCP-1/CCL2 expression, which is consistent with the general idea of
MCP-1/CCL2 being produced in response to vascular injury (66). Considering the role of MCP-1/
CCL2 in recruiting macrophages and the abundance
of smooth muscle cell growth factors secreted by
those cells, it was hypothesized that angioplastyinduced MCP-1/CCL2 might contribute to restenosis. This has been confirmed in two different ways.
First, the 7ND gene delivery approach was used in a
model of femoral artery cuff injury in mice and monkeys (15), and in a carotid artery balloon injury
model in hypercholesterolemic rabbits (45). In both
cases, 7ND significantly limited neointimal hyperplasia, and in the rabbit model it prevented negative
remodeling. In a second approach, anti-CCR2 antibodies prevented in-stent restenosis after iliac arterial angioplasty and stent placement in primates
(28). From a therapeutic viewpoint, it would be
practical to administer these biological agents during
and immediately after stent placement to prevent
restenosis.
The animal models provide compelling evidence that
MCP-1/CCL2 may play a pathogenetic role in restenosis, but are there any human clinical data to support this idea? Two studies have examined the predictive power of plasma MCP-1/CCL2 levels after
revascularization procedures. In one (10), MCP-1/
CCL2 levels were measured frequently after balloon
angioplasty in patients who then underwent repeat
angiography at 6 months. Although MCP-1/CCL2
levels were the same before angioplasty both in patients who did and did not develop restenosis, patients in the former group had significantly higher
MCP-1/CCL2 levels 1 day after undergoing angioplasty (10). The second study (50) examined patients who had undergone stent placement. Again,
before stent placement, MCP-1/CCL2 levels were
the same in all patients with angina, but patients
who had evidence of restenosis at 6 months had
higher levels of MCP-1/CCL2 soon after the procedure. To be fair, although these studies provide some
epidemiological support for the role of MCP-1/CCL2
in restenosis, they do not constitute evidence for a
causal relationship.
Multiple Sclerosis

As in atherosclerosis, the pathogenesis of MS involves the infiltration of effector mononuclear cells
into target tissues, and, again, MCP-1/CCL2 is likely
to play a major role in attracting these cells into the
central nervous system (CNS). In fact, correlations
have been observed between MCP-1/CCL2 expression and disease activity. Several groups have shown
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that, in human disease, astrocytes express MCP-1/
CCL2 in demyelinating lesions (43,63,68), and in
rodent models of experimental allergic encephalomyelitis (EAE) MCP-1/CCL2 expression occurs during disease flares (56).
Support for the contribution of MCP-1/CCL2 to the
pathogenesis of EAE came from three sources. First,
the antibody neutralization of MCP-1/CCL2 prevented disease relapses in a model of adoptive transfer of EAE in which myelin-sensitized T cells were
infused into SJL recipients (33). Interestingly, the
neutralization of another chemokine, MIP-1␣, prevented the acute disease phase that precedes relapses
in this model. Second, mice deficient for CCR2 did
not develop EAE after active myelin immunization
or after the adoptive transfer of sensitized T cells
(16,31). Finally, MCP-1/CCL2-deficient mice failed
to develop active EAE in two different myelin immunization models
(29). Notably, even though
–/–
MCP-1/CCL2 mice did not develop EAE after being immunized with myelin antigens, T cells from
these mice were able to produce disease when transferred into wild-type, but otherwise syngeneic, recipients. Conversely, T cells from sensitized wildtype mice were unable to produce disease when
transferred into MCP-1/CCL2–/– recipients. Thus, it
seems that MCP-1/CCL2 and CCR2 are not necessary in order for mice to mount an immune response
to myelin antigens, but rather they are required for
attracting effector cells into the CNS, where they can
initiate the processes of demyelination and axonal
severing that are characteristic of EAE and MS (67).
So far, there have been no reports of therapeutic
approaches to rodent disease such as the administration of 7ND in an active immunization model.
However, the efficacy of anti-MCP-1/CCL2 antibodies in the adoptive transfer model suggests that
there is sufficient disruption of the blood/brain barrier to permit access of large biological agents to
appropriate subanatomic domains. Of course, the
clinical utility of interferon-␤ in human disease suggests that the same is true in patients and that antiMCP-1/CCL2 or anti-CCR2 therapy using biological
agents may be clinically effective.
THE INFLUENCE OF MCP-1/CCL2 AND CCR2 ON
T HELPER CELL FUNCTION

A fundamental insight arising from the work on
MCP-1/CCL2/CCR2 in inflammatory disease is that
the notion of chemokine redundancy, which is based
on the apparently promiscuous patterns of chemokine ligand/receptor binding in vitro, is not particularly relevant in vivo. Despite the fact that CCR2 has

five high-affinity ligands in the mouse and that
monocytes express other chemokine receptors, antibody-mediated inactivation or genetic disruption of
MCP-1/CCL2 or CCR2 alone is sufficient to nearly
abrogate disease in the models described above. Furthermore, in simpler models of inflammation such as
peritoneal thioglycollate instillation, the loss of
MCP-1/CCL2 or CCR2 each by themselves prevented monocyte recruitment (6,39).
These observations support the notion that MCP-1/
CCL2 and CCR2 are uniquely and nonredundantly
responsible for monocyte recruitment in these inflammatory and disease-based models. Thus, it was
assumed by most investigators in the field that this
chemokine ligand/receptor pair would exert its influences almost exclusively in the area of innate immunity. However, careful analyses of MCP-1/CCL2deficient and CCR2-deficient mice have revealed
that they also have profound effects on the differentiation of T helper, Th, cells. Surprisingly, unlike the
concordant effects of MCP-1/CCL2 and CCR2 deficiency on inflammation, the effects of their loss on
Th cell phenotypes are completely disparate.
One of the first clues about the effects of MCP-1/
CCL2 on adaptive immunity came from a transgenic
mouse model in which MCP-1/CCL2 expression was
driven by the mouse mammary tumor virus long terminal repeat (60). In other transgenic models, promoters that directed MCP-1/CCL2 expression to a
single tissue site predictably elicited monocyte infiltration into that tissue (17,22,26). In contrast, the
mouse mammary tumor virus long terminal repeat
transgene produced high levels of systemic MCP-1/
CCL2, which desensitized circulating monocytes and
prevented their directed migration into organs expressing the transgene. Although this transgenic
mouse did not demonstrate monocyte infiltration, it
did have the abnormal phenotype of being much
more susceptible to intracellular bacteria such as
Mycobacterium tuberculosis and Listeria monocytogenes. One explanation for this phenotype might be
the desensitization of monocyte CCR2 that explained
the absence of monocyte infiltration into organs expressing transgenic MCP-1/CCL2. However, an alternative explanation could be that these mice had
deficient Th1 responses, which would be necessary
for eliminating intracellular pathogens. Furthermore, the Th1 deficiency might be the consequence
of an MCP-1/CCL2-driven Th2 differentiation.
In fact, independent observations have pointed to a
possible association between MCP-1/CCL2 and Th2
responses. In vivo, for example, the administration of
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anti-MCP-1/CCL2 antibodies reduced the size of
pulmonary granulomas elicited by embolized Schistosoma mansoni eggs (9). Because these granulomas
are filled with eosinophils and type 2 cytokines, it
might be inferred that MCP-1/CCL2 helps to drive
this Th2-polarized response. This observation has
been reproduced in MCP-1/CCL2–/– mice (39). In
vitro, it has been suggested that the addition of
MCP-1/CCL2 to naïve T cells in the presence of antigen drives their differentiation in a Th2 direction
(34). Finally, of clinical relevance, antibody blockade of MCP-1/CCL2 in allergic airways hypersensitivity models led to decreased cellularity in bronchial
alveolar lavage fluid and diminished bronchial hyperreactivity (20). (The same results have been observed in MCP-1/CCL2–/– mice [C. Gerard and B.
Rollins; unpublished data]). Again, the amelioration
of asthma-like disease in the absence of MCP-1/
CCL2 suggests that this chemokine is involved in
promoting Th2 responses.
A formal test of the effects of MCP-1/CCL2 on Th
cell polarization in vivo was performed by immunizing MCP-1/CCL2-deficient C57Bl/6 mice using a
protocol designed to elicit a mixed population of Th1
and Th2 cells (25). Sensitized T cells from MCP-1/
CCL2–/– mice were able to secrete normal amounts of
interferon-␥ and IL-2 in response to in vitro antigen
challenge, suggesting that Th1 differentiation was
intact. However, T cells from these mice were unable
to secrete IL-4, IL-5, or IL-10. Furthermore, the
subclass of antibodies elicited against the immunizing antigen were almost exclusively immunoglobulin
(Ig) G2a and IgG2b in the MCP-1/CCL2–/– mice, but
included substantial amounts of IgG1 in wild-type
mice. Thus, MCP-1/CCL2–/– mice are unable to perform the Ig subclass switch that is characteristic of
Th2 responses. The global Th2 defect in MCP-1/
CCL2–/– mice was further confirmed by the relative
resistance of MCP-1/CCL2-deficient Balb/c mice to
Leishmania major infection (25).
In contrast, CCR2-deficient mice subjected to similar (although not identical) analyses indicated that
they had a severe Th1 defect. For example, in response to in vitro rechallenge, sensitized T cells from
CCR2–/– mice produced far less interferon-␥, but
equivalent amounts of IL-5 and IL-10 compared to
cells from wild-type mice (6,53). Lymph node cultures from the knockout mice had barely detectable
levels of IL-12, unlike cultures from wild-type and
MCP-1/CCL2–/– mice (25). And, in striking contrast
to MCP-1/CCL2-deficient mice, CCR2-deficient
mice were more susceptible to L. major (61), and
demonstrated normal (41) or enhanced (36) cellu-

larity and airways hyperreactivity in bronchial hypersensitivity models. The sensitivity to Leishmania
correlated with a diminished capacity for epidermal
Langerhans cells to migrate to regional lymph nodes
in response to fluorescein isothiocyanate skin painting (61). A similar defect in antigen-presenting cell
(APC) migration to the lung and regional lymph
nodes has been implicated in the mechanism underlying the striking sensitivity of CCR2–/– mice to M.
tuberculosis (54).
Although the Th1 deficiency in CCR2–/– mice seems
to be related to defective APC migration, the precise
mechanism whereby this leads to problems in Th1
polarization is still unclear. One might predict, for
example, that a paucity of APCs in regional nodes
should lead to an overall diminished immune response. However, lymph node cultures from sensitized CCR2–/– mice make just as much IL-2 after
rechallenge as cultures from sensitized wild-type
mice (6). The same is true of Th2-deficient MCP-1/
CCL2–/– mice (25). Still, purified naïve T cells from
MCP-1/CCL2–/– and CCR2–/– mice are capable of being polarized in either a Th1 or a Th2 direction in
vitro, indicating that the deficiencies observed in vivo
are not inherent to T cells (53) (C. Daly and B.
Rollins; unpublished data). This points to a problem
involving the migration either of Th0 cells or APCs
but, again, the precise manner in which this translates into a polarized Th deficiency is unknown. Perhaps these mice experience selective abnormalities in
the trafficking of DC1 and DC2 cells (i.e., APCs that
can specifically support the differentiation of Th1
and Th2 cells, respectively).
Despite the mechanistic uncertainties, it is quite
clear that MCP-1/ CCL2–/– and CCR2–/– mice have
discrepant phenotypes in several models that depend
on Th cell polarization. How can this be explained?
There are several possibilities. First, as noted earlier,
CCR2 has five distinct high-affinity ligands in mice,
and four in humans. If these ligands are not biologically interchangeable, then they may elicit different
effects when they bind to CCR2. There is ample
precedent for this phenomenon in the activation of
CXCR2. This receptor binds all erypoietin glutamate-leucine-arginine (ELR) containing CXC chemokines with nearly identical affinities, yet the various ligands have differing EC50 values, depending
on the biological outcome being measured (e.g., chemotaxis versus the induction of a respiratory burst)
(46,69). If an analogous situation applies to the ligands of CCR2, then it may be possible that MCP1/CCL2 drives Th2 responses, while, in its absence,
another ligand such as MCP-3 might drive Th1 re-
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sponses. On the receptor side, the loss of all CCR2
signaling would result in Th1 deficits, regardless of
the ligands involved.
Another possible explanation for the difference between MCP-1/CCL2–/– and CCR2–/– mice in adaptive
immunity could be that MCP-1/CCL2 has another,
as yet undefined, receptor. Although there is currently no genetic evidence to support this contention,
there are some provocative biochemical data pointing to this possibility. Specifically, very low concentrations of MCP-1/CCL2 can induce the expression
of tissue factor by human arterial smooth muscle
cells, despite the fact that these cells have no detectable CCR2 expression by reverse transcriptase polymerase chain reaction (62). The MCP-1/CCL2
dose–response characteristics indicate that the activation of another chemokine receptor (e.g., CCR1)
by MCP-1/CCL2 is an unlikely explanation. Rather,
the data point to the possibility that these cells express another non-CCR2 receptor for MCP-1/CCL2.
If the existence of a second receptor were confirmed,
then one might consider the possibility that the activation of this presumably MCP-1/CCL2-specific
receptor could drive Th2 polarization, whereas
CCR2 activation drives Th1 polarization. The activation by MCP-1/CCL2 of this putative receptor

would have to trump its activation of CCR2 when
both are present in the setting of adaptive immune
responses. Obviously, the confirmation of this model
awaits the definitive identification and cloning of a
second receptor.
Regardless of the explanation, the disparity between
MCP-1/CCL2–/– and CCR2–/– mice in adaptive immunity carries an important implication, namely,
that the effects of MCP-1/CCL2 depend on the context in which it is activating cells. For example, in
the afferent arm of the adaptive immune response,
naïve T cells encounter APCs loaded with antigen in
the T-cell zone of regional lymph nodes. MCP-1/
CCL2 is secreted in this subanatomic area (25) and
serves in an as yet obscure manner to polarize T cells
in a Th2 direction (Fig. 1). Whether this occurs by
means of attracting DC2 cells, as indicated in Fig. 1,
or by some other mechanism is currently unknown.
In contrast, in the efferent arm of the immune response, for example in end-organ inflammation,
MCP-1/CCL2 serves a different purpose. In these
settings, MCP-1/CCL2 acts to attract effector cells
(Fig. 1). Because of the distribution of CCR2 among
circulating leukocytes, these cells will be macrophages and memory effector T cells (i.e., abundant

Figure 1. The effects of MCP-1/CCL2 in adaptive immunity depend on context. Left: During immunization (i.e., the
afferent arm of the immune response), MCP-1/CCL2 is secreted by cells in the T-cell zone of the lymph node, and this
chemokine stimulates Th2 polarization of a naïve T cell. MCP-1/CCL2 is shown as possibly attracting DC2 cells to
accomplish this, but the mechanism whereby MCP-1/CCL2 stimulates Th2 polarization in this setting is unknown.
Right: During end-organ inflammation (i.e., the efferent arm of the immune response) shown here as CNS inflammation, MCP-1 is secreted by resident cells to attract effector cells. These will be cells that secrete interferon-␥, thereby
producing a functionally Th1 outcome.
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sources of interferon-␥). Here, MCP-1/CCL2 will
seem to be driving Th1 responses, although what it is
really doing is eliciting effector cells that are already
Th1-polarized. For example, EAE immunization
uses antigens and adjuvants that stimulate strongly
Th1 polarized responses in a manner that is completely MCP-1/CCL2-independent, as described
above (29). Thus, when MCP-1/CCL2 is expressed
in the CNS during relapses, the cells it attracts are
Th1 cells and the targets of Th1 cells such as macrophages. This explains why the phenotype of MCP1/CCL2-deficient mice is identical to the phenotype
of CCR2-deficient mice in EAE. A similar situation
occurs in atherosclerosis models, another setting in
which–/– the phenotypes of MCP-1/CCL2 –/– and
CCR2 mice are the same.
SUMMARY

In several inflammatory diseases marked by mononuclear cell infiltration, there is now solid genetic
evidence for the importance of the MCP-1/CCL2/
CCR2 axis in pathobiology, if not pathogenesis. The
only debate that remains is how best to target this
system therapeutically. Despite a decade of screening for small-molecule antagonists, none has been
identified yet that will move into the clinic in the
near future. Biological agents such as antibodies and
inhibitory peptides have been developed, and some
conceivably could be developed into therapies. However, considering the cost of their development and
the complicated delivery strategies they will require,
most companies will be reluctant to pursue these
agents so long as the promise of small-molecule antagonists exists. Nonetheless, the effectiveness of
these biological agents in animal models suggests
that they may provide therapeutic opportunities until “real” drugs come along.
Meanwhile, there is also substantial evidence that
MCP-1/CCL2 and CCR2 can have profound effects
both on innate and adaptive immune responses.
Therapeutic targeting of this ligand/receptor pair
therefore could have wide-ranging consequences
that extend beyond simply blocking monocyte and
macrophage migration. But, given the data on the
disparate effects of MCP-1/CCL2 and CCR2 on Th
cell polarization, the blockade of MCP-1/CCL2 and
the blockade of CCR2 are not equivalent strategies.
This is particularly relevant to the development of
biological agents such as antibodies that will be directed exclusively at one protein or the other. Considerable thought and planning will have to go into
making decisions about the proper settings in which
to use these agents. Elucidating the mechanistic ba-

sis for the effect of MCP-1/CCL2 and CCR2 on
adaptive immunity will certainly increase the
chances that a rational approach to their blockade
will be developed.
ACKNOWLEDGMENTS

The authors thank Ms. Christine Dube for technical
assistance and Ms. Christine Penta for administrative assistance.
REFERENCES
1. Aiello RJ, Bourassa PA, Lindsey S, Weng W, Natoli E,
Rollins BJ, Milos PM. (1999). Monocyte chemoattractant protein-1 accelerates atherosclerosis in apolipoprotein E-deficient mice. Arterioscler Thromb Vasc
Biol 19:1518–1525.
2. Alam R, Lett-Brown MA, Forsythe PA, AndersonWalters DJ, Kenamore C, Kormos C, Grant JA.
(1992). Monocyte chemotactic and activating factor
is a potent histamine-releasing factor for basophils. J
Clin Invest 89:723–728.
3. Banisadr G, Queraud-Lesaux F, Boutterin MC, Pelaprat D, Zalc B, Rostene W, Haour F, Parsadaniantz
SM. (2002). Distribution, cellular localization and
functional role of CCR2 chemokine receptors in adult
rat brain. J Neurochem 81:257–269.
4. Bischoff SC, Krieger M, Brunner T, Dahinden CA.
(1992). Monocyte chemotactic protein 1 is a potent
activator of human basophils. J Exp Med 125:1271–
1275.
5. Boisvert WA, Curtiss LK, Terkeltaub RA. (2000). Interleukin-8 and its receptor CXCR2 in atherosclerosis. Immunol Res 21:129–137.
6. Boring L, Gosling J, Chensue SW, Kunkel SL, Farese
RV Jr, Broxmeyer HE, Charo IF. (1997). Impaired
monocyte migration and reduced type 1 (Th1) cytokine responses in C-C chemokine receptor 2 knockout
mice. J Clin Invest 100:2552–2561.
7. Boring L, Gosling J, Cleary M, Charo IF. (1998). Decreased lesion formation in CCR2¯ mice reveals a role
for chemokines in the initiation of atherosclerosis.
Nature 394:894–897.
8. Carr MW, Roth SJ, Luther E, Rose SS, Springer TA.
(1994). Monocyte chemoattractant protein 1 acts as a
T-lymphocyte chemoattractant. Proc Natl Acad Sci
USA 91:3652–3656.
9. Chensue SW, Warmington KS, Lukacs NW, Lincoln
PM, Burdick MD, Strieter RM, Kunkel SL. (1995).
Monocyte chemotactic protein expression during
schistosome egg granuloma formation. Sequence of
production, localization, contribution, and regulation. Am J Pathol 146:130–138.
10. Cipollone F, Marini M, Fazia M, Pini B, Iezzi A, Reale
M, Paloscia L, Materazzo G, D’Annunzio E, Conti P,
Chiarelli F, Cuccurullo F, Mezzetti A. (2001). Elevated circulating levels of monocyte chemoattractant
protein-1 in patients with restenosis after coronary

MCP-1/CCL2 in inflammation and immunity
C Daly and BJ Rollins
255

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

angioplasty. Arterioscler Thromb Vasc Biol 21:327–
334.
Clinton SK, Libby P. (1992). Cytokines and growth
factors in atherogenesis. Arch Pathol Lab Med 116:
1292–1300.
Coughlan CM, McManus CM, Sharron M, Gao Z,
Murphy D, Jaffer S, Choe W, Chen W, Hesselgesser J,
Gaylord H, Kalyuzhny A, Lee VM, Wolf B, Doms RW,
Kolson DL. (2000). Expression of multiple functional
chemokine receptors and monocyte chemoattractant
protein-1 in human neurons. Neuroscience 97:591–
600.
Cushing SD, Berliner JA, Valente AJ, Territo MC, Navab M, Parhami F, Gerrity R, Schwartz CJ, Fogelman
AM. (1990). Minimally modified low density lipoprotein induces monocyte chemotactic protein 1 in human endothelial cells and smooth muscle cells. Proc
Natl Acad Sci USA 87:5134–5138.
Egashira K, Koyanagi M, Kitamoto S, Ni W, Kataoka
C, Morishita R, Kaneda Y, Akiyama C, Nishida KI,
Sueishi K, Takeshita A. (2000). Anti-monocyte chemoattractant protein-1 gene therapy inhibits vascular
remodeling in rats: blockade of MCP-1 activity after
intramuscular transfer of a mutant gene inhibits vascular remodeling induced by chronic blockade of NO
synthesis. FASEB J 14:1974–1978.
Egashira K, Zhao Q, Kataoka C, Ohtani K, Usui M,
Charo IF, Nishida K, Inoue S, Katoh M, Ichiki T,
Takeshita A. (2002). Importance of monocyte chemoattractant protein-1 pathway in neointimal hyperplasia after periarterial injury in mice and monkeys.
Circ Res 90:1167–1172.
Fife BT, Huffnagle GB, Kuziel WA, Karpus WJ.
(2000). CC chemokine receptor 2 is critical for induction of experimental autoimmune encephalomyelitis. J Exp Med 192:899–905.
Fuentes ME, Durham SK, Swerdel MR, Lewin AC,
Barton DS, Megill JR, Bravo R, Lira SA. (1995). Controlled recruitment of monocytes/macrophages to
specific organs through transgenic expression of
MCP-1. J Immunol 155:5769–5776.
Gerszten RE, Garcia-Zepeda EA, Lim YC, Yoshida
M, Ding HA, Gimbrone MA Jr, Luster AD, Luscinskas
FW, Rosenzweig A. (1999). MCP-1 and IL-8 trigger
firm adhesion of monocytes to vascular endothelium
under flow conditions. Nature 398:718–723.
Gong JH, Clark-Lewis I. (1995). Antagonists of
monocyte chemoattractant protein 1 identified by
modification of functionally critical NH2-terminal
residues. J Exp Med 181:631–640.
Gonzalo JA, Lloyd CM, Wen D, Albar JP, Wells TN,
Proudfoot A, Martinez AC, Dorf M, Bjerke T, Coyle
AJ, Gutierrez-Ramos JC. (1998). The coordinated action of CC chemokines in the lung orchestrates allergic inflammation and airway hyperresponsiveness. J
Exp Med 188:157–167.
Gosling J, Slaymaker S, Gu L, Tseng S, Zlot CH,
Young SG, Rollins BJ, Charo IF. (1999). MCP-1 de-

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

ficiency reduces susceptibility to atherosclerosis in
mice that overexpress human apolipoprotein B. J Clin
Invest 103:773–778.
Grewal IS, Rutledge BJ, Fiorillo JA, Gu L, Gladue RP,
Flavell RA, Rollins BJ. (1997). Transgenic monocyte
chemoattractant protein-1 (MCP-1) in pancreatic islets produces monocyte-rich insulitis without diabetes: abrogation by a second transgene expressing systemic MCP-1. J Immunol 159:401–408.
Groot PHE, Valdes AM, Kaur R, Berkhout TA, Wolfe
ML, O’Brien EJ, Spurr NK, Gefter W, Rut A, Bond B,
Bridges A, Rader DJ. (2001) A Val64Ile mutation in
CCR2B is associated with reduced atherosclerosis and
decreased signaling. Paper presented at: Keystone
Conference on Chemokines and Chemokine Receptors, Taos, NM. Feb. 16–21, 2001.
Gu L, Okada Y, Clinton SK, Gerard C, Sukhova GK,
Libby P, Rollins BJ. (1998). Absence of monocyte
chemoattractant protein-1 reduces atherosclerosis in
low density lipoprotein receptor-deficient mice. Mol
Cell 2:275–281.
Gu L, Tseng S, Horner RM, Tam C, Loda M, Rollins
BJ. (2000). Control of TH2 polarization by the chemokine monocyte chemoattractant protein-1. Nature
404:407–411.
Gunn MD, Nelken NA, Liao X, Willimas LT. (1997).
Monocyte chemoattractant protein-1 is sufficient for
the chemotaxis of monocytes and lymphocytes in
transgenic mice but requires an additional stimulus
for inflammatory activation. J Immunol 158:376–
383.
Handel TM, Domaille PJ. (1996). Heteronuclear (1H,
13C, 15N) NMR assignments and solution structure
of the monocyte chemoattractant protein-1 (MCP-1)
dimer. Biochemistry 35:6569–6584.
Horvath C, Welt FG, Nedelman M, Rao P, Rogers C.
(2002). Targeting CCR2 or CD18 inhibits experimental in-stent restenosis in primates: inhibitory potential depends on type of injury and leukocytes targeted. Circ Res 90:488–494.
Huang DR, Wang J, Kivisakk P, Rollins BJ, Ransohoff
RM. (2001). Absence of monocyte chemoattractant
protein 1 in mice leads to decreased local macrophage
recruitment and antigen-specific T helper cell type 1
immune response in experimental autoimmune encephalomyelitis. J Exp Med 193:713–726.
Huo Y, Weber C, Forlow SB, Sperandio M, Thatte J,
Mack M, Jung S, Littman DR, Ley K. (2001). The
chemokine KC, but not monocyte chemoattractant
protein-1, triggers monocyte arrest on early atherosclerotic endothelium. J Clin Invest 108:1307–1314.
Izikson L, Klein RS, Charo IF, Weiner HL, Luster
AD. (2000). Resistance to experimental autoimmune
encephalomyelitis in mice lacking the CC chemokine
receptor (CCR)2. J Exp Med 192:1075–1080.
Jiang Y, Beller DI, Frendl G, Graves DT. (1992).
Monocyte chemoattractant protein-1 regulates adhe-

MCP-1/CCL2 in inflammation and immunity
C Daly and BJ Rollins
256

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

sion molecule expression and cytokine production in
human monocytes. J Immunol 148:2423–2428.
Karpus WJ, Kennedy KJ. (1997). MIP-1alpha and
MCP-1 differentially regulate acute and relapsing autoimmune encephalomyelitis as well as Th1/Th2 lymphocyte differentiation. J Leukoc Biol 62:681–687.
Karpus WJ, Lukacs NW, Kennedy KJ, Smith WS,
Hurst SD, Barrett TA. (1997). Differential CC chemokine-induced enhancement of T helper cell cytokine production. J Immunol 158:4129–4136.
Kim SY, Guijarro C, O’Donnell MP, Kasiske BL, Kim
Y, Keane WF. (1995). Human mesangial cell production of monocyte chemoattractant protein-1: modulation by lovastatin. Kidney Int 48:363–371.
Kim Y, Sung S, Kuziel WA, Feldman S, Fu SM, Rose
CE Jr. (2001). Enhanced airway Th2 response after
allergen challenge in mice deficient in CC chemokine
receptor-2 (CCR2). J Immunol 166:5183–5192.
Koh KK, Son JW, Ahn JY, Choi YM, Jin DK, Park GS,
Choi IS, Sohn MS, Shin EK. (2001). Non-lipid effects
of statin on hypercholesterolemic patients established
to have coronary artery disease who remained hypercholesterolemic while eating a step-II diet. Coron Artery Dis 12:305–311.
Kuna P, Reddigari SR, Rucinski D, Oppenheim JJ,
Kaplan AP. (1992). Monocyte chemotactic and activating factor is a potent histamine-releasing factor for
human basophils. J Exp Med 175:489–493.
Lu B, Rutledge BJ, Gu L, Fiorillo J, Lukacs NW,
Kunkel SL, North R, Gerard C, Rollins BJ. (1998).
Abnormalities in monocyte recruitment and cytokine
expression in monocyte chemoattractant protein
1-deficient mice. J Exp Med 187:601–608.
Lubkowski J, Bujacz G, Boque L, Domaille PJ, Handel TM, Wlodawer A. (1997). The structure of
MCP-1 in two crystal forms provides a rare example
of variable quaternary interactions. Nat Struct Biol
4:64–69.
MacLean JA, De Sanctis GT, Ackerman KG, Drazen
JM, Sauty A, DeHaan E, Green FH, Charo IF, Luster
AD. (2000). CC chemokine receptor-2 is not essential
for the development of antigen-induced pulmonary
eosinophilia and airway hyperresponsiveness. J Immunol 165:6568–6575.
Matsushima K, Larsen CG, DuBois GC, Oppenheim
JJ. (1989). Purification and characterization of a
novel monocyte chemotactic and activating factor
produced by a human myelomonocytic cell line. J Exp
Med 169:1485–1490.
McManus C, Berman JW, Brett FM, Staunton H, Farrell M, Brosnan CF. (1998). MCP-1, MCP-2 and
MCP-3 expression in multiple sclerosis lesions: an immunohistochemical and in situ hybridization study. J
Neuroimmunol 86:20–29.
Middleton J, Neil S, Wintle J, Clark-Lewis I, Moore H,
Lam C, Auer M, Hub E, Rot A. (1997). Transcytosis
and surface presentation of IL-8 by venular endothelial cells. Cell 91:385–395.

45. Mori E, Komori K, Yamaoka T, Tanii M, Kataoka C,
Takeshita A, Usui M, Egashira K, Sugimachi K.
(2002). Essential role of monocyte chemoattractant
protein-1 in development of restenotic changes (neointimal hyperplasia and constrictive remodeling) after balloon angioplasty in hypercholesterolemic rabbits. Circulation 105:2905–2910.
46. Moser B, Clark-Lewis I, Zwahlen R, Baggiolini M.
(1990). Neutrophil-activating properties of the melanoma growth-stimulating activity, MGSA. J Exp Med
171:1797–1802.
47. Namiki M, Kawashima S, Yamashita T, Ozaki M, Hirase T, Ishida T, Inoue N, Hirata K, Matsukawa A,
Morishita R, Kaneda Y, Yokoyama M. (2002). Local
overexpression of monocyte chemoattractant protein-1 at vessel wall induces infiltration of macrophages and formation of atherosclerotic lesion: synergism with hypercholesterolemia. Arterioscler
Thromb Vasc Biol 22:115–120.
48. Nelken NA, Coughlin SR, Gordon D, Wilcox JN.
(1991). Monocyte chemoattractant protein-1 in human atheromatous plaques. J Clin Invest 88:1121–
1127.
49. Ni W, Egashira K, Kitamoto S, Kataoka C, Koyanagi
M, Inoue S, Imaizumi K, Akiyama C, Nishida Ki K,
Takeshita A. (2001). New anti-monocyte chemoattractant protein-1 gene therapy attenuates atherosclerosis in apolipoprotein E-knockout mice. Circulation 103:2096–2101.
50. Oshima S, Ogawa H, Hokimoto S, Nakamura S, Noda
K, Saito T, Soejima H, Takazoe K, Ishibashi F, Yasue
H. (2001). Plasma monocyte chemoattractant protein-1 antigen levels and the risk of restenosis after
coronary stent implantation. Jpn Circ J 65:261–264.
51. Paavola CD, Hemmerich S, Grunberger D, Polsky I,
Bloom A, Freedman R, Mulkins M, Bhakta S, McCarley D, Wiesent L, Wong B, Jarnagin K, Handel TM.
(1998). Monomeric monocyte chemoattractant protein-1 (MCP-1) binds and activates the MCP-1 receptor CCR2B. J Biol Chem 273:33157–33165.
52. Paolini JF, Willard D, Consler T, Luther M, Krangel
MS. (1994). The chemokines IL-8, monocyte chemoattractant protein-1 and I-309 are monomers at
physiologically relevant concentrations. J Immunol
153:2704–2717.
53. Peters W, Dupuis M, Charo IF. (2000). A mechanism
for the impaired IFN-gamma production in C-C chemokine receptor 2 (CCR2) knockout mice: role of
CCR2 in linking the innate and adaptive immune responses. J Immunol 165:7072–7077.
54. Peters W, Scott HM, Chambers HF, Flynn JL, Charo
IF, Ernst JD. (2001). Chemokine receptor 2 serves an
early and essential role in resistance to Mycobacterium tuberculosis. Proc Natl Acad Sci USA 98:7958–
7963.
55. Poon M, Megyesi J, Green RS, Zhang H, Rollins BJ,
Safirstein R, Taubman MB. (1991). In vivo and in

MCP-1/CCL2 in inflammation and immunity
C Daly and BJ Rollins
257

56.

57.

58.

59.
60.

61.

62.

63.

64.

vitro inhibition of JE gene expression by glucocorticoids. J Biol Chem 266:22375–22379.
Ransohoff RM, Hamilton TA, Tani M, Stoler MH,
Shick HE, Major JA, Estes ML, Thomas DM, Tuohy
VK. (1993). Astrocyte expression of mRNA encoding
cytokines IP-10 and JE/MCP-1 in experimental autoimmune encephalomyelitis. FASEB J 7:592–600.
Rodriguez-Frade JM, Vila-Coro AJ, de Ana AM, Albar
JP, Martinez AC, Mellado M. (1999). The chemokine
monocyte chemoattractant protein-1 induces functional responses through dimerization of its receptor
CCR2. Proc Natl Acad Sci USA 96:3628–3633.
Rollins BJ, Walz A, Baggiolini M. (1991). Recombinant human MCP-1/JE induces chemotaxis, calcium
flux, and the respiratory burst in human monocytes.
Blood 78:1112–1116.
Ross R. (1986). The pathogenesis of atherosclerosisan update. N Engl J Med 314:488–500.
Rutledge BJ, Rayburn H, Rosenberg R, North RJ, Gladue RP, Corless CL, Rollins BJ. (1995). High level
monocyte chemoattractant protein-1 expression in
transgenic mice increases their susceptibility to intracellular pathogens. J Immunol 155:4838–4843.
Sato N, Ahuja SK, Quinones M, Kostecki V, Reddick
RL, Melby PC, Kuziel WA, Ahuja SS. (2000). CC
chemokine receptor (CCR)2 is required for langerhans cell migration and localization of T helper cell
type 1 (Th1)-inducing dendritic cells: absence of
CCR2 shifts the Leishmania major-resistant phenotype to a susceptible state dominated by Th2 cytokines, B cell outgrowth, and sustained neutrophilic
inflammation. J Exp Med 192:205–218.
Schecter AD, Rollins BJ, Zhang YJ, Charo IF, Fallon
JT, Rossikhina M, Giesen PL, Nemerson Y, Taubman
MB. (1997). Tissue factor is induced by monocyte
chemoattractant protein-1 in human aortic smooth
muscle and THP-1 cells. J Biol Chem 272:28568–
28573.
Simpson JE, Newcombe J, Cuzner ML, Woodroofe
MN. (1998). Expression of monocyte chemoattractant protein-1 and other beta-chemokines by resident
glia and inflammatory cells in multiple sclerosis lesions. J Neuroimmunol 84:238–249.
Strieter RM, Wiggins R, Phan SH, Wharram BL,
Showell HJ, Remick DG, Chensue SW, Kunkel SL.
(1989). Monocyte chemotactic protein gene expression by cytokine-treated human fibroblasts and en-

65.

66.

67.

68.

69.

70.

71.

72.

73.

dothelial cells. Biochem Biophys Res Commun 162:
694–700.
Szalai C, Duba J, Prohaszka Z, Kalina A, Szabo T,
Nagy B, Horvath L, Csaszar A. (2001). Involvement
of polymorphisms in the chemokine system in the susceptibility for coronary artery disease (CAD): coincidence of elevated Lp(a) and MCP-1 -2518 G/G genotype in CAD patients. Atherosclerosis 158:233–
239.
Taubman MB, Rollins BJ, Poon M, Marmur J, Green
RS, Berk BC, Nadal-Ginard B. (1992). JE mRNA accumulates rapidly in aortic injury and in PDGFstimulated vascular smooth muscle cells. Circ Res 70:
314–325.
Trapp BD, Peterson J, Ransohoff RM, Rudick R,
Mork S, Bo L. (1998). Axonal transection in the lesions of multiple sclerosis. N Engl J Med 338:278–
285.
Van Der Voorn P, Tekstra J, Beelen RH, Tensen CP,
Van Der Valk P, De Groot CJ. (1999). Expression of
MCP-1 by reactive astrocytes in demyelinating multiple sclerosis lesions. Am J Pathol 154:45–51.
Walz A, Burgener R, Car B, Baggiolini M, Kunkel SL,
Strieter RM. (1991). Structure and neutrophilactivating properties of a novel inflammatory peptide
(ENA-78) with homology to interleukin 8. J Exp Med
174:1355–1362.
Yla-Herttuala S, Lipton BA, Rosenfeld ME, Sarkioja
T, Yoshimura T, Leonard EJ, Witztum JL, Steinberg
D. (1991). Expression of monocyte chemoattractant
protein 1 in macrophage-rich areas of human and
rabbit atherosclerotic lesions. Proc Natl Acad Sci
USA 88:5252–5256.
Yoshimura T, Robinson EA, Tanaka S, Appella E,
Kuratsu JI, Leonard EJ. (1989). Purification and
amino acid analysis of two human glioma-derived
monocyte chemoattractants. J Exp Med 169:1449–
1459.
Zhang Y, Rollins BJ. (1995). A dominant negative
inhibitor indicates that monocyte chemoattractant
protein 1 functions as a dimer. Mol Cell Biol 15:
4851–4855.
Zhang YJ, Rutledge BJ, Rollins BJ. (1994). Structure/
activity analysis of human monocyte chemoattractant
protein-1 (MCP-1) by mutagenesis: identification of a
mutated protein that inhibits MCP-1-mediated
monocyte chemotaxis. J Biol Chem 269:15918–
15924.

