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Chemokine receptors on infiltrating leucocytes in inflammatory pathologies of the central nervous

system (CNS)

Haematogenous leucocytes enter the central nervous sys-
tem (CNS) during diverse disorders of varied aetiologies.
Understanding the trafficking cues that mediate CNS
leucocyte infiltration might promote the development of
flexible and selective means to modulate inflammation to
achieve clinical benefit. The trafficking machinery of leu-
cocytes has been elucidated during the past decade and
consists of cell-surface adhesion molecules, chemoattrac-
tant cytokines (chemokines) and their receptors. Recent
work in our laboratory characterized chemokine receptors
found on T lymphocytes and monocytes in brain sections
from subjects with one pathological subtype of multiple
sclerosis (MS), an immune-mediated inflammatory demy-
elinating disease. In these tissues, the types 1 and 5 CC
chemokine receptors (CCR1 and CCR5) were detected on
perivascular monocytic cells whereas only CCR5 was
present on parenchymal macrophages. The type 3 CXC

chemokine receptor (CXCR3) was present on virtually all
CD3-positive T cells. In the current study, we evaluated
the expression of these receptors on the infiltrating cells
present in cases of other inflammatory CNS disorders
including those of dysimmune, infectious, neoplastic, and
vascular aetiology. Perivascular and parenchymal mono-
cytic cells expressed CCR1 in all cases and CXCR 3 was con-
sistently present on a substantial proportion of CD3+ T
cells. The occurrence of CCR5 on parenchymal macroph-
ages was much less uniform across the varied disorders.
These data implicate CCR1 in monocyte infiltration of the
CNS and are consistent with reports of studies in CCR1-
deficient mice. CXCR3 is also likely to play a role in
accumulation of T cells in the inflamed CNS. By contrast,
our findings suggest that regulation of CCR5 on phago-
cytic macrophages may be contingent on the lesion
environment.
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Introduction

Leucocyte infiltrates of the central nervous system (CNS)
are distinct from those observed in other organs in com-
position, and likely in mechanism. Because the CNS is
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stringently intolerant to swelling, inflammation (except in
transient responses to acute insults) appears to be heavily
biased towards monocytes and T cells, lending a highly
selective character to CNS infiltrates. Chemokines and
their receptors govern physiological and pathological leu-
cocyte trafficking, and may be particularly pertinent for
haematogenous leucocyte entry into the CNS, given the
exacting specificity with which the chemokine system
regulates cellular migration events.

Circulating leucocytes cross endothelial monolayers
in discrete steps [32]. In what is perhaps the best-
characterized step, activated leucocyte integrins mediate
arrest on the endothelial cell adhesion molecules (CAMs)
or on the extracellular matrix components of the endothe-
lial glycocalyx. Integrin activation is post-translational,
and requires signalling through Goi-linked receptors, of
which the most intensely studied are members of a super-
family of receptors for chemokines, formyl peptides and
leucotrienes [2,3,28]. The roles of chemokines in leuco-
cyte recirculation and inflammatory trafficking have been
well established [6,17]. Recent findings support the possi-
bility of extending the overall scheme to the CNS endothe-
lial bed. In this regard, there appear to be organ-specific
molecular details for leucocyte trafficking [17,23] and,
therefore, each site of inflammation must be approached
as a distinct system.

During the last decade, a significant amount of informa-
tion about leucocyte entry into the inflamed CNS has
emerged from studies conducted in one animal model,
murine experimental autoimmune encephalomyelitis
(EAE). Many of these experiments took advantage of gene-
targeted mice that lacked chemokines or chemokine
receptors, or function-blocking antibodies (reviewed in
[33]). These studies consistently demonstrated salient
roles for CCR1 and CCR2 in the accumulation of mono-
cytes in the CNS during EAE.

More recently, chemokine receptors on the CNS infil-
trates of multiple sclerosis (MS) lesions have been evalu-
ated. The complexity of this research in human material
was amplified by recent proposals indicating pathological
heterogeneity in MS lesions [19]. Therefore, we confined
one series of recent studies to a major pathological variant
termed pattern II, in which tissue injury is linked to the
presence of T cells, macrophages and complement com-
ponents associated with degenerating myelin sheaths
[19,31,34]. We characterized CCR1 and CCR5 on mono-
nuclear phagocytes and CXCR3 on T cells in this homoge-
neous series of well-characterized MS lesions. We found
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that CCR1 and CCR5 were co-expressed on perivascular
round CD68+ cells, which were proposed to constitute infil-
trating monocytes. In more advanced regions of these
lesions populated by phagocytic macrophages, CCR1 was
not detected. However, CCR5 was present on more than
80% of such cells. CXCR3 was consistently observed
on more than 90% of CNS T cells in MS lesions, and its
expression co-localized with the presence of one ligand,
interferon-gamma inducible protein, 10kDa (IP-10),
which is now termed CXCL10 in a new systematic
nomenclature.

The presence of CCR1 and CCR5 on haematogenous
monocytes in MS lesions, and of CXCR3 on T cells, was in
close agreement with the expression of these receptors on
the corresponding populations of leucocytes in cerebrospi-
nal fluid (CSF) [15,31,34].

The present study was undertaken to address the gen-
erality of these findings, and to examine the hypothesis that
leucocyte chemokine receptor expression might suggest
determinants of trafficking to the CNS. This research car-
ries potential medical implications, as small-molecule
drugs that block chemokine receptors have been examined
in pilot clinical trials and might provide useful additions to
the therapeutic armamentarium for inflammatory disor-
ders including MS [7,14]. To provide initial insights into
this process, we examined the distribution of CCR1, CCR5
and CXCR3 in inflammatory CNS lesions associated with a
wide variety of clinical disorders of diverse aetiologies, as
chemokine receptor expression is necessary (although it
may not be sufficient) to direct chemotaxis towards specific
Quantitative immunohistochemistry on
serial sections was used to establish relationships between
lineage markers for leucocytes (CD3 for T cells; CD68 for
mononuclear phagocytes) and chemokine receptors. The

chemokines.

data supported hypotheses about determinants of traffick-
ing to the CNS that were initially proposed during the
course of studies of MS tissues. Further, the chemokine
receptor CCR5, which can be expressed by resident acti-
vated microglia, was detected less uniformly, consistent
with the notion that its expression is regulated in part by
microenvironmental influences.

Materials and methods

Autopsy and biopsy material

Archival autopsy and biopsy material was collected at the
Cleveland Clinic Foundation, University of California, San

© 2003 Blackwell Publishing Ltd, Neuropathology and Applied Neurobiology, 29, 584—595



586  C. Trebst et al.

Francisco, Johns Hopkins University, University of Vienna
and University of North Carolina. All cases underwent
routine gross examination and histopathological evalu-
ation at the sites of collection. Diagnoses were assigned
by an expert neuropathologist (S.M.S., K.S., K.D.A.,
J.T. or H.L.), based on comprehensive neuropathological
evaluation and clinical history. A total of36 tissue
sections from 25 individual cases were included in our
analysis (Table 1). Diagnoses were as follows: Rasmussen'’s
encephalitis (1), neurosarcoidosis (2), acute disseminated
encephalomyelitis (ADEM) (1), haemorrhagic necrotizing
(Weston Hurst) leucoencephalitis (1), progressive multi-
focal leucoencephalopathy (PML) (1), Herpes simplex
virus (HSV) encephalitis (3), rabies encephalitis (2),
cerebral toxoplasmosis (2), CNS malaria (1), chronic
encephalitis of unknown aetiology (2), primary CNS
lymphoma (2), and ischaemic stroke (7).

Thirteen paraffin-embedded archival brain tissue sec-
tions from three individuals without known neurological,
inflammatory or metastatic disorder were collected at the
Cleveland Clinic Foundation and served as noninflamma-
tory controls. All the three individuals died from sudden
cardiac arrest.

This study was exempt from review under FDA and NIH
guidelines, as determined by the Institutional Review
Board (IRB) of the Cleveland Clinic Foundation.

Immunohistochemistry

Immunohistochemistry was performed as previously
described [30,34]. In brief, 5 um sections were placed on
Superfrost slides. Paraffin-embedded tissue sections were
deparaffinized with xylenes and rehydrated in ethanol.
After antigen-retrieval by steaming in citrate buffer, slides
were incubated overnight with primary antibody at 4°C,
washed in phosphate-buffered saline (PBS), incubated with
secondary antibody at room temperature for 40 min,
washed, and incubated with avidin-biotin-horseradish
perioxidase complex (Vectastain Elite; Vector Labora-
tories, Burlingame, CA). After development with 3,3-
diaminobenzidine (DAB) substrate (Sigma Chemical Co.),
slides were dehydrated and mounted in Permount (Fisher
Scientific, Pittsburgh, PA, USA). Primary antibodies were
omitted in controls. For analysis of co-localization of CCR1
and MRP14, sections were simultaneously labelled with
primary antibodies, followed by incubation with species
and isotype specific Texas Red- and fluorescein isothiocy-
secondary (Southern

anate-conjugated antibodies

Biotechnology Associates, Inc., Birmingham, AL). In con-
trols, primary antibodies were omitted, and tests for cross-
reactivity by secondary antibodies were performed.

Antibodies

Richard Horuk (Berlex Biosciences, Richmond, CA) kindly
provided a rabbit polyclonal anti-CCR1 antibody [12].
Murine monoclonal antihuman CCR5 (Clone 45549.111,
mouse IgG,z) was obtained from R&D Systems, murine
monoclonal anti-CD68 (Clone KP1, mouse IgG;) from
DAKO Corporation (Carpinteria, CA, USA), murine mon-
oclonal antihuman MRP14 (Clone S 36.48, mouse 1gG;)
from Bachem Bioscience Inc. (King of Prussia, PA, USA).
Murine monoclonal anti-CXCR3 (clone 1C6.2, mouse
IgGl) was generously provided by Walter Newman
(LeukoSite, Cambridge, MA) and rat monoclonal anti-CD3
(clone CD3-12) was obtained from Serotec Inc. (Raleigh,
NC, USA).

Quantification

The number of immunostained cells was determined in at
least four standardized fields (146 200 umz, defined by a
morphometric grid) from each region of pathology, which
were localized in both white matter and grey matter
(rabies encephalitis). Immunostained sections were photo-
graphed using a Leica DMR microscope (Leica Wetzlar,
Heidelberg, Germany) and an Optronix Magnafire digital
camera system and analysed using Image Pro’ Plus
(Media Cybernetics, Silver Spring, MD, USA).

Lineage and activation markers for leucocytes

Macrophage-related protein (MRP) 14 (termed S100A9 in
systematic nomenclature) is a 14-kDa calcium-binding
protein related to the S100 family, which is primarily
expressed on circulating human neutrophils and mono-
cytes [22]. In vitro, this antigen declines in expression dur-
ing monocyte differentiation [9]. MRP14 can be expressed
in isolation or complexed to a related protein MRPS8
(S100AS8), in heterodimers, which are detected by the
monoclonal antibody 27E10 [8]. In the current study, as
in our prior evaluations of human autopsy material,
MRP14 was used as a marker of activated monocytes that
had recently entered CNS tissues.

CD68 is a type 1 membrane glycoprotein, identical to
the receptor for oxidized LDL and orthologous to the
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murine protein macrosialin [13,25-27]. The KP1 mono-
clonal antibody detects CD68 on monocytes and mac-
rophages, expressed both within the cytoplasm and at
the plasma membrane [24]. In the current studies, CD68
is used to denominate mononuclear phagocyte lineage
cells expressing chemokine receptors of interest. This
population includes both monocytes and macrophages.
CD68 is expressed by macrophages derived both from
monocytes and from microglia. Most but not all mono-
nuclear phagocytes in CNS tissues express CD68S;
however, a subpopulation of activated microglial cells
remains CD68-negative (Corinna Trebst & Richard M.
Ransohoff, unpub. obs.).

CD3 is a multimeric complex associated with the T-cell
receptor and essential for signalling after engagement by
cognate antigen [35]. In these studies, we used CD3
immunoreactivity to quantify T lymphocytes within
tissue.

Results

Expression of the monocyte-activation marker
MRP14 and the chemokine receptor CCR1 are
closely related in inflammatory CNS pathologies

In the current study, cells that were immunoreactive for
either MRP14 or CCR1 exhibited markedly similar mor-
phology and distribution. In particular, MRP14 and CCR1
were expressed predominantly on round, nonprocess
bearing cells, morphologically consistent with monocytes.
MRP14- or CCR1-immunoreactive cells were localized in
perivascular accumulations and dispersed throughout the
parenchyma. MRP14+ and CCR1+ cells were consistently
numerous in cases of rabies encephalitis (Figure 1), in
cases with HSV encephalitis, in a case of ADEM and in the
case of haemorrhagic necrotizing (Weston Hurst) leu-
coencephalitis. In these cases, the numbers of cells
expressing MRP14 and CCR1 approached the levels of
CD68+ cells, suggesting that a majority of mononuclear
phagocytes
monocytes.

in these tissues were newly recruited

Furthermore, where MRP14+ cells were either very
few or not detected, CCR1 immunoreactivity was also
absent. This pattern was observed in two cases of
chronic encephalitis, in two cases of cerebral lymphoma
and in one case of Rasmussen’s encephalitis (Table 1). It
is clear that the absence of MRP14+/CCR1+ cells in
these three cases must be interpreted cautiously, as the

Chemokine receptors in inflammatory pathologies of the CNS 589

timing of entry of monocytes may not have coincided
with the acquisition of tissue. However, the presence of
substantial numbers of T cells (average>250/mm2 in
chronic encephalitis; 75/ mm” in Rasmussen’s encephali-
tis) suggests that active inflammation was taking place
within these lesions. The absence of both MRP14- and
CCR1-immunoreactivity from these lesions is consistent
with the hypothesis that these markers are co-expressed
on infiltrating monocytes.

In cases of cerebral ischaemia (n=7), MRP14 and
CCR1 were frequently expressed on mononuclear phago-
cytes within ischaemic areas (Figure 1). An average of
42% of all CD68+ cells within these lesions expressed
MRP14, and about 28% expressed CCR1 (Table 1). Con-
sistent with prior reports, neither MRP14 nor CCR1
expression was present in 13 tissue sections of 3 control
individuals [20] (Table 1). Spearman Rank correlations of
numbers of MRP14+ and CCR1+ cells on serial sections
underlined the robust relationship between the two anti-
gens (r=0.88; 95% confidence interval: 0.77-0.94;
P <0.0001) (Figure 2). In one PML lesion (JHO1, lesion 2)
MRP14+ cells were infrequent and outnumbered by
CCR1+ cells. Such minor discrepancies are proposed to
result from the limitations of quantification in serial sec-
tions. Taken together with previous findings from our
laboratory and others [4,34], these observations support
the hypothesis that CCR1 and MRP14 co-expression
mark haematogenous monocytes in CNS inflammatory
infiltrates.

CD3+ lymphocytes in CNS inflammatory
pathologies are not invariably CXCR 3+

To establish a more general relationship between CXCR3
and the presence of CNS lymphocytes, we analysed CD3
and CXCR3 expression by immunohistochemistry in
non-MS inflammatory CNS pathologies (Table 1). CD3+
cells were observed to a variable degree in all cases
except in a case with cerebral toxoplasmosis (case
CCF02) and in cerebral malaria, where CD3+ cells were
sparse or absent. In most cases, the majority of CD3+
cells were localized to the perivascular space, with vari-
able dispersion of CD3+ cells throughout the paren-
chyma. CXCR3+ immunoreactivity was only detected in
those cases that also showed CD3+ cells. Furthermore,
where both were present, the distribution patterns of
CXCR3 and CD3 immunoreactivity on serial sections
were strikingly similar (Figure 3).

© 2003 Blackwell Publishing Ltd, Neuropathology and Applied Neurobiology, 29, 584—-595
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Figure 1. Expression of MRP14 and CCR1 in rabies encephalitis and ischaemic stroke. Immunohistochemistry for CD68 (c,i), MRP14 (a,g)
and CCR1 (b,h) was performed on serial sections in a case with rabies encephalitis (case JHO2, a—f) and in a case with ischaemic stroke (case
CCF33, g-i). Both MRP14 and CCR1 were expressed on small round, nonprocess bearing cells, morphologically consistent with monocytes in
perivascular cell accumulations (g,h, arrows) and dispersed into the parenchyma (g,h, arrowheads). Immunohistochemistry was markedly
similar for MRP14 and CCR1. Co-localization was confirmed by double-fluorescence microscopy in the same cases (d—f case JHO2 and j-I case
CCF33). MRP14 immunoreactivity is shown in red (d,j); green indicates CCR1-immunoreactivity (e k); merged images are shown in fand 1.
As indicated by an arrowhead in fand I, MRP14 and CCR1 were expressed on the same cells. BV, blood vessel. Bars in a—c¢ and g—i=100 um,
bars in d-f and j-1=50 um.
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Figure 2. Correlation of numbers of MRP14+ cells and CCR 1+ cells.
Spearman rank correlations of numbers of MRP14+ and CCR 1+ cells
on serial sections underlined the robust relationship between the two
antigens (r=0.88;95% confidence interval: 0.77-0.94; P < 0.0001).
Individual data points of quantification of numbers of MRP14+ and
CCR1+ cells in a total of 36 tissue sections of 25 individual cases are
depicted.
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Quantitative immunohistochemistry was performed to
analyse the relationship between CD3+ and CXCR 3+ cells.
In most cases the majority of CD3+ cells expressed CXCR 3.
In particular, in 31 sections that contained more than 10
CD3+ cells/mm’ (range 15-970) in only two cases (one of
toxoplasmosis and one of HSV encephalitis) were the num-
bers of CXCR 3+ cells in serial sections less than 40% of the
total. The most robust and invariant relationship between
CXCR3 and CD3 expression was apparent in cases with
presumed autoimmune or inflammatory pathogenesis
(Table 2). In several cases of CNS parenchymal infection
(HSV encephalitis, cerebral toxoplasmosis and rabies
encephalitis) only a minority of CD3+ cells expressed
CXCR3 (Table 2).

CD3 and CXCR3 immunoreactivity were also analysed
in 7 cases of ischaemic stroke. CD3+ cells were observed
to a variable degree in stroke lesions; where present,
CD3+ cells were dispersed in the parenchyma within the
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Figure 3. Expression of CD3 and CXCR3 in different inflammatory pathologies of the central nervous system (CNS). Inmunohistochemistry
for CD3 (a,c,e,g) and CXCR3 (b,d,f,h) was performed on serial sections in a case with acute disseminated encephalomyelitis (ADEM, case UVO1,
a,b), a case with chronic encephalitis of undetermined aetiology (case CCF05, ¢,d), a case with ischaemia stroke (case CCF34, e,f) and in a case
with herpes simplex virus (HSV) encephalitis (case CCFO8, g,h). CXCR3 was expressed on lymphocytes in perivascular cell accumulations (b,d,
arrows; h) and dispersed throughout the parenchyma (b,d.f, arrowheads). Inmunohistochemistry was markedly similar for CD3 and CXCR3

in all cases. BV, blood vessel. Bars = 100 um.
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Table 2. Numbers of CD3+ and CXCR 3+ cells were quantitated in serial sections as described in Materials and Methods and these values were
used to calculate the percent of CD3+ cells that were also CXCR3+. The columns indicate a listing of cases in which the percent of CXCR3+/
CD3+ cells was either less than (left column) or greater than (right column) 50%. CCF, Cleveland Clinic Foundation; UCSF, University of
California, San Francisco; UV, University of Vienna; ADEM, acute disseminated encephalomyelitis; UNC, University of North Carolina; JH, Johns
Hopkins University; PML, progressive multifocal leukoencephalopathy; HSV, herpes simplex virus.

The minority of CD3+cells express CXCR3

The majority of CD3+cells express CXCR3

Case Case Percentage of Case Case Percentage of
number pathology CXCR 3+ cells number pathology CXCR 3+ cells
CCF11 Cerebral toxoplasmosis 38 CCF01 Rasmussen’s encephalitis 100
CCFO6 HSV encephalitis 49 UCSFO2 Neurosarcoidosis 74
CCFO7 HSV encephalitis 10 JHO6 Neurosarcoidosis 89
CCFO8 HSV encephalitis 51 Uvol ADEM 98
JHO2 Rabies encephalitis 40 UNCO1 Weston Hurst encephalitis 78
JHO1 PML 121
JHO3 Rabies encephalitis 100
CCFO5 Chronic encephalitis 90
CCF13 Chronic encephalitis 116
CCF03 Cerebral lymphoma 118
CCF12 Cerebral lymphoma 79

ischaemic area (Figure 3). CXCR3 and CD3 immunoreac-
tivity tended to co-localize in stroke lesions and quantita-
tive analysis revealed that, on average, about 50% of CD3+
cells expressed CXCR3. This relationship was consistently
observed regardless of the absolute number of infiltrating
CD3+T cells, or the ratio of CD3+T cells to CD68+ mono-
nuclear phagocytes (ranging from 1:100 in haemor-
rhagic necrotizing leucoencephalitis to 3 : 1 in one case of
neurosarcoidosis).

In control tissue sections CD3 and CXCR3 immunore-
activity were only occasionally found and localized to the
perivascular space. In these control sections, we com-
monly found less than 10 CD3+ cells/ mmz, and there were
frequent dissociations between CD3 and CXCR3 expres-
sion, very likely indicating the limitations of comparing
serial sections to establish relationships between markers
on small numbers of cells.

CCRS5 is expressed on lymphocytes and
mononuclear phagocytes in CNS inflammatory
pathologies

In the current series of inflammatory CNS pathologies, we
found CCR5 expression in all cases (Table 1). CCR5 expres-
sion was associated both with lymphocytes and mononu-
clear phagocytes (Figure 4). In stroke cases, CCR5 was

strongly expressed on mononuclear phagocytes within
ischaemic areas (Figure 4). CCR5 was infrequently found
in control brain sections (Table 1), on widely scattered
perivascular cells with the morphology of monocytes
(Figure 4).

Discussion

These studies were undertaken with the goal of determin-
ing whether chemokine receptor expression profiles found
in pattern II lesions of MS could be generated in other
inflammatory pathologies of the human CNS. We found
significant similarities, with regard to receptors that are
considered likely trafficking determinants and/or activa-
tion markers for marrow derived cells in the human CNS.
In particular, CCR1 expression was closely associated with
MRP14+ monocytic cells, as previously shown in pattern
II MS lesions. Additionally, CD3 and CXCR3 were closely
related on infiltrating lymphocytes. The expression of
CCRS5 is positively modulated on resident microglia during
maturation of pattern IT MS lesions, and is the only one, of
three receptors analysed here, that is strongly expressed by
a major population of intrinsic CNS cells. Therefore, CCR5
immunoreactivity may be more reflective of the environ-
ment associated with a specific tissue reaction than infil-
tration by CCR5+ cells.

© 2003 Blackwell Publishing Ltd, Neuropathology and Applied Neurobiology, 29, 584—595
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Figure 4. Expression of CCR5 in a case with chronic encephalitis, a
case with ischaemia stroke and in a normal control brain.
Immunohistochemistry for CD3 (a), CD68 (c,e) and CCR5 (b,d.f) was
performed on serial sections in a case with chronic encephalitis of
undetermined aetiology (case CCFO5, a,b), a case with ischaemia
stroke (case CCF19, ¢,d) and in a normal control brain (case CCF16,
e,f). CCR5 was expressed on lymphocytes in perivascular cell
accumulations (a,b, arrows) and dispersed in the parenchyma (a,b,
arrowheads) in the case with chronic encephalitis. Within ischaemia
stroke CCR5 was strongly expressed on mononuclear phagocytes in
areas of ischaemia (d, arrowheads). Within normal control brains
CD68+ cells were either found in perivascular localizations (e, arrow)
or as processes-bearing microglial cells in the parenchyma (e,
arrowhead). Only occasionally CCR5 immunoreactivity was found
on perivascular cells (f, arrow). BV, blood vessel. Bars = 100 pum.

CCR1 was the first chemokine receptor to be isolated
and characterized by molecular cloning. The human
receptor binds at least nine distinct chemokines (CCL3,
CCL5, CCL7, CCL8, CCL13, CCL14, CCL15, CCL16,
CCL23), most of which are associated with inflamma-
tion. CCR1 is highly expressed by circulating mono-
cytes, but found in very low levels on CD4+/CD45R0O+ T
cells [21].

In MS lesions, MRP14 expression is associated with the
earliest stage of macrophage-mediated demyelinating
activity [5]. Co-expression of CCR1 and MRP14 has previ-
ously been interpreted as identifying a population of newly
recruited haematogenous monocytes in MS tissue sections
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[36]. In the absence of CNS pathology, MRP14 immunore-
activity is virtually undetectable in human brain sections
[20]. In pathological states, MRP14 expression varies
widely, being present on microglia in some cases of cere-
bral malaria [29] but not detected in acute or chronic
lesions of HTLV I-associated myelopathy [1].

CXCR3 selectively responds to three chemokines
(CXCL9, CXCL10, CXCL11), all of which are inducible by
interferon (IFN)-gamma. Because it is expressed at high
levels on activated and memory T lymphocytes, CXCR3
has been designated CD183. Cells bearing CXCR3 are
very frequently detected in inflammatory infiltrates, and
corresponding ligands are typically expressed by the resi-
dent cells of the inflamed organ. Both in vitro and in vivo,
CXCR3 expression is associated with type 1 helper (Th1)
T cells. It has been proposed that the elaboration of IFN-y
by these cells elicits CXCR3 ligands and provides an
amplification loop for Th1 immune responses. We previ-
ously described the expression of CD3 and CXCR3 in
brain sections of patients with the major pattern II sub-
type of MS lesion, and found that the majority of CD3+
cells in perivascular cuffs and demyelinating lesions
expressed CXCR3 [30].
dual-label immunofluorescence analyses,
strated a strong positive relationship between the distri-
bution of CXCR3 on T cells near vessels and one ligand,
CXCL10, on the processes of astrocytes of the perivascular
glia limitans [31]. These observations correlated well
with the finding that CXCR3 was highly enriched on
CD45R0O+/CD4+ CSF T cells, when compared with the
corresponding population in blood [15]. Other chemok-
ine receptors, including CCR1, CCR2, CCR5, and CCR6
were expressed equally or at lower levels by CSF
CD45R0O+/CD4+ T cells, as compared with those in the
circulation [15]. Overall, these data supported the con-

Using both serial-section and
we demon-

cept that tissue-infiltrating T cells, including those found
in the CNS parenchyma, are likely to express CXCR3 [16].

The chemokine receptor CCR5 is highly expressed on
memory T cells, dendritic cells and monocytes [18]. Fur-
thermore, activated CNS microglial cells express CCR5, an
attribute that correlates with their infectivity by human
immunodeficiency virus (HIV)-1 [11]. The expression of
CCR5 on monocytes in vitro is dependent on the activation
and differentiation state of the cells [10]. In studies of
human blood and CSF cells, we found that a small minor-
ity of circulating CD14+ monocytes expressed CCRS5,
while virtually all CSF monocytes were CCR5+ [34]. On
human T cells, CCR5 is associated with commitment to
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the Th1 pattern of cytokine expression, particularly when
co-expressed with CXCR 3. Interestingly, we found that the
population of CCR5+/CXCR3- T cells in blood was virtu-
ally absent from CSF [15]. These results suggested that
trafficking from blood to CSF is positively associated with
CCR5 expression on monocytes, but that lymphocyte
expression of CCR5 was not sufficient for cells to gain
entry to this compartment.

In the pattern IT variant of MS tissue pathology [19],
CCR5 expression was observed on perivascular lympho-
cytes, monocytes and on macrophages within demyeli-
nated lesions [30,34]. CCR5 expression on mononuclear
phagocytes increased during MS lesion evolution, a find-
ing that was interpreted as indicating up-regulation of
CCR5 on resident microglial cells and haematogenous
monocytes upon activation [34].

Despite examining a wide range of pathologies involv-
ing both white matter and cortex, we identified several
consistent features. In particular, CCR1 was routinely
associated with MRP14 immunoreactivity. This observa-
tion was interpreted to indicate expression of these mark-
ers by infiltrating monocytes. CXCR3 was highly, but not
invariably, associated with CD3 immunoreactive cells,
suggesting the presence of this receptor on most T cells.
CCR5 expression was strikingly variable, suggesting
that its presence is governed by lesion-specific micro-
environmental influences. These observations provide
additional and
microglial within CNS tissues and might also indicate

activation markers for leucocytes
useful directions for further research on haematogenous
cell trafficking into the nervous system.
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