Expression of specific chemokines and chemokine receptors
in the central nervous system of multiple sclerosis patients
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Chemokines direct tissue invasion by specific leukocyte populations. Thus, chemokines may play a role in
multiple sclerosis (MS), an idiopathic disorder in which the central nervous system (CNS) inflammatory
reaction is largely restricted to mononuclear phagocytes and T cells. We asked whether specific chemokines
were expressed in the CNS during acute demyelinating events by analyzing cerebrospinal fluid (CSF), whose
composition reflects the CNS extracellular space. During MS attacks, we found elevated CSF levels of three
chemokines that act toward T cells and mononuclear phagocytes: interferon-y-inducible protein of 10 kDa
(IP-10); monokine induced by interferon-y (Mig); and regulated on activation, normal T-cell expressed and
secreted (RANTES). We then investigated whether specific chemokine receptors were expressed by infil-
trating cells in demyelinating MS brain lesions and in CSF. CXCR3, an IP-10/Mig receptor, was expressed
on lymphocytic cells in virtually every perivascular inflammatory infiltrate in active MS lesions. CCRS5, a
RANTES receptor, was detected on lymphocytic cells, macrophages, and microglia in actively demyelinat-
ing MS brain lesions. Compared with circulating T cells, CSF T cells were significantly enriched for cells
expressing CXCR3 or CCRS. Our results imply pathogenic roles for specific chemokine-chemokine recep-

tor interactions in MS and suggest new molecular targets for therapeutic intervention.

J. Clin. Invest. 103:807-815 (1999).

Introduction

Multiple sclerosis (MS), an inflammatory, demyelinating
disorder of the human central nervous system (CNS), is
the leading cause of nontraumatic neurological disabili-
ty among young adults in North America (1). Progressive
neurological impairment frequently develops during the
course of the disease, probably because of irreversible tis-
sue injury (1). Current MS treatments include interferons,
corticosteroids, and cytotoxic immunosuppressive agents,
often with unsatisfactory outcomes (2). The etiology of
the disease remains uncertain but is widely considered to
involve organ-specific autoimmune destruction of CNS
myelin (3). Innovative therapies for MS seek to abrogate
this specific autoreactivity (4).

The histopathology of the MS lesion is characterized
by infiltration of the CNS by inflammatory leukocytes,
which are considered critical for disease pathogenesis.
Inflammatory CNS events during the course of MS are
detected in vivo by magnetic resonance imaging or by
virtue of elevated leukocyte counts in the cerebrospinal
fluid (CSF). Recent reports documented a direct corre-
lation between CNS inflammation and clinical progres-
sion of MS; these findings focused attention on devel-

oping MS treatment strategies to inhibit leukocyte inva-
sion of the CNS (2, 4, 5). For example, novel agents that
specifically target membrane glycoproteins associated
with leukocyte extravasation are under investigation in
MS clinical trials (6, 7).

Investigators seeking to regulate inflammation are guid-
ed by extensive research into the molecular mechanisms
of leukocyte extravasation (8-10). The blood-brain barri-
er (BBB), which excludes circulating macromolecules and
cells from the CNS, poses an additional consideration for
the design of MS therapeutics. Two categories of mole-
cules direct leukocyte migration into inflammatory sites:
adhesion molecules and chemoattractants. Among
chemoattractants, chemokines (small, proinflammatory
chemotactic cytokines) have attracted particular interest
because of their potential role in pathogenic inflamma-
tion (11-13). Chemokines selectively attract leukocyte
subsets; some chemokines act specifically toward neu-
trophils or eosinophils, others toward monocytes, den-
dritic cells, or T cells (12). Chemokines appear to act in at
least two ways: first, through direct chemoattraction, and
second, by activating leukocyte integrins to bind their
adhesion receptors on endothelial cells (13, 14). Because
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Table 1
CSF chemokine analysis: patient characteristics and CSF formula

Diagnosis Number Gender

(years) cells/pl + SD  oligoclonal bands
(range) (%)
MsE 38 21F/17M 34z+9 13+£10(2-33) 100
CON¢€ 21 12F/9M 48+15 2+1(0-4) 0
ONDP 10 4F/6M 59+15 2+1(1-3) 10

Alndicates disruption of blood-brain barrier; see Methods for calculations. BAll had recent symptoms of active
demyelinating disease: optic neuritis with or without other symptoms (n = 28); recurrence of MS symptoms
(n = 5); isolated brainstem or spinal cord attack (n = 5). “Herniated lumbar disc (n = 9) or mechanical low
back pain (n = 7); headache with meningitis ruled out (n = 4); brachial plexopathy (n = 1). “Cervical spondy-
lotic myelopathy (n = 5); cerebral metastasis (n = 1); carcinomatous meningitis (n = 1); stroke, ALS, axonal
polyradiculoneuropathy (n = 1 each). CSF, cerebrospinal fluid; CON, non-neurological control; £, female; M,

single residue, and the CC chemokines,
in which the two cysteines are adjacent.

Age + SD Mean CSFWBC: Abnormal CSF  Abnormal CSF/serum

Elevated concentrations of two CXC
chemokines, interferon-y-inducible
(%) protein of 10 kDa (IP-10) and
26 monokine induced by interferon-y
0 (Mig), were detected in the CSF of
20 patients with symptomatic attacks of

albumin ratio?

male; MS, multiple sclerosis; OND, other neurological diseases.

808

of their number and diversity, chemokines present a bewil-
dering complexity; only recently have specific functions of
chemokines in physiology and disease begun to be eluci-
dated. Much of this progress has been made through con-
struction of transgenic and knockout mice, permitting
analysis of chemokine action in vivo (15). Strikingly, stud-
ies using transgenic mice that overexpressed chemokines
under control of tissue-specific promoters indicated that
chemokines are sufficient to direct migration of target
leukocytes into the CNS (16-18).

Several research groups have used experimental
autoimmune encephalomyelitis (EAE), a model for MS,
to probe CNS chemokine expression and function (19,
20). Karpus and colleagues (21, 22) showed that
anti-macrophage inflammatory protein-1a (MIP-10)
antibodies suppressed initial attacks of adoptive-trans-
fer EAE, while anti-monocyte chemotactic protein-1
(MCP-1) antibodies inhibited subsequent relapses, indi-
cating that specific chemokines execute nonredundant
functions in this disease model. These findings lent
functional significance to prior analyses showing vigor-
ous CNS chemokine expression during EAE, with a
remarkably consistent relationship to clinical disease
activity (21-30). Importantly, the temporal and spatial
patterns of chemokine expression correlated tightly
with the distribution of CNS inflammatory infiltrates
in EAE (20). Chemokines also influence leukocyte infil-
tration into the CNS during posttraumatic and
ischemic responses (23, 31-36).

Chemokines have been documented in acute and chron-
ic human inflammatory disorders (11). Therefore, results
from both experimental models and clinical material moti-
vated consideration of chemokine expression in MS. Exam-
ination of MS autopsy material confirmed the distribution
of chemokines initially delineated in chronic relapsing
murine EAE: MCP-1 was expressed principally by astrocytes
near inflammatory infiltrates, while MIP-10 and regulated
on activation, normal T-cell expressed and secreted
(RANTES) were produced by perivascular inflammatory
cells (25,28, 37-39). MIP-10 was detected at low levels in the
CSF of patients with MS and other inflammatory disorders,
but not in samples from healthy control subjects (40). CSF
levels of other chemokines in MS have not been reported.

In this report, we describe studies of chemokines and
chemokine receptors in the CNS in active MS. We studied
members of the two major chemokine subgroups: the CXC
family, in which two conserved cysteines are separated by a

inflammatory demyelination. CSF lev-
els of the CC chemokine RANTES were
also elevated in MS patients. Moreover,
CD4* T cells that expressed the type 3
CXC chemokine receptor (CXCR3), an
IP-10/Mig receptor, were enriched in
the CSF compared with the systemic
circulation. CD4* and CD8* T cells in the CSF also
expressed type 5 CC chemokine receptor (CCRS), a
RANTES receptor, much more frequently than in periph-
eral blood. Immunohistochemical studies of inflammato-
ry MS brain lesions demonstrated that CXCR3-positive
mononuclear cells were an abundant and invariant com-
ponent of the CNS leukocyte infiltrate. Actively demyeli-
nating MS lesions also contained large numbers of CCRS-
positive lymphocytic cells, macrophages, and microglia.
CCR1 and CCR3, alternative RANTES receptors, were
detected less frequently. Taken in their entirety, these data
imply specific roles for IP-10, Mig, and CXCR3, and for
RANTES and CCRS, in the MS inflammatory process.
Thus, these results suggest new molecular targets for ther-
apeutic intervention in MS.

Methods

Patients. The study was approved by the Scientific Ethics Com-
mittee of the Government of Denmark and by the Institution-
al Review Board of the Cleveland Clinic Foundation. Where
mandated, written consent was obtained from all participants.

Two groups of patients were studied. From the first group
(n=69; Table 1), CSF was obtained by lumbar puncture (LP) for
chemokine analysis by ELISA. This group included 38 patients
that manifested either relapses of established, clinically definite
MS or first attacks of demyelinating disease, primarily in the
form of optic neuritis with abnormal magnetic resonance imag-
ing (MRI) brain scan and/or abnormal CSF. These patients are
designated as MS cases in Table 1. Diagnoses were based on pub-
lished criteria for clinical research (41-44). No patient received
immunomodulatory therapy including corticosteroids before
LP; mean time from symptom onset to LP was 14 days. Control
subjects (n = 31) in the CSF chemokine ELISA study were divid-
ed into two groups (Table 1): controls (CON; n = 21), who had
no CNS or major systemic disorder, and other neurological dis-
ease controls (OND; n = 10), who had CNS disorders.

The second group of patients underwent LP and venipunc-
ture for analysis of chemokine receptors on cells in CSF and
blood. In this group, all patients (» = 9) manifested relapses of
established MS. LP and venipuncture were also performed dur-
ing diagnostic evaluation on patients with aseptic meningitis
(n=15). CSF in excess of that needed for diagnosis was analyzed
for chemokine receptors on T cells. For determination of
chemokine receptors on circulating cells, venipuncture was per-
formed on healthy volunteers.

CSF processing and routine analysis. CSF was immediately chilled
and centrifuged at 250 g for 10 min to remove cells. Super-
natants were snap-frozen within 20 min of lumbar puncture
and maintained at -80°C until analysis.

CSF cell counts were determined with a hemocytometer.
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Albumin was measured by rate nephelometry (Array Protein
System; Beckman Instruments Inc., Brea, California, USA).
Upper limits of normal were four leukocytes per microliter of
CSF. For patients under the age of 45 years, normal CSF/serum
albumin ratio was 0.0068, while above that age it was 0.0102.
CSF/serum albumin ratios were used to evaluate the integrity
of the BBB, which normally excludes this serum protein from
the CNS. Oligoclonal immunoglobulin bands were detected by
isoelectric focusing and immunoblotting (45).

ELISA. Chemokine concentrations were determined by ELISA
on coded samples, as described previously (46). Importantly,
these assays have been extensively validated on human body
fluids from several sites, including the nervous system (46).
Chemokine concentrations were measured twice in separate
coded ELISA runs on 21 randomly selected CSF specimens,
with an interassay variability below 10%.

Brain tissues. Studies were performed on brain tissue taken at
autopsy from eight patients with MS and two controls (see
Table 3). In the MS material, 14 demyelinated lesions (12 paraf-
fin-embedded tissue samples from six brains, and two fresh-
frozen samples from two other brains) were identified by stain-
ing for myelin proteins and by hematoxylin-eosin/Luxol fast
blue histochemistry. The study was focused on lesions that
were actively demyelinating according to established criteria
specifying the presence of macrophages containing myelin
debris. Furthermore, all lesions were actively inflamed, exhibit-
ing perivascular leukocyte infiltrates (1, 47).

Antibodies. The following antibodies were used for immunohis-
tochemistry: murine monoclonal anti-CXCR3 (LeukoSite Inc.,
Cambridge, Massachusetts, USA) (48), goat polyclonal anti-
CXCR3 (Santa Cruz Biotechnology Inc., Santa Cruz, California,
USA), murine monoclonal anti-CCRS (clone 183; R&D Systems
Inc., Minneapolis, Minnesota, USA), goat polyclonal anti-CCRS
(Santa Cruz Biotechnology Inc.), rabbit polyclonal anti-CCRS
(kindly provided by W. Marasco, Dana-Farber Cancer Institute,
Boston, Massachusetts, USA) (49), murine monoclonal anti-CCR1
(LeukoSite Inc.), goat polyclonal anti-CCR1 (Santa Cruz Biotech-
nology Inc.), goat polyclonal anti-CCR3 (Santa Cruz Biotechnol-
ogy Inc.), and murine monoclonal anti-IP-10 (LeukoSite Inc.) (50).

Immunobistochemistry. Formalin-fixed, paraffin-embedded tis-
sue sections were placed on Superfrost Plus slides (Fisher Sci-
entific Co., Pittsburgh, Pennsylvania, USA), deparaffinized in
xylenes, and rehydrated through graded ethanol into PBS. Anti-
gen retrieval was performed by microwaving in 1 mM EDTA, pH
8.0 (51). Frozen tissues, sectioned with a cryostat onto Super-
frost Plus slides, were dried, stored at -70°C, and fixed in ice-
cold acetone immediately before staining.

All immunostaining procedures were performed with the
avidin-biotin-horseradish peroxidase complex procedure and
3,3-diaminobenzidine (DAB; Sigma Chemical Co., St. Louis, Mis-
souri, USA) as described previously (1). Slides were treated with
1% H,O; followed by 10% human serum, incubated overnight
with primary antibodies at 4°C, washed, incubated with biotiny-

lated secondary antibody at room temperature for 30 min,
washed, and incubated with avidin-biotin-horseradish peroxi-
dase complex (Vectastain Elite; Vector Laboratories, Burlingame,
California, USA), according to the manufacturer’s instructions.
After development with DAB substrate, slides were mounted in
80% glycerol in PBS. For each antibody, optimal concentrations
of primary and secondary antibody were determined empirically.

Preparation of cells for flow cytometry. Cells were prepared for
analysis on a FACSH (Becton Dickinson Immunocytometry
Systems, San Jose, California, USA) as described previously
(52). Aliquots (12 ml) of CSF were collected directly on ice.
After cells were counted in a Jessen Chamber, CSF was cen-
trifuged immediately at 250 g for 10 min at 4°C. The super-
natant was removed, and cells were washed once in PBS con-
taining 1% BSA and 0.1% sodium azide (PBS/BSA/azide) and
resuspended in ice-cold PBS/BSA/azide at a concentration of
40,000 mononuclear cells per milliliter. Blood mononuclear
cells were obtained from heparinized venous blood by density
gradient centrifugation on Lymphoprep (Nycomed, Oslo,
Norway), washed three times in HBSS with 0.2 % human
serum albumin, and resuspended in PBS/BSA/azide at a con-
centration of 1 million mononuclear cells per milliliter.

To detect CXCR3 on lymphocyte subsets, 100 pl of CSF cells
(at least 4,000 mononuclear cells) or blood cell suspensions
(100,000 mononuclear cells) were incubated for 30 min with
anti-CXCR3 (Clone 49801.111; R&D Systems Inc.) or IgG1 iso-
type control antibody (Clone 11711.11; R&D Systems Inc.). After
one wash and resuspension in FACS/PBS, cells were incubated
with FITC-conjugated anti-mouse IgG1 (Clone A85-1; PharMin-
gen, San Diego, California, USA) for 30 min. After a second wash
in PBS/BSA/azide, the cells were incubated with peridinin
chlorophyll protein (PerCP)-conjugated anti-CD8 (Clone SK1)
or allophycocyanin (APC)-conjugated anti-CD4 antibody (Clone
SK3) (Becton Dickinson Immunocytometry Systems) for 30 min.
Stained cells were then washed twice in PBS/BSA/azide, fixed
with 1% paraformaldehyde, and stored at 4°C until analysis. For
CCRS5 detection on lymphocyte subsets, the following were used:
FITC-conjugated anti-CCRS (Clone 2D7/CCRS; Becton Dickin-
son Immunocytometry Systems), PerCP-conjugated anti-CD8,
and APC-conjugated anti-CD4. The following isotype controls
were used: FITC-, phycoerythrin (PE)-, or PerCP-conjugated
mouse IgG1 (Clone MOPC-21; Becton Dickinson Immunocy-
tometry Systems), and APC-conjugated anti-CD3 (Clone SK7;
Becton Dickinson Immunocytometry Systems). The cells were
stained for 30 min in darkness at 4°C, washed twice in
PBS/BSA/azide, and fixed in 1% paraformaldehyde before analy-
sis. Samples were analyzed on a four-color FACSCalibur flow
cytometer (Becton Dickinson Immunocytometry Systems). For
data analysis, CD4 or CD8 positive lymphocytes were gated, and
the marker was set at 1% isotype-control positive events.

Statistics. Differences between group CSF chemokine levels
were analyzed with one-way ANOVA, using Bonferroni’s post hoc
test for multiple comparisons; P < 0.05 was considered signifi-

Table 2
Chemokine levels (pg/ml £ SEM) in CSF of MS patients and controls

ELR a-chemokines:
neutrophil chemoattractants

Non-ELR” a-chemokines:
T-cell chemoattractants

B-chemokines:
T-cell and monocyte chemoattractants

Diagnosis IP-108 Mig GRO-a IL-8 RANTES MCP-1 MIP-1a
MS (n = 38) 936 £72 620 + 32 313 50+4 103 +16 536 £36 ND
CON (n=21) 319+43 464 + 36 306 29+10 2+2 745+ 33 ND
OND (n=10) 586 + 229 574+ 106 48 £11 36+10 40 £ 26 801+ 56 ND
MS vs. CON P<0.001 P<0.05 NS NS P <0.001 P <0.001 -
MS vs. OND NS NS NS NS NS P <0.001 -

AGlutamate-leucine-arginine motifin the NH,-terminal domain. Bng/ml CSF + standard error of the mean. ND, not detected at assay sensitivity of 10 pg/ml; NS, not
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Leukocyte count

Figure 1

IP-10 concentration correlates with leukocyte count in CSF of MS patients
during acute attacks. The scatter diagram shows the relationship between
concentration of IP-10 and leukocyte count in the CSF of MS patients (n =
38). Each closed square represents data from one patient. The best-fit line is
shown. Pearson rvalue = 0.4925; two-tailed P= 0.0017. CSF, cerebrospinal
fluid; IP-10, interferon-y-inducible protein of 10 kDa; MS, multiple sclerosis.

cant. The Pearson 7 value was calculated to analyze correlations
between CSF cell counts and chemokine levels. For chemokine
receptor expression on T cells, differences between blood and
CSF were analyzed by paired ¢ test.

Results

CSFIP-10, Mig, and RANTES levels are elevated in patients with
MS attacks. Using enzyme-linked immunosorbent assay
(ELISA), we determined CSF levels of seven chemokines —
IP-10, Mig, RANTES, MCP-1, MIP-1q, interleukin-8 (IL-
8), and growth-regulated oncogene-0 (GRO-a) — in MS
patients and controls (Table 1). Thirty-eight MS patients
were studied during symptomatic episodes of inflamma-
tory demyelination. Of 31 controls, 21 (CON) had nonin-
flammatory benign conditions and were considered free
of CNS disease. Ten OND controls had varied CNS disor-
ders, including spondylotic myelopathy, metastasis to the
nervous system, or motor neuron disease. MS patients
exhibited significantly increased levels of three

chemokines (IP-10, Mig, and RANTES), compared with
CON (Table 2). One OND control with carcinomatous
meningitis had elevated intrathecal levels of multiple

chemokines; one OND control with inflammatory
polyradiculoneuropathy had very high CSF levels of Mig.
Neither of these two OND controls exhibited patterns of
CSF chemokine expression characteristic of MS patients.

IP-10 was detected in all MS and control CSF samples,
with mean concentration increased nearly threefold in MS
compared with CON patients (Table 2). Regression analy-
sis indicated a significant linear relationship between CSF
cell count and IP-10 concentration (Fig. 1). We considered
whether the differences in IP-10 levels between MS and
CON patients could be confounded by the significantly
lower age of the MS patients (Table 1; P < 0.01). However,
there was not a significant relationship between age and
CSFIP-10 levels in CON patients (Spearman p = 0.025; P =
0.27). Furthermore, there was a tendency for IP-10 levels to
rise with age, suggesting that the differences we observed
would be increased by examining age-matched popula-
tions. Mean CSF Mig levels were elevated by approximate-
ly 50% in MS patients (Table 2). RANTES, undetectable in
20 of 21 CON patients, was identified in the CSF of 58% of
patients with MS attacks, with a mean level in the physio-
logically relevant picomolar range (Table 2). Concentra-
tions of Mig and RANTES did not significantly correlate
with CSF cell counts. Levels of MCP-1 were significantly
decreased in MS patients, compared with CON or OND.
Levels of three other chemokines (MIP-10, GRO-a, IL-8)
were not altered or below the range of detection (Table 2).

Expression of CXCR3 and IP-10 in MS brain lesions. CXCR3
is the IP-10/Mig receptor on activated T cells (53, 54).
When sections from inflammatory demyelinating MS
brain lesions (Fig. 2,2 and b) (47) were analyzed with anti-
CXCR3 antibodies, small, round CXCR3-immunoreac-
tive cells were observed in perivascular leukocyte cuffs
(Fig. 3a). CXCR3-positive cells, morphologically consis-
tent with lymphocytes, were similar in appearance and
distribution to cells detected with the pan-T-cell marker
anti-CD3 (Fig. 3c). We readily identified CXCR3-positive
cells in perivascular cuffs from 14 of 14 lesions present in
eight separate MS autopsy brains (Table 3).

To address the frequency with which CXCR3-positive
cells were present in MS perivascular infiltrates, all (» =
205) perivascular cuffs in the four largest MS lesions from

Figure 2

Inflammatory demyelination in an active MS lesion. (a) Hematoxylin-eosin histochemistry was combined with Luxol fast blue, which stains myelin
blue. This technique reveals a zone of demyelination, abundant perivascular inflammation (arrowheads), and an irregular, hypercellular lesion edge
(LE), below which is normal white matter. x80. (b) Within the lesion, myelin debris, stained blue with Luxol fast blue, is evident within phagocytic
macrophages (arrowheads), indicating active demyelination. x170.
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Figure 3

Expression of CXCR3 and IP-10 in MS lesions. (a) Numerous CXCR3-immunoreactive cells are present in perivascular inflammatory infiltrates in an
acute MS lesion in white matter surrounding a ventricle (vent). X80. (b) CXCR3-immunoreactive cells in a perivascular infiltrate exhibit similar mor-
phology and distribution to CD3-positive T cells (¢). X170. (d) Immunohistochemistry for IP-10 reveals staining of the cell bodies of reactive astro-
cytes (arrows). Intense staining is also seen in processes, consistent with astrocytic end-feet that extend to, and surround, a blood vessel. Scattered
reactive astrocytes in the surrounding parenchyma also express IP-10 (arrowheads). x300. CXCR3, type 3 CXC chemokine receptor.

three different brains were identified under Nomarski
optics and examined for CXCR3-positive cells. Abundant
CXCR3-bearing cells were detected in 203 of 205 (99%)
perivascular infiltrates, typically comprising 5%-25% of
perivascular mononuclear cells. CXCR3-positive cells were
not detected in normal-appearing white matter (NAWM)
of MS brain or in either of two control brains.

IP-10 immunoreactivity was identified in frozen sec-
tions from two autopsy specimens and one biopsy speci-
men, primarily associated with astrocytes around
inflammatory lesions (Fig. 3d); the production of IP-10
by astrocytes was described previously in EAE (25, 29, 55).
Intense staining was observed in astrocyte foot process-
es, structures that surround cerebral blood vessels and
help maintain BBB integrity (Fig. 3d). IP-10 immunore-
activity was not evident in NAWM (not shown).

Distribution of RANTES receptors in MS brain lesions.
RANTES, which was significantly elevated in MS CSF
specimens (Table 2), engages diverse receptors, including
CCR1, CCR3, and CCRS5 (13). We examined expression
of these receptors in MS lesions.

CCRS expression is associated with T-helper 1 (Th1) func-
tional differentiation of T cells (53, 56, 57). Using both poly-
clonal and monoclonal antisera to make distinct portions
of the molecule, CCRS immunoreactivity was demonstrat-
ed on cells morphologically consistent with T cells, phago-
cytic macrophages, and microglia in lesional areas of MS
brain tissue (Fig. 4). CCRS-positive cells were identified in
actively demyelinating MS lesions (n = 13) in all eight brains.

CCR1, expressed by a majority of circulating T cells and
monocytes but not by B cells or neutrophils (58), responds
to multiple chemokines, including RANTES. CCR1-pos-
itive cells were occasionally detected in the perivascular
infiltrates of 5 of 12 acute MS lesions in S of 8 autopsied
brains (Fig. 54). CCR1-immunoreactive cells exhibited the

morphology of small lymphocytes. Their infrequent
detection was not due to technical considerations, because
all tissues examined contained CCR1-positive cells with-
in blood vessels. CCR3 expression is associated with Th2-
polarized T cells (57, 59). CCR3 was detected in only one
of the five largest acute MS lesions studied (Fig. 5b).
CXCR3-positive CD4* T cells are enriched in CSF compared
with peripheral blood. Observations described above impli-
cated IP-10/Mig-CXCR3 signaling in MS-related inflam-
mation. To address the functional significance of these
findings in vivo, we quantitated CXCR3-bearing T cells in
the peripheral blood and CSF of individual MS patients.
CXCR3/CD4 double-positive cells in peripheral blood of
six MS patients represented 38% of the CD4* population,
not significantly different from either neurological con-
trols (not shown) or healthy controls, and consistent with
published values (Table 4) (48). In MS CSF, 80% of CD4-
cells expressed CXCR3, a significant enrichment com-
pared with peripheral blood (P = 0.004; Table 4). These

Table 3
Chemokine receptor analysis in CNS tissues: patient characteristics

ID number Age Gender Autopsy Diagnosis Number Source
(years) time (h) of lesions
35Y94-3N/N1 29 F 17 MS 1 Mayo
W90-37 42 M 18 MS 1 Wistar
YR95-88/5,84 47 M unk MS 2 Mayo
2684 51 F 6 MS 1 NNRSB
2765 51 F 9 MS 1 NNRSB
W90-19 60 F unk MS 5 Wistar
3Y85-N321; W8 69 F 2 MS 2 Mayo
W90-22 80 F 4 MS 1 Wistar
2607 65 M 26  Non-neurological — NNRSB
2601 86 M 13 Non-neurological — NNRSB

ABrain examined at Mayo (autopsy performed elsewhere). CNS, central nervous sys-

tem; NNRSB, National Neurological Research Specimen Bank; unk, unknown.
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Figure 4

CCRS expression by multiple leukocyte populations in an active MS lesion. (a) Near the lesion edge (LE), CCRS5 immunohistochemistry reveals scattered
elongated process-bearing cells consistent with reactive microglia (arrows) and small, round lymphocytic perivascular cells (arrowheads), while the lesion
(the portion of the panel to the right of the lesion edge) contains numerous CCR5-positive phagocytic macrophages. X170. (b) CCRS-immunoreactive

cells in the lesion center are primarily phagocytic macrophages (arrows). X170. CCRS5, type 5 CC chemokine receptor.

results supported the functional significance of IP-
10/Mig-CXCR3 interactions in recruiting CD4* T cells
from the circulation to the intrathecal compartment of
MS patients. Eighty percent of circulating CD8" cells from
MS patients were CXCR3-positive, not significantly dif-
ferent from controls. Ninety-seven percent of MS CSF
CD8" cells expressed CXCR3 (P = 0.044; Table 4).

Similar findings concerning CXCR3 expression for
both CD4* and CD8- cells were obtained in analysis of
paired blood and CSF samples from five patients with
aseptic meningitis (data not shown). This finding was
not surprising: meningitis CSF contains T-cell chemo-
tactic activity that is neutralized by anti-IP-10 antibod-
ies. Furthermore, it has been reported that the activated-
memory phenotype of CSF T cells in MS and aseptic
meningitis is not distinguishable (60, 61).

CCRS-positive T cells are enriched in CSF compared with periph-
eral blood. To address the functional significance of elevated
CSFRANTES and CCRS expression in MS brain lesions, we
compared the percentages of CD4* and CD8* T cells that
expressed CCRS in the blood and CSF of seven MS patients.
Circulating CD8" cells in MS patients were 15% CCRS-pos-
itive, significantly increased compared with healthy indi-

Table 4
CXCR3 expression” by CD4 and CD8 cells in blood and CSF

CD4 CD8

viduals (P =0.005; Table 5). CD8- cells in MS CSF were fur-
ther enriched (38%) for CCRS expression compared with
peripheral blood (P=0.017; Table 5). Circulating CD4- cells
in MS patients expressed CCRS at a low level (4%), with a
significant increase to 13% in CSF (P = 0.018; Table 5).

Discussion

To address mechanisms of inflammatory CNS patho-
genesis and identify putative molecular targets for ther-
apeutic intervention, we evaluated chemokines and their
receptors in MS. In this report, we focus on studies per-
formed on patients with active disease, in the form of
either acute symptomatic attacks or inflammatory
demyelinating lesions in autopsied brain (47). We found
consistent alterations of two ligand-receptor systems: IP-
10/Mig-CXCR3 and RANTES-CCRS. These abnormal-
ities included elevated chemokine ligand concentrations
in CSF, with corresponding enrichment of receptor-bear-
ing cells in the intrathecal compartment. The distribu-
tion and abundance of receptor-bearing cells in affected
CNS tissues implied pathogenic significance for the
findings of increased CSF chemokine.

CSF chemokine levels are altered during attacks of sympto-
matic inflammatory demyelination. To initiate studies of
chemokine expression in MS, we analyzed CSF, which
reflects the composition of the extracellular interstitial
fluid of CNS white matter (62). The BBB was largely
intact in more than 95% of the MS patients in this study

Patient ID Diagnosis Blood Significance CSF  Blood Significance CSF (Table 1); therefore, the elevated CSF chemokine levels
758 MS 22 87 81 98 most likely reflected intrathecal chemokine production
;Zi mg 421471 ;g ;Z gg rather than diffusion from blood.

772 MS 24 72 64 98 CSF levels of RANTES, Mig, and IP-10 were signifi-
773 VS 69 84 97 100 cantly elevated in MS (Table 2), and there was a positive
774 MS 44 85 o8 99 correlation between the concentration of IP-10 and CSF
776 MS 36 73 44 93 1 . her ch ki h q

Mean  SEM 3826 P-0004 79:2 80+8 p-0044 o971  Cell count (Fig. 1). Other chemokines that act towar
H1 healthy 58 nd 92 nd  monocytes and T cells, including MIP-1a, MIP-1p (not
H2 :ea:t:y 58 “g 84 ”j shown), and MCP-1, were either undetectable or mod-
H3 ealthy 49 n 80 n .

Ha healthy 72 nd 9 nd estly.reduced during MS attgcks (Table 2). MIP-IG was

H5s healthy 20 nd 77 nd  previously reported to be slightly elevated in MS sub-

Heé healchy 27 nd 79 nd  jects, with a mean level of 4 pg/ml (40). Because the lower
Mean + SEM 47+8  NSC —  84%3 NS¢ -

APercent CD4 or CD8 cells that are CXCR3-positive. BCXCR3-positive cells in MS CSF
compared with MS blood. ©CXCR3-positive circulating CD4* or CD8" cells in control
compared with MS subjects. NS, not significant; nd, not done.

limit of detection in our ELISA was 10 pg/ml, failure to
find measurable CSF MIP-1a was consistent with this
prior report. We did not detect the related chemokine
MIP-1p in a representative subset of 20 CSF samples (15

812 The Journal of Clinical Investigation |

March 1999 |

Volume 103 | Number6



MS, 5 CON; data not shown). The neutrophil-directed
0-chemokines IL-8 and GRO-0 were not altered during
the acute MS disease process.

Published data concerning CSF chemokine levels have
been obtained primarily from studying infectious disor-
ders. Patients with aseptic/viral meningitis and mononu-
clear pleocytosis had increased levels of chemokines,
such as MCP-1, MIP-1a, and IP-10 (11, 61, 63). In asep-
tic meningitis, CSF cell counts correlated well with
chemokine levels, and chemotactic activity of CSF was
abolished by anti-chemokine antibodies (61, 63, 64). Ele-
vated chemokine levels in the CSF of MS patients did
not reflect nonspecific inflammatory change in the
intrathecal compartment: RANTES was elevated in MS
CSF but undetectable in either viral or bacterial menin-
gitis subjects (61, 63, 65). MCP-1 levels were markedly
elevated in CSF from meningitis and HIV dementia
patients but moderately depressed (Table 2) during
episodes of inflammatory demyelination (61, 63, 65, 66).

It was unexpected to observe reduced CSF MCP-1 lev-
els in MS patients undergoing attacks: MCP-1 is
expressed by astrocytes bordering MS lesions (38, 39),
and robust CNS MCP-1 expression has been repeated-
ly observed during attacks of EAE. Moreover,
anti-MCP-1 antibodies suppressed EAE relapses
(22-25). Reduced CSF MCP-1 levels during acute
attacks could provide new insight into immunoregula-
tory characteristics of MS. In particular, it has been
proposed that MS relapses are triggered by predomi-
nance of Th1, as compared with Th2, lymphokines (67,
68). MCP-1 exposure influences T cells toward Th2
commitment, and MCP-1 expression is regulated by IL-
4, the cardinal Th2 cytokine (69-71). We speculate that
reduced CSF MCP-1 concentrations corresponded to
increased Th1 activity during MS attacks, as reported
recently (67). Itis also notable that RANTES, IP-10, and
Mig, associated with in vitro activity toward activated
Th1-like T cells, were most significantly elevated dur-
ing acute MS attacks (57, 72). Our study patients were
examined during acute attacks, and it is possible that
chemokine levels at other stages of disease may prove
to be substantially different.

Our findings in MS patients extend previous observa-

a

Table 5
CCRS expression” by CD4 and CDS8 cells in blood and CSF

CD4 CD8
Patient ID Diagnosis Blood Significance CSF Blood Significance CSF
758 MS 3 1 14 28
759 MS 3 6 17 34
760 MS 4 8 19 44
762 MS 3 6 18 16
767 MS 6 15 13 31
773 MS 7 31 14 72
776 MS 1 15 9 40
Mean + SEM 4+1 P=0.018% 13+3 15+1 P=0.017% 38+7
H1 healthy 2 nd 7 nd
H2 healthy 2 nd 3 nd
H3 healthy 2 nd 11 nd
H4 healthy 1 nd 2 nd
HS healthy 4 nd 8 nd
H6 healthy 3 nd 9 nd
Mean + SEM 2+0.4 NS¢ — 7+1.4 P=0.005¢ —

APercent CD4 or CDS8 cells that are CCR5-positive. BCCR5-positive cells in MS CSF
compared with MS blood. ©CCRS-positive circulating CD4* or CD8* T-cells in con-
trol compared with MS subjects.

tions of CSF chemokines in biologically meaningful
(nanomolar) concentrations in controls and patients
with CNS disorders (Table 2; and refs. 61, 63-66). Because
the composition of the CSF reflects the extracellular
interstitial fluid of the white matter, it is most plausible
that CNS chemokines originate from cells in the perivas-
cular subarachnoid space and the adjacent parenchyma.
Consistent with this concept, we found that IP-10
immunoreactivity was particularly concentrated in astro-
cyte perivascular foot processes (Fig. 3d). Production of
chemokines by leukocytes and resident CNS cells near
inflamed vessels was described previously in EAE and has
recently been reported in MS (25, 28, 37-39).

CNS chemokine receptor expression supports the functional
significance of elevated CSF chemokine levels. We found that
CXCR3 was the predominant chemokine receptor on
lymphocytic cells in both CSF and parenchymal com-
partments, while CCRS was present on a minority of
lymphocytes in both brain and CSF. These findings sup-
port the possibility that activated T cells expressing
CXCR3 preferentially gain access to CNS tissues during
formation of acute MS lesions. In contrast, in rheuma-
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Figure 5

Expression of CCR1 and CCR3 in MS lesions. (a) CCR1T immunohistochemistry in an active lesion reveals small, round cells in the perivascular space.
Immunoreactive cells are morphologically consistent with infiltrating lymphocytes. X170. (b) Small, round CCR3-immunoreactive cells in a highly
active lesion are scattered through perivascular and parenchymal sites. X170.
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toid arthritis, the vast majority (more than 80%) of infil-
trating cells in synovial fluid expressed both CCRS and
CXCR3 (48). Although coexpression of chemokine
receptors was not addressed in the current studies, such
double-positive cells could constitute no more than a
minority of the infiltrating population. The relatively
modest enrichment of CCRS-positive cells in MS CSF is
therefore consistent with the recent observation that
individuals homozygous for nonfunctional mutant
forms of CCRS remain susceptible to MS (73).

Given elevated levels of IP-10 and Mig in MS CSF, it was
of interest to determine whether cells bearing cognate recep-
tors accumulated in the CSF. By monitoring expression of
CXCR3 on T-cell subsets in blood and CSF, we found that
80% of CD4 cells in MS CSF expressed CXCR3, suggesting
that these receptor-bearing cells play a salient role in MS
pathogenesis. The functional relevance of elevated CSF IP-
10 and Mig levels in MS (Table 2) was further supported by
the uniform detection of CXCR3-positive cells in perivas-
cular inflammatory cuffs in MS brain sections. These data
are consistent with previous reports showing that anti-IP-
10 antibodies depleted the CSF of meningitis patients of
chemotactic activity toward T-cell blasts (61). Interestingly,
subarachnoid infusion of antisense IP-10 oligodeoxynu-
cleotides reduced EAE disease activity (74).

CCRS, present on a minority of T cells, was highly
expressed on phagocytic macrophages and microglia in
actively demyelinating lesions (Fig. 4). Given these findings,
engagement of CCRS may be implicated in activating ter-
minal effectors in the lesions of MS (75). CCRS was
expressed on a relatively restricted population of circulat-
ing CD4* and CD8- cells, with significant enrichment in the
CSE. This observation agrees with CSF levels of RANTES,
which were significantly elevated over normal concentra-
tion, but considerably lower in absolute concentration, than
those observed for IP-10 or Mig (Table 2). Although alter-
native RANTES receptors, such as CCR1 and CCR3, were
detected less frequently in the active MS lesions reported
here, the significance of these receptors on lesions of differ-
ent stage or pathogenesis remains quite plausible (76).

CCRS epitopes have been reported on neurons and
astrocytes, as well as on microglia and leukocytes (77). The
physiological significance of CCRS on neurons remains
uncertain: neither humans nor mice that lack functional
CCRS appear to be neurologically impaired (78). Howev-
er, rat hippocampal neurons expressed CCR5S mRNA and
demonstrated physiological responses to RANTES in vitro
(79). In this report, CCRS5 was not detected on neurons,
using mouse monoclonal antibodies to the NH,-terminus
of CCRS and goat polyclonal antisera to a COOH-termi-
nal peptide to define CCRS-bearing cells.

In summary, we found consistent expression of specif-
ic chemokines and chemokine receptors during active
MS. The finding of increased accumulation of CXCR3-
positive and CCRS-positive CSF cells imparted func-
tional significance to elevated CSF levels of IP-10, Mig,
and RANTES. The pathogenic importance of these data
was supported by the uniform detection of CXCR3 and
CCRS on lymphocytic cells, macrophages, and microglia
in MS brain lesions. Taken together, these data support
the participation of specific chemokines and receptors
in the pathogenesis of inflammation and tissue damage

in MS and imply that these molecules should be consid-
ered as targets for therapeutic intervention.
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