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ABSTRACT | Multiple Sclerosis (MS) is an autoimmune disease of the central nervous system (CNS) that is initiated and
maintained by continuous migration of inflammatory immune cells from the periphery into the target organ. However, in
autoimmunity, migration of immune cells is not only involved in the pathogenesis but also in the down-modulation of the
autoimmune attack, which is probably mediated by the infiltration of certain regulatory immune cell populations inside the
affected organs. The migratory activity of both proinflammatory and regulatory leucocytes is controlled by chemokines
and their receptors. Thus, targeting the directed migration of immune cells and regulating leukocyte trafficking across the
blood-brain barrier (BBB) by means of modulation of chemokine signaling receptors might open up new therapeutic
avenues not only for MS but also for other autoimmune diseases. In this review we summarize the chemotactic signaling
pathways known to be involved in neuroinflammation to date and the viability of these pathways as targets for

therapeutic strategies.
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1. Introduction

In Multiple Sclerosis (MS), inflammatory immune cells are
repeatedly recruited from the periphery, reinforcing the
local inflammatory reaction in the brain [1]. This process
results in local demyelination, damage to
oligodendrocytes, axonal injury and neuronal apoptosis
[2-5]. In the context of inflammation, the recruitment of
activated leukocytes into the target tissue is controlled by
a heterogeneous family of chemotactic cytokines, the
chemokines [6] and [7]. To date, approximately 50 human
and mouse chemokines and 18 chemokine receptors
have been identified. Chemokines are classified into four
subgroups based on the position of their terminal cystein
residues and are referred as C, CC, CXC and CX3C
chemokines [8] (see Table 1). They bind specifically to
the chemokine receptors, members of the superfamily of
seven-transmembrane G protein-coupled receptors that
not only mediate cell migration and adhesion, but also
influence other processes such as T cell differentiation
[9], angiogenesis, and maturation of T, B and dendritic
cells (DC) [6]. Although specific, the interactions between
ligand and receptors are characterized by their
promiscuity and redundancy, the former because one
given chemokine can bind to numerous receptors within
its subgroup and a particular receptor may have several
ligands [10-12], and the latter because different
chemokines can mediate the same effects.

In recent years, numerous publications have reported on
the role of chemokines and chemokine receptors in the
pathogenesis of MS and its widely accepted animal
model, the experimental autoimmune encephalomyelitis
(EAE). EAE can be induced not only in mice and rats but
also in guinea pigs, rabbits, or primates [13]. In mice, EAE
can be actively initiated by immunizing the animal with
peptides derived from myelin proteins such as myelin
basic protein (MBP), proteolipid protein (PLP) or myelin
oligodendrocyte glycoprotein (MOG) [14]. The disease
can also be induced passively by adoptive transfer of in
vitro-generated, myelin-specific T cells in recipient mice
[15]. This passive model highlights, in particular, the
importance of the migration of myelin-specific T cells into
the CNS for inducing neuroinflammation. In EAE and MS,
infiltration of T cells and, in general, of leukocytes is a
crucial step in the disease pathogenesis. Therefore, the
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possible modulation of this inflammatory event by
targeting specific chemokine/chemokine receptor systems
represents an obvious and very promising therapeutic
goal. The chemokine system can be interfered with by, for
instance, binding chemokines to glycosaminoglycans,
inhibiting intracellular chemokine-activated signaling, or
decreasing the translation of chemokine mRNA.
Neutralizing antibodies against either chemokines or
chemokine receptors is also a feasible approach to
targeting the chemokine/chemokine receptor system.
However, so far, the most promising method for blocking
chemokine signaling is using specific receptor antagonists
[16-18].

2. The challenge of blocking chemokine
signaling in MS

Chemokines are evolutionary preserved molecules that
are responsible for cell movement beyond immune cell
trafficking, as they also regulate other processes, such as
hematopoiesis [19], angiogenesis [20], or organogenesis,
including CNS formation [21]. Therefore, although
modulating immune cell migration into the CNS may
represent an ideal way of combating neuroinflammation,
accurately determining which other processes may be
regulated by a given target chemokine is crucial. The best
means of investigating the actual function of chemokines
and their receptors is probably generating gene-
manipulated (transgenic or deficient) mice. For instance,
in two studies, both CXCL12- and CXCR4-deficient mice
died perinatally [22,23] and thereby clarified the non-
redundant character of this signaling pathway and its
pivotal role during development. Thus, even if the attempt
to translate knowledge from the animal to the human
situation is justly criticized, these models have rapidly led
to an understanding of chemokine signaling pathways and
have provided the basis for their use as therapeutic
targets. Nevertheless, to precisely elucidate the functions
and involvement of certain chemokine systems in disease,
in general, and in neuroinflammation, in particular, more
appropriate animal models are needed, such as
conditional or tissue-specific “knockout” mice, which would
allow the depletion of a given signaling pathway during
EAE or in certain cell types only.
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Our recent data on the use of CCR1 antagonist in MS
highlights the difficulty of this animal-to-human translation.
This antagonist was pioneer in targeting chemokine
signaling and, although the data obtained in animal
models were really promising, CCR1 blockade did not
show any significant beneficial effect in a phase Il clinical
trial in patients with relapsing-remitting MS (RRMS) [18].
In general, one important difficulty with drugs that
selectively target one molecule is a situation of
redundancy, in which the organism will find a means of
compensating for deleted target molecules [24]. This
problem is even more drastic when the target molecules
are redundant by nature, as is the case with chemokines.
Moreover, these compensatory mechanisms could vary
between different species, making it difficult to predict
what the outcome of a blockade tested in animal models
will be in humans. Additionally, although most of the
chemokines are homologue in humans and rodents, there
are several exceptions, such as CXCL8, that have no
structural and/or functional homologue in rodents. Finally,
the major obstacle in therapeutically blocking chemokine
signaling in MS is the disease itself. In contrast to EAE,
MS is a very heterogeneous disorder — clinically and,
probably, also pathologically [24,25]. In such a disease,
one could speculate that chemokine antagonists that
showed very promising results in animal models and pilot
studies in patients, are ineffective in a phase Il trial simply
because the treatment was not administered at the right
time or to the right patients. Nevertheless, in spite of
these difficulties, pharmaceutical companies still consider
chemokine receptors as promising therapeutic targets.
Almost every major company has a row of potential
blockers in clinical development for different indications,
including MS. The outcome of this wager will become
clear over the next decade of clinical research.

In the next section of this review, we illustrate the most
relevant chemokines and chemokine receptors involved in
the pathology of MS and EAE, which, thus, represent
potential targets in the treatment of chronic
neuroinflammation (see Table 2).

3. Chemokines and chemokine receptors in
Multiple Sclerosis and EAE

3.1. The CC family of chemokines
3.1.1. CCR1 and CCR5 and their ligands

A huge body of evidence highlights the role of CCR1 and
CCR5 in the pathogenesis of MS and EAE. CCR1 and
CCRS5 are expressed by different cell types, including T-
lymphocytes, monocytes/macrophages and immature
dendritic cells (iDCs) [26,27]. CCR1 and CCR5 are
classic examples of very promiscuous receptors that are
able to bind and also share different ligands, namely
CCL3 (MIP-1alpha), CCL5 (RANTES) and CCL7 (MCP-
3). In MS patients, CCR1-/CCR5-positive cells were
reported to accumulate within perivascular elements [28]
and, in the cerebrospinal fluid (CSF), levels of CCL5 have
been found to be elevated [29]. Furthermore, the
expression of both CCL3 and its receptor CCR5 (primarily
expressed on T cells) was increased in MS lesions [30].
However, CCR5 expression on peripheral blood cells did
not correlate with MRI activity in patients [31].

In mice, expression of CCR1 and CCR5, as well as of
their ligands, CCL3 and CCLS5, was increased in the CNS
during EAE [32-35]. Interestingly, although the blockade
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of this pathway during passive EAE using anti-CCL3
antibodies prevented the disease [35-37], mice deficient
for CCL3 or CCRS5 are not resistant or less susceptible to
EAE [38]. In line with that, administration of anti-CCL3
during remission had no effect on acute or relapsing EAE
[35], indicating that blockade of CCR5 signaling is not
sufficient for preventing EAE and that targeting CCL3 is
only beneficial during the initial disease phase. In
contrast, treatment of mice with Met-RANTES (a CCR1
and CCR5 antagonist [39]) did not affect the course of
monophasic EAE but attenuated the severity of chronic-
relapsing EAE [40]. Using CCR1-deficient mice, Rottman
et al. reported a milder disease course in the absence of
the receptor [41] and, in line with that, Liang et al.
demonstrated that a specific CCR1 antagonist, BX471,
was able to ameliorate EAE in rats [42]. All these findings
highlighted the key role of CCR1-mediated signaling in the
development of neuroinflammation. Furthermore, the fact
that BX471 showed a high bioavailability in dogs treated
orally with the drug [42] led us to consider CCR1 as a
promising target for MS, a disease that, to date, can only
be treated with parenterally administered
immunomodulatory drugs as a first-line therapy.
Consequently, a multicenter, randomized, double-blind,
placebo-controlled trial was designed to evaluate the
safety, tolerability and effects of BX 471 on MS disease
activity. Unfortunately, although blockade of CCR1 was
safe and well-tolerated, it was not able to reduce the
cumulative number of newly active lesions in patients with
MS. However, we observed a trend towards a reduction of
T2 lesion-volume accrual in treated patients, suggesting a
possible impact of CCR1 inhibition on tissue injury rather
than on initial leukocyte infiltration in MS pathology [18].

3.1.2. CCR2 and CCL2

Similarly to CCR1, CCR2 is also involved in the
recruitment of inflammatory cells, mainly T cells and
monocytes, to target organs [43,44]. In EAE, it has been
shown that CCR2 expression is increased during the
initial attack and spontaneous relapse of chronic-relapsing
EAE [32] and that the expression of the ligand correlated
with disease severity in active EAE [34]. In line with that,
CCR2-deficient mice are resistant to EAE [45] or
developed a milder disease [46], and CCL2-deficient mice
show a delayed onset of active EAE with reduced clinical
signs and are also resistant to passive EAE [47].
Interestingly, administration of anti-CCL2 had no effect on
disease onset but on the course of established EAE [35].
Considering these data as a whole, the CCR2/CCL2
system could conceivably represent an excellent target for
the treatment of MS. However, it has also been
demonstrated that transgenic expression of CCL2 in the
CNS may be beneficial for the EAE, probably because the
constitutive expression of CCL2 suppresses Th1-like
cytokine expression [48] and, in relapsing—remitting MS
(RRMS), no substantial role of CCR2 or CCL2 has been
described [31,49]. However, in a multicenter phase Il
clinical trial the CCR2 antagonist MLN1202 has been
associated with reductions of MRI activity in RRMS
patients [50]. Another CCR2 antagonist, CCX915, has
been shown to be safe and efficient in a phase | study and
a phase Il clinical trial with MS patients is planned
(www.chemocentry.com). Additionally, a multicenter
phase Il clinical trial with the CCR2 antagonist MK-0812 in
RRMS was initiated in 2005 (www.clinicaltrial.gov; study
#NCT00239655); no data on this study have been
published to date (see Table 3).
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3.1.3. CCR7 and its ligands

Although originally CCR7 was exclusively related to
homing of naive cells and DCs to secondary lymphoid
organs and, thus, to initiation of adaptive immune
responses, in recent years it has been shown that this
system is also involved in migration of effector cells and
DCs to the inflamed tissue and in maintenance of immune
tolerance [51]. CCL21 has been shown to be
constitutively expressed in the murine brain regardless of
whether inflammation exists [52]. The expression of
CCRY7 [53,54], as well as of its ligands CCL19 and CCL21
[54], is up-regulated in the inflamed CNS during EAE. In
contrast, CCL19 is constitutively expressed in the human
brain, and in MS patients, CCL19 but not CCL21 is over-
expressed in both active and chronic inactive lesions, as
well as in the CSF [55]. In humans, CCR7 is mainly
expressed on maturing DCs within inflammatory MS
lesions and DCs in the CSF [56]. Therefore, CCR7 and
particularly its ligand CCL19 have been implicated in the
immunosurveillance of the CNS during normal conditions.
Additionally, recent reports in mice indicate that CCR7
expression on regulatory T cells is essential for their
suppressive function in vivo but not for priming [57] and
[68]. Similarly, in the EAE, CCR7-deficient mice show
similar disease intensity compared to wild-type (WT)
animals [59], indicating that, also in this case, the
absence of CCR7 do not impede priming of
encephalitogenic T cells. Whether CCRY7 is also essential
for regulation in EAE and MS remains unclear.

3.1.4. CCR4 and CCRS, and their ligands

CCR4 and CCRS8 have also been shown to be expressed
on CD4/CD25-positive regulatory T cells [60], and to
mediate migration of regulatory cells to both, target
tissues [61-63] and lymph nodes [64]. In autoimmune
neuroinflammation, the ligands for CCR4, CCL17 and
CCL22 are up-regulated. It has also been shown that
CCL17 is over-expressed in MS [65] and that the
expression of CCL22 correlates with disease activity and
neuroinflammation in EAE [66]. In a model of relapsing—
remitting EAE, expression of CCL22 and CCR4 was
increased during the initial attacks and the subsequent
relapses, while expression dwindled during phases of
remission. In chronic-relapsing EAE, CCL22 and CCR4
were weakly expressed at the onset but were up-
regulated during progression of the disease [66]. Thus,
the elevated production of CCR4 ligands during the
disease appears to be responsible for recruitment of
regulatory cells and disease amelioration. Both the CCR4
ligands and the ligand for CCR8, CCL1 have been shown
to be up-regulated in the CNS after therapeutic IL-4 gene
delivery at EAE onset. In this study, the beneficial effects
of the therapy seemed to be mediated by recruiting of
CCR1- and CCR8-positive regulatory cells into the brain
[67].

However, CCR8 seems to be implicated not only in
regulation but also in disease pathology. Apart from its
expression on regulatory cells, CCR8 is expressed by
endothelial cells and monocytes [68]. In humans, Trebst
et al. showed CCR8 expression on microglia and
phagocytic macrophages in actively demyelinating MS
lesions, in the periplaque and in the normal-appearing
white matter [69]. During EAE, CCR8 was up-regulated in
the brain during the first attack of chronic-relapsing
disease and in the spinal cord during all phases of the
disease [53], while its receptor CCL1 was expressed in

MDC Repository | http://edoc.mdc-berlin.de/9652/

the spinal cord of EAE mice 1-2 days before clinical onset
[70]. This, together with the fact that the induction of EAE
in CCR8-deficient mice led to a later onset of the disease
and to milder symptoms compared to control mice [71],
suggests that CCR8 signaling is involved in disease
pathology by mediating the recruitment of inflammatory
monocytes to the MS/EAE brain. Although a functional
antagonist of CCR8 has been already synthesized [68],
data on its application in EAE have not yet been
published.

3.2. The CXC family of chemokines
3.2.1. CXCR1 and CXCR2, and their ligands

As in the case of CCR1 and CCRS5, the receptors CXCR1
and CXCR2 are very promiscuous and bind to and share
different chemokines (see Table 1). In the CNS, both
receptors are constitutively expressed at low levels on
oligodendrocytes and are believed to play additional roles
in the CNS, such as modulating synaptic transmission,
neuronal chemotaxis and control of cell proliferation and
survival [72,73]. The fact that the receptors are highly
expressed on oligodendrocytes in MS tissue while the
common ligands, CXCL1 (GRO-alpha) and CXCL8 (IL-8),
are not detectable in normal CNS tissue but on
hypertrophic astrocytes in active MS lesion, led to the
suggestion that this chemokine axis may be involved in
attracting oligodendrocytes to the side of the lesion and,
thus, controls repair processes during CNS inflammation
[72-74].

However, in the murine model, this receptor-ligand
system seems to be involved in disease development,
rather than neuroregeneration. Glabinski et al.
demonstrated that during EAE, the expression of CXCL1
correlated with disease intensity [33] and the CXCR2
expression in relapsing EAE was significantly increased in
the spinal cord during the first and the second attack of
the disease [75]. To complete this picture, Carlson et al.
recently showed that CXCR2-deficient mice did not
develop clinical signs of EAE, and that anti-CXCR2
treatment reduced EAE severity by preventing BBB
breakdown, development of inflammatory infiltrates and
up-regulation of proinflammatory cytokines [76]. Thus, this
chemokine system is one example of animal-model data
that cannot be translated directly to the human situation,
probably due to the fact that CXCL8 is one of the few
human chemokines that have no structurally identical
homologue in rodents.

3.2.2. CXCR3 and its ligands

The chemokine receptor CXCR3 is preferentially
expressed on activated Th1 T cells but also on activated
CD8-positive T cells, natural killer (NK) cells, DCs, and
microglia/monocytes. Its known ligands are CXCL9 (Mig),
CXCL10 (IP-10) and CXCL11 [77,78]. Particularly the
CXCR3/CXCL10 system has been implicated in
inflammatory processes in the CNS. The receptor is
expressed on astrocytes throughout the whole normal
human brain and has been reported to be up-regulated in
MS lesions [72,79,80]. Also the ligands CXCL10 and
CXCL9 have been shown to be expressed on astrocytes
[30,80]. In contrast, on oligodendrocytes, CXCR3 is not
influenced by inflammation and it is expressed
constitutively in low levels in the normal brain and also in
MS [72]. In terms of the immune system, the percentage
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of CXCR3-positive T cells is increased in blood of patients
with RRMS [30] and CXCR3-positive T cells are found in
the perivascular space of active lesions [80]. Additionally,
the expression of CXCR3 on peripheral CD4-positive T
cells has been reported to correlate with MRI in patients
with MS [31]. However, no relation between CXCR3
expression and MRI activity was found in another study
[81]. In the CSF of patients with MS, levels of CXCL10
[29,82] and CXCL9 [29] are significantly incremented, and
correlate with MRI activity. Interestingly, in optic neuritis,
CXCR3 expression in the CSF correlated with the
increased expression of its ligand CXCL10 and with the
presence of oligoclonal bands in CNS, which usually is
indicative of MS [81].

Taken together, these findings suggest that the
CXCR3/CXCL10 axis plays a role in the recruitment of, in
particular, inflammatory T lymphocytes, but also other
mononuclear cells into the CNS during MS. However, in
EAE studies, this implication has not been confirmed or,
rather, shows the opposite scenario. The first reports on
the role of CXCL10 on EAE showed that administration of
an anti-CXCL10 antibody after adoptive transfer EAE
significantly attenuated clinical symptoms and decreased
mononuclear cell infiltration into the CNS [83]. In line with
this inflammatory implication of CXCL10, Carter et al.
recently demonstrated that, in mice, both CXCL9 and
CXCL10 can be induced by the Th1-related cytokine IFN-
gamma [84]. However, the findings by Fife and
colleagues conflicted with those of another study, in which
administration of an anti-CXCL10 antibody after induction
of active EAE in rats resulted in an exacerbation of the
disease and an enhanced migration of CXCR3-positive T
cells from the lymph nodes into the CNS [85]. At this
stage, the inconsistent findings could be explained by the
use of different animal models (passive EAE in mice vs.
active EAE in rats). Later on, the induction of EAE in
CXCL10-deficient mice indicated, unexpectedly, that
these mice are more susceptible to EAE [86]. Two years
later, and in concordance with this data, it was reported
that also CXCR3-deficient mice suffered from a more
severe EAE than WT animals. Interestingly, although, in
this study, the number of CD4- and CD8-positive T cells
in CNS infiltrates was similar in CXCR3-deficient and
control mice, the production of IFN-gamma was reduced
in the deficient animals [87]. These increased disease
severity in CXCR3-deficient mice was confirmed recently
by Mdiller and colleagues. In this study the authors
presented evidence for the implication of CXCR3
signaling in controlling inflammation by retaining CD4-
effector T cells and, at the same time, promoting
regulatory T cell accumulation inside the perivascular
space [77]. A study of PLP-induced EAE showed that
mice treated with an agonistic anti-CXCR3 antibody one
day before EAE induction, and on days 3 and 7 after EAE
induction, experienced basically no clinical signs of EAE,
with significant reduction of mononuclear cell infiltrates
into the CNS [78]. However, blocking the receptor
function with an anti-CXCR3 antibody during the effector
phase of a PLP-induced EAE has been shown to
significantly aggravate EAE [87]. In summary, it seems
that the implication of this signaling pathway varies
depending on the disease phase and at this stage of
understanding we cannot draw any conclusions as to how
exactly the CXCRS3 signaling pathway is implicated in
neuroinflammation.
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3.2.3. CXCR4 and CXCL12

CXCL12 (SDF-1) is constitutively expressed by
endothelial cells and to a smaller extent on astrocytes in
normal human brain tissue, and attracts mainly
lymphocytes and monocytes but not neutrophiles [88-90].
Together with its only known receptor, CXCR4, this
chemokine/receptor system has been suggested as
playing a role in controlling lymphocyte migration into the
CNS at the BBB. In lesions of active and chronic inactive
MS lesions, CXCL12 is highly and widely expressed. In
CSF of RRMS patients, the levels of CXCL12 are also
increased [89,91]. Data by McCandless et al. showed
that, during EAE, blockade of CXCR4 induced a more
severe disease with increased infiltration of immune cells
in the parenchyma. Additionally, in normal CNS and in the
CNS of mice at EAE onset, CXCL12 was expressed at the
basolateral side of endothelium, attracting the leukocytes
to this area and restricting their migration into the tissue.
During the subsequent disease peak, the expression
changed. Thus, this perivascular up-regulation of the
ligand during inflammation seems to control tissue
damage [88]. Recently, the same research group
confirmed this hypothesis in humans by
immunohistochemical analysis of the expression of
CXCL12 at the BBB in CNS tissues from MS and non-MS
patients. In this study, they showed that MS was also
associated with an altered CXCL12 expression [92]. Thus,
the chemokine CXCL12 is probably crucial for retaining
inflammatory CXCR4-positive cells in the perivascular
space, and consequently, preventing them from migrating
into the parenchyma and causing injury.

3.2.4. CXCR5 and CXCL13

Patients with MS show abnormal B cell activity within the
brain, accompanied by accumulation of B cells in MS
lesions and by the production of oligoclonal IgG [93]. The
chemokine CXCL13, originally named B cell-attracting
chemokine-1 (BCA-1), regulates B cell migration into
lymphoid tissue and is hardly or not detectable in spinal
cords of mice under normal conditions. During EAE,
CXCL13 expression is up-regulated. Bagaeva et al.
recently showed that CXCL13-deficient mice experience
an attenuated course of EAE and flow cytometry analysis
revealed fewer infiltrating mononuclear cells into the CNS
[52]. Similar to the data obtained in mice, CXCL13 is
undetectable in normal CNS whereas in MS the
chemokine is detectable within active but not in chronic
inactive lesions and the levels of CXCL13 are increased in
CSF of RRMS [91]. The results suggest that the
chemokine receptor has a pathogenic role in establishing
and maintaining inflammatory infiltrates in the CNS during
EAE and probably during MS.

3.3. The CX3C-family of chemokines
3.3.1. CX3CR1 and CX3CL1

The chemokine receptor CX3CR1 is the only member of
the CX3C group, and CX3CL1 (fractalkine) is its only
known ligand, which exists in soluble and membrane-
bound form [94]. The receptor is expressed on CDS8-
positive T cells, monocytes and NK cells in the periphery
[95], and is restricted to microglia in the CNS [96].
CX3CL1 is expressed mainly by endothelial cells [94] and
on neurons [97]. Both CX3CR1 and CX3CL1 have been
shown to be constitutively expressed in the rodent as well
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as the human CNS [98-100]. In humans, the level of
CX3CL1 is elevated in CSF of patients with various
neurological inflammatory diseases. However, this ligand
is increased in MS patients in sera alone [101]. In EAE
the highest expression of CX3CR1 on microglia was
detectable in areas of late active and complete inactive
demyelination, and cells expressing mRNA for CX3CR1
accumulated quickly in the site of inflammation within the
CNS, although, most of the cells were not lymphocyte-like
cells [98,102]. In contrast to our expectations, CX3CR1-
deficient mice developed a much more severe course of
EAE, accompanied by an increased mortality and
hemorrhagic inflammatory lesions. Interestingly, the
number of NK cells was significantly reduced in the
inflamed CNS of these mice, whereas T cells,
monocytes/macrophages and NKT cells did not require
the receptor to migrate into the CNS during EAE [103].
This is indicative of a possible regulatory, rather than
pathological, function of NK cells and CX3CR1 during
neuroinflammation. In line with this, we previously
demonstrated a significantly lower expression of the
chemokine receptor CX3CR1 exclusively on NK cells in
RRMS patients compared to healthy individuals.
Interestingly the frequency of CX3CR1-positive NK cells
is increased in active patients [104], which led to the
question of whether this “normal” expression may account
for disease remission after the attack. Currently, we are in
the process of clarifying the exact role of CX3CR1 in the
pathology of MS.

4. Summary

With the overarching aim of delineating known
chemokines that may represent therapeutic targets in MS,
we have summarized and discussed the current data on
the members known to be involved in the physiology
and/or pathology of the CNS. These chemokines can be
categorized into three groups: (i) those that mediate
trafficking of inflammatory cells in the CNS, (ii) those that
probably mediate the migration of regulatory cells, (iii) and
those that restrict the spreading of the inflammation. To
the first group belongs a series of chemokines that bind to
CCR1/CCR5 or CCR2, or to CXCR1/CXCR2, CXCR3 or
CXCR5. Signaling through CXCR1/CXCR2 can be
excluded at this point as potential targets because of the
difficulties of translating data from animal models to
humans; additionally, the exact implication of CXCR3 is
still unclear and more data are needed on the role of
CXCRS5 signaling in neuroinflammation. In contrast, the
CCR-chemokines offer better candidates. Our study with
the CCR1 antagonist is, so far, the only published phase
Il trial that blocked a chemokine pathway in MS.
Unfortunately, the treatment showed no beneficial effect,
probably because of the functional redundancy of this
group of chemokines in humans. In the last 3 years,
however, companies have moved to the CCR2 pathway,
the blockade of which has been already shown to be
beneficial in EAE and, in the first pilot trials, in MS.

To the second group belong the chemokines that bind to
CCR4, probably CCR7, and CX3CR1. These receptors
appear to mediate trafficking of regulatory cells into the
CNS, thus contributing to down-regulation of the
autoimmune response. The role of CCR8 is still unclear.
Although in EAE it appears to be involved in movement of
regulatory cells, in humans, it seems to mediate the
infiltration of inflammatory monocytes into the CNS.
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Finally the CXCR4- and perhaps CXCRS3-binding
chemokines represent the third group. This chemokines
may exert a control function by maintaining the
inflammatory cell inside the perivascular spaces and
impeding their migration to CNS parenchyma and
consequent tissue damage. Obviously, the chemokine
signaling pathways involved in regulation of the
inflammatory cascade do not represent targets for
blockade. It is crucial, however, to understand these
specific regulatory mechanisms that, in the near future,
may lead to the design of novel therapeutic strategies in
MS.

In summary, we can conclude that despite the efforts by
research institutes and companies, the only compounds
that may currently offer some potential for MS treatment
are the antagonists to CCR2. Over the next year we will
learn whether this (and perhaps other novel antagonists)
represents a real therapeutic option for patients with MS.
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Table 1: Chemokines and chemokine receptors

Receptor Chemokine Old nomenclature
C family
XCR1 XCLA1 Lymphotactin
XCR2 XCL2 SCM-1beta
CC family
CCR1 CCL3 MIP-1alpha
CCL3L1 LD78beta
CCL5 RANTES
CCL7 MCP-3
CCL14 HCC-1
CCL15 HCC-2, Lkn-1, MIP-1alpha
CCL16 HCC-4
CCL23 MPIF-1, Ckbeta8
CCR2 CCL2 MCP-1
CCL7 MCP-3
CCL8 MCP-2
CCR3 CCL5 RANTES
CCL7 MCP-3
CCL8 MCP-2
CCL11 Eotaxin-1
CCL13 MCP-4
CCL15 HCC-2, Lkn-1, MIP-1delta
CCL24 Eotaxin-2, MPIF-2
CCL26 Eotaxin-3
CCL28 MEC
CCR4 CCL17 TARC
CCL22 MDC, STCP-1
CCR5 CCL3 MIP-1alpha
CCL3L1 LD78beta
CCL4 MIP-1beta
CCL5 RANTES
CCL14 HCC-1
CCR6 CCL20 MIP-3alpha, exodus-1
CCR7 CCL19 MIP-3beta, exodus-3
CCL21 SLC, exodus-2
CCR8 CCLA1 1-309
CCR9 CCL25 TECK
CCR10 CCL27 CTACK, ILC
CCL28 MEC
Unknown CCL18 PARC, DC-CK1, AMAC1
CXC family
CXCR1 CXCL1 GRO-alpha
CXCL6 GCP-2
CXCL8 IL-8
CXCR2 CXCL1 GRO-alpha
CXCL2 GRO-beta
CXCL3 GRO-gamma
CXCL5 ENA-78
CXCL6 GCP-2
CXCL7 NAP-2
CXCL8 IL-8
CXCR3 CXCL4 PF4
CXCL9 Mig
CXCL10 IP-10
CXCL11 I-TAC
CXCR4 CXCL12 SDF-1
CXCR5 CXCL13 BLC/BCA-1
CXCR6 CXCL16
Unknown CXCL14 BRAK
CX3C family
CX3CR1 CX3CLA1 Fractalkine

MDC Repository | http://edoc.mdc-berlin.de/9652/ 10



Hamann | et al.

Table 2: Chemokine receptors and chemokines in MS and EAE

Chemokine receptor Ligand Description in MS and EAE Reference
CCR1 CCL3 + CCR1" cells accumulated in perivascular elements in patients [28]
CCL3L1 * Elevated levels of CCL5 in CSF and of CCL3 in lesions of MS patients [29,30]
CCL5 * Increased CNS expression of chemokines and receptor during EAE [32-35]
CCL7 * Prevention of EAE after anti-CCL3 treatment [35-37]
CCL14-16 + CCL3-deficient mice: no resistance or less susceptibility to EAE [38]
CCL23 * No effect of antagonist Met-RANTES in monophasic but slightly attenuated effects in chEAE [40]
+ Milder severity of EAE in CCR1-deficient mice [41]
» Amelioration of EAE in rats with CCR1 antagonist BX471 [42]
* No effect of lesion number in MS patients after treatment with BX471 [18]
CCR2 CCL2 * Increased CCR2 expression during initial attacks and spontaneous relapse in chEAE [32]
CCL7 « Correlation of CCL2 correlated with EAE severity [34]
CCL8 * CCR2-/- mice: resistant to EAE [45]
» CCL2-/-: delayed onset in active and resistance to passive EAE [47]
* Anti-CCL2: no effect at time of adoptive transfer but ameliorated effects during remission of [35]
EAE
+ CCL2-transgenic expression of low levels of in the CNS: milder form of active EAE, [48]
though similar number of CNS infiltrates
* No substantial role of CCR2 in MS, no correlation with MRI activity [31,49]
* Reduced MRI activity in patients treated with CCR2 antagonist [50]
CCR4 CCL17 + Up-regulation of ligands during neuroinflammation [61,63]
CCL22 + CCR4 expression correlates with disease activity [61]
CCR5 CCL3 * Increased level of CCR5 in MS lesions [30]
CCL3L1 * No correlation of CCR5 expression and MRI activity in MS patients [31]
CCL4 * Increased CNS expression of CCL3/CCL5 and receptor during EAE [32-35]
CCL5 * Prevention of EAE after anti-CCL3 treatment [35-37]
CCL14 * No resistance or less susceptibility to EAE in CCR5-deficient mice [38]
* No effect of antagonist Met-RANTES in monophasic but slightly attenuated effects in chEAE [40]
CCR7 CCL19 + Constitutive expression of CCL21 regardless of inflammation [52]
CCL21 * Up-regulation of receptor and ligands during neuroinflammation in EAE [53,54]
* Constitutive expression CCL19 in human brain, up-regulation during MS [55]
* CCRY7 expression associated with DCs in MS lesions and in CSF [56]
* CCR7-/-: similar EAE intensity compared to wild-type mice [59]
CCR8 CCL1 + CCRS8 expression on microglia and phagocytes in actively demyelinating MS lesions [66]
* CCR8 up-regulation during EAE [53]
» CCL1 expression before clinical onset of EAE in spinal cord [67]
* Later onset and milder symptoms of EAE in CCR8-deficient mice [68]
CXCR1 CXcCL1 « Constitutive expression of the receptor on oligodendrocytes [69]
CXCL6 * Increased expression of CXCL8 on oligodendrocytes, no detection of ligands in MS tissue [69,71]
CXCL8 + Correlation of CXCL1 expression with EAE intensity [33]
CXCR2 CXCL1-3 + CXCL2 expression increased in spinal cord during first and second attack of EAE [72]
CXCL5-8 * No clinical sign of EAE in CXCR2-deficient mice [73]
» Reduced disease activity in EAE after anti-CXCR2 treatment [73]
CXCR3 CXCL4 « Constitutive expression of receptor on astrocytes in normal brain and up-regulation in MS [69,76,77]
lesions
CXCL9-11 * No difference in receptor expression on oligodendrocytes in MS compared to normal brain [69]
« Increased expression of CXCR3" T cells in blood of MS patients [30]
+ Accumulation of CXCR3" T cells in perivascular space of MS lesions [77]
« Correlation of CXCR3 expression on blood T cells and MRI activity in MS patients [31]
* No correlation of CXCR3 expression and MRI activity in MS patients [78]
* CXCL9 and CXCL10 increased in CSF of MS patients and correlate with MRI activity [29,79]
+ Anti-CXCL10 treatment: decreased clinical and pathological severity of passive EAE [80]
« Exacerbation of active EAE in rats after anti-CXCL10 administration [82]
* Higher susceptibility to EAE in CXCL10-deficient mice [83]
* More severe EAE in CXCR3-deficient mice [74,84]
» Reduced severity of active EAE after treatment with anti-CXCR3 antibody [75]
* Anti-CXCR3 administration: aggravation of active EAE during effector phase [84]
CXCR4 CXCL12 + CXCL12 constitutively expressed by endothelial cells and astrocytes in normal human brain [85-87]
* CXCR4 expression in active and chronic inactive MS lesions, [86,88]
and increased levels of CXCL12 in CSF of MS patients
» More severe EAE after blocking CXCR4 function [85]
+ Altered expression pattern of CXCL12 associated with tissue damage in EAE and MS [85,89]
CXCR5 CXCL13 » Abnormal B cell activity in MS patients with accumulating B cells in lesion [90]
+ Up-regulation of CXCL13 expression during EAE [52]
* Less severe EAE in CXCL13 deficient mice with fewer infiltrating mononuclear cells into the [52]
CNS
* No detection of CXCL13 in normal human brain but in active MS lesions, [88]
and increased levels in CSF of MS patients
CX3CR1 CX3CL1 « Constitutive expression of receptor and ligand in brain [95-97]
* Increased level of ligand in CSF of patients with neuroinflammation, [98]
but only in MS patients increased levels of ligand in sera
* High expression of receptor in late active and inactive demyelination, [95,99]
and accumulation of CX3CR1 mRNA expressing cells at site of inflammation
* CX3CR1-/- mice develop more severe EAE with increased mortality and less infiltrating NK [100]
cells into the CNS
* Lower expression of CX3CR1 on NK cells in MS patients [101]
chEAE = chronic EAE.
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Table 3: Clinical studies with receptor antagonists in MS

Receptor Antagonist Phase Company
CCR1 AVE9897 Phase | completed SanofiAventis
MLN3897 Phase | completed Millenium Pharmaceuticals
BX471 Phase Il completed Schering AG
CCR2 CCX915 Phase Il planned ChemoCentryx
INCB8696 Phase | ongoing Incyte
MK-0812 Phase Il ongoing Merck
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