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ABSTRACT Multiple sclerosis (MS) is a T cell-dependent
chronic inf lammatory disease of the central nervous system.
The role of chemokines in MS and its different stages is
uncertain. Recent data suggest a bias in expression of che-
mokine receptors by Th1 vs. Th2 cells; human Th1 clones
express CXCR3 and CCR5 and Th2 clones express CCR3 and
CCR4. Chemokine receptors expressed by Th1 cells may be
important in MS, as increased interferon-g (IFN-g) precedes
clinical attacks, and IFN-g injection induces disease exacer-
bations. We found CXCR31 T cells increased in blood of
relapsing-remitting MS, and both CCR51 and CXCR31 T
cells increased in progressive MS compared with controls.
Furthermore, peripheral blood CCR51 T cells secreted high
levels of IFN-g. In the brain, the CCR5 ligand, MIP-1a, was
strongly associated with microgliaymacrophages, and the
CXCR3 ligand, IP-10, was expressed by astrocytes in MS
lesions but not unaffected white matter of control or MS
subjects. Areas of plaque formation were infiltrated by CCR5-
expressing and, to a lesser extent, CXCR3-expressing cells;
Interleukin (IL)-18 and IFN-g were expressed in demyelinat-
ing lesions. No leukocyte expression of CCR3, CCR4, or six
other chemokines, or anti-inf lammatory cytokines IL-5, IL-
10, IL-13, and transforming growth factor-b was observed.
Thus, chemokine receptor expression may be used for immu-
nologic staging of MS and potentially for other chronic
autoimmuneyinf lammatory processes such as rheumatoid
arthritis, autoimmune diabetes, or chronic transplant rejec-
tion. Furthermore, these results provide a rationale for the use
of agents that block CCR5 andyor CXCR3 as a therapeutic
approach in the treatment of MS.

Chemokines, chemotactic cytokines that mediate the attrac-
tion of leukocytes to tissues, are essential for inflammatory
responses. More than 40 chemokines and 10 chemokine re-
ceptors are known, as recently reviewed (1). Recent data
suggest a bias in expression of selected chemokine receptors by
Th1 cells compared with Th2 cells. In particular, human Th1
clones express CXCR3 (receptor for IP-10 and Mig) and CCR5
(receptor for MIP-1a, MIP-1b, and RANTES), whereas Th2
cells express CCR3 (receptor for eotaxin, RANTES, MCP-3,
MCP-4), CCR4 (receptor for TARC and MDC) (2–4) and
CCR8 (receptor for I-309) (5).

Multiple sclerosis (MS) is a T cell-dependent chronic in-
f lammatory disease of the central nervous system with a likely
autoimmune etiology (6). A central mechanism in the patho-
genesis of MS is the organ-specific traffic of T cells into the
brain. Though it is known that activated T cells can cross the
blood–brain barrier, the mechanisms by which activated T cells

are recruited and remain in the brain, and whether chemokines
are involved in the pathogenesis of MS, are unknown. Che-
mokine receptors that are expressed by Th1 cells may be
especially important, as increased production of interferon-g
(IFN-g) precedes clinical attacks (7, 8) and injection of MS
patients with recombinant IFN-g induced exacerbations of the
disease (9). In addition, MS involves different stages, usually
beginning with a relapsing–remitting phase and later, a pro-
gressive form. Immune factors associated with different stages
of the disease are not well understood. We studied chemokine
receptor expression by mononuclear cells in MS. We found
that the numbers of CXCR31 T cells were increased in
relapsing– remitting MS and that both CCR51 and CXCR31

T cells were increased in peripheral blood of progressive MS
patients compared with healthy controls. In addition, their
ligands MIP-1a and IP-10 were strongly associated with mi-
crogliaymacrophages and astrocytes, respectively, in the MS
lesions but not in the control white matter areas of postmortem
central nervous system (CNS) samples. Additionally, CCR51

T cells isolated from peripheral blood of progressive MS
patients secreted IFN-g at a high level. Hence, the selective
chemotaxis of IFN-g-producing CCR51 T cells into the CNS
may be an important mechanism in the pathogenesis of MS,
and differential chemokine receptor expression may be asso-
ciated with different stages of the disease.

MATERIALS AND METHODS

Subjects. MS patients from the outpatient MS clinic of the
Brigham and Women’s Hospital were studied. Relapsing–
remitting patients (n 5 14, average age 5 40 6 8 years) had
an average expanded disability status (EDSS) of 1.1 6 0.8, and
chronic progressive MS patients (n 5 20, average age 5 47 6
6 years) had an EDSS of 5.1 6 1.9. A disability of 6 or greater
involves use of a cane or other support. Patients had not
received immunosuppressive therapy in the past, or steroid
treatment in the 6 months prior to blood drawing. The control
group consisted of healthy subjects (n 5 20, average age 5
48 6 8 years). The number of patients used for each individual
experiment is given in the corresponding table or figure
legend.

Cell Separation. Peripheral blood mononuclear cells
(PBMC) were isolated from heparinized venous blood by
centrifugation over Ficoll–Hypaque (Pharmacia LKB Biotech-
nology). Cells were resuspended (106 cells per ml) in RPMI
medium 1640 supplemented with 10% fetal bovine serum, 4
mM L-glutamine, 25 mM Hepes buffer, 50 unitsyml penicillin,
and 50 mgyml streptomycin (all from BioWhittaker). T cells
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were separated from PBMC by negative depletion of non-T
cells with a human T cell enrichment column (R & D Systems),
according to the manufacturer’s instructions. T cells were
separated into CCR5-depleted (CCR52) and CCR5-enriched
(CCR51) T cells by using anti-CCR5 mAb (10 mgyml), goat
anti-mouse IgG-coated magnetic microbeads, and a type MS
Separation column from Miltenyi Biotec (Auburn, CA), ac-
cording to the manufacturer’s recommendations.

Flow Cytometry. Unlabeled mouse mAbs directed against
human CCR3 mAb (7B11, IgG2a), CCR5 (2D7, IgG1), CCR6
(11A9, IgG1), and CXCR3 mAb (1C6, IgG1) were obtained
from LeukoSite (Cambridge, MA); anti-CXCR4 mAb (1G5,
IgG2a) was purchased from PharMingen (San Diego); and
anti-human CD28 mAb (EX5–3D10, IgG2a) was provided by
Ed Greenfield (Dana–Farber Cancer Institute, Boston). Con-
trol unlabeled mouse IgG1, IgG2a, f luorescein isothiocyanate
(FITC)-conjugated polyclonal anti-mouse Ig, phycoerythrin
(PE)-conjugated anti-human CD3 mAb (IgG1), PE-anti-
human CD4 mAb (IgG1), PE-anti-human CD8 mAb (IgG1),
and isotype control PE-IgG1 were purchased from PharMin-
gen. Two-color flow cytometry was performed by incubating
2 3 105 cells in RPMI medium 1640 plus 2% fetal bovine
serum with unlabeled mAb (10 mgyml), followed by FITC-goat
anti-mouse Ig (5 mgyml), and the appropriate directly conju-

gated mAb(s). Each incubation (20 min, 4°C) was followed
with two washes. Unlabeled and labeled appropriate control
mouse Ig of identical isotype were used in control samples.
Flow cytometric analysis of 1 3 104 cells from each sample was
performed on a FACSort flow cytometer (Becton Dickinson)
according to standard procedures.

T Cell Activation and Cytokine Assay. Isolated T cells (1 3
105 cells per well) were added to the wells of a 96-well
f lat-bottom plate (final volume of 0.2 ml) containing immo-
bilized anti-CD3 (OKT3, IgG2a, 1 mgyml) and anti-CD28
(EX5–3D10, IgG2a, 1 mgyml) or immobilized control mouse
IgG2a. Culture supernatants were collected after incubation
for 20 hr (37°C, 5% CO2). Assays of IFN-g, interleukin (IL)-4,
and IL-5 in culture supernatants were performed by using a
cytokine capture ELISA protocol from PharMingen. Compo-
nents included unlabeled, and corresponding biotinylated,
mouse mAbs to human IFN-g, IL-4, and IL-5, plus recombi-
nant human IFN-g (GIBCOyBRL), IL-4 (Sigma), and IL-5
(PharMingen) standards. Assay sensitivities were 32 pgyml
(IFN-g) and 8 pgyml (IL-4, IL-5).

Human Brain Immunopathology. Frozen brain specimens
were obtained from the Rocky Mountain Multiple Sclerosis
Center Tissue Bank, Englewood, CO. Samples were collected
from cadavers within 6 hr post mortem and snap-frozen in
liquid nitrogen. There were five specimens from patients (45 6
8 years) with active MS in which the tissues were dissected to
encompass an area of MS plaque and adjacent normal-

FIG. 1. Separated PBMC from a progressive MS patient were
stained with mAb and isotype control, as described in the text.
Two-color flow cytometry analysis of 1 3 104 cells from each sample
was performed. The percentage of double-positive cells from the
lymphocyte populations analyzed is shown. A shows staining with an
isotype control (mouse IgG1-FITC and mouse IgG1-PE) that is the
control for B (CD31 CCR51 cells) and C (CD31 CXCR31 cells). D
represents staining with an isotype control (mouse IgG2a-FITC and
mouse IgG1-PE) that is the control for E (CD31 CCR31 cells) and F
(CD31 CXCR41 cells).

FIG. 2. PBMC from a progressive MS patient were stained with
mAb and isotype-matched control Ig, as described in the text. Two-
color flow cytometry analysis of 1 3 104 cells from each sample was
performed. The percentage of double-positive cells from the lympho-
cyte populations analyzed is shown. A shows staining with an isotype
control (mouse IgG1-FITC and mouse IgG1-PE) that is the control for
B (CD41 CCR51 cells), C (CD81 CCR51 cells), D (CD41 CXCR31

cells), and E (CD81 CXCR31 cells).
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appearing white matter, plus corresponding white matter; five
patients (44 6 9 years) with inactive MS who died from other
causes; and five non-MS patients (68 6 21 years) with normal-
appearing brain tissues as controls. Cryostat sections were
initially stained by hematoxylin and eosin, and luxol fast blue,
and appropriate areas were chosen for evaluation by immu-
nohistology using an avidin–biotin complex method (10).
After overnight incubation with primary mAbs and developing
reagents, sections were incubated with diaminobenzidine,
counterstained with hematoxylin, and evaluated indepen-
dently by two pathologists (J.E.B. and W.W.H.). Primary
mAbs against human chemokines and chemokines receptors
were prepared at LeukoSite, mAbs to cell markers were
obtained from Dako, and anti-cytokine mAbs were from R &
D. These included mAbs to the human chemokine receptors,
CCR1 (2D4), CCR2 (1D9), CCR3 (7B11), CCR4 (1G1),
CCR5 (5C7), CCR6 (11A9), and CXCR3 (1C6); the chemo-
kines eotaxin (9G3), eotaxin-2 (10G12), IP-10 (6G10), Mig
(4G10), ITAC (9E9), MIP-1a (11A3), MIP-3a (6A12), MCP-1
(10F7), MCP-2 (2D5), MCP-3 (9H11), and TARC (208);
markers for all leukocytes (CD45, PD7y26), T cells (CD2,
MT910), and mononuclear phagocytes (CD68, EBM11); and
mAbs to human IFN-g (MAB-285), IL-4 (MAB204), IL-5
(MAB205), IL-10 (MAB217), IL-13 (MAB213), IL-18
(MAB318), and transforming growth factor-b1 (MAB240),
plus isotype-matched control mAbs.

Statistical Analysis. Results are presented as mean 6 SEM
or mean 6 SD for each group. Statistical significance was
calculated by using Student’s t test.

RESULTS AND DISCUSSION

Production of IFN-g, a cytokine that is a hallmark of Th1 type
immune responses, is important to the pathogenesis of MS, as
increased production of IFN-g precedes clinical attacks (7, 8),
and injection of MS patients with recombinant IFN-g induces
exacerbations of the disease (9). Activated blood mononuclear
cells are known to produce significantly higher levels of IFN-g
in progressive MS (11, 12). Furthermore, active lesions in the
CNS of MS patients are characterized by mononuclear cell
infiltrates including both CD41 and CD81 T cells and mac-
rophages (13) and are associated with increased IFN-g expres-
sion (14). However, little is known about the immune basis for
selective traffic of IFN-g-secreting T cells into the CNS or the
expression of chemokine of different chemokine receptors in
different stages of the disease. Since expression of chemokine
receptors by particular T cells subsets may play a role in this
selective T cell migration and immune activation and differ-
entiation, we studied chemokine receptor expression by pe-
ripheral blood cells from MS patients with relapsing–remitting
or chronic progressive forms of the disease, as well as healthy
individuals.

CCR51 and CXCR31 T cells were identified by flow
cytometry. As shown in Fig. 1, CCR5, CXCR3, and CXCR4
were expressed primarily by CD31 cells, whereas CCR3 ex-
pression was associated primarily with non-T cells. As shown
in Fig. 2, CCR5 and CXCR3 were expressed by both CD41 and
CD81 T cells. We then compared the levels of T cells
expressing chemokine receptors in peripheral blood samples

Table 1. Expression of chemokine receptors by peripheral blood T
cells in MS patients

Receptors

Double-positive cells, %

Controls RR MS Progressive MS

CD31 CCR31 1.4 6 0.3 (20) 2.0 6 0.6 (14) 2.1 6 0.3 (20)
CD31 CCR41 9.0 6 1.1 (6) 7.1 6 0.6 (14) 9.6 6 2.7 (7)
CD31 CCR51 7.9 6 0.8 (20) 9.9 6 1.3 (14) 13.1 6 1.4** (20)
CD31 CCR61 8.6 6 1.3 (9) Not tested 9.2 6 0.7 (10)
CD31 CXCR31 9.1 6 1.1 (20) 14.4 6 1.9* (14) 14.8 6 1.5** (20)
CD31 CXCR41 47.1 6 8.1 (9) Not tested 30.9 6 5.3 (10)

PBMC from control healthy donors, relapsing–remitting (RR) MS,
and progressive MS patients were separated and a three-step staining
procedure, with mouse anti-chemokine receptor mAb followed by
FITC-conjugated goat anti-mouse IgG and then PE-labeled anti-CD3
mAb, was performed as described in the text. Two-color flow cytom-
etry was performed, and percentage of double-positive cells was
analyzed and presented as mean 6 SEM, with the number of patients
in parentheses. p, P , 0.05 vs. controls; pp, P , 0.005 vs. controls.

Table 2. IFN-g production by T cell subsets in progressive MS patients

Exp.

IFN-g production by CCR5 cell subsets IFN-g production by CXCR3 cell subsets

Whole
T cells

CCR52

T cells
CCR51

T cells
Whole
T cells

CXCR32

T cells
CXCR31

T cells

pgyml pgyml % pgyml % pgyml pgyml % pgyml %

1 3,375 1,407 42 7,658 224 3,375 3,006 89 2,928 87
2 2,479 1,526 62 2,258 91 2,479 1,474 59 1,474 59
3 1,203 896 74 5,144 428 1,203 282 23 1,625 135
4 1,001 250 25 1,713 171 1,001 425 42 2,935 293
5 3,735 1,112 30 6,572 176 ND ND

Mean 2,359 6 553 31,038 6 226 47 6 9* 4,669 6 1,169 218 6 57** 2,015 6 559 1,297 6 629 53 6 14*** 2,241 6 400 144 6 52

T cells from five progressive MS patients were isolated, separated into T cells subsets, and activated with immobilized anti-CD3 plus anti-CD28
mAb. Cell supernatants were collected at 20 h and IFN-g, IL-4, IL-5 production were measured by ELISA. IL-4 production by purified T cells in
all experiments was less than 40 pgyml. IL-5 production by purified T cells was tested in experiments 2, 3, and 4 and was less that 16 pgyml. Since
donors had different background levels of IFN-g production prior to T cell subset separation, IFN-g production for separated subsets is also
expressed as a percentage of IFN-g production by the subset compared to the whole T cell population [(separated subsetywhole T cells) 3 100%].
ND, not done. p, P , 0.001 vs. whole T cells; pp, P , 0.02 vs. CCR52 T cells; ppp, P , 0.02 vs. whole T cells.

Table 3. CNS expression of chemokines and their receptors in MS

Marker
Normal brain or

inactive MS Active MS

CCR1 Negative Macrophagesymicroglia
CCR2 Negative Occasional macrophagesymicroglia
CCR5 Microglia, Marked up-regulation

some neurons (mononuclear cells)
CXCR3 Negative Lymphocytes
MIP-1a Negative Macrophagesymicroglia
MCP-1 Astrocytes Up-regulated (astrocytesyblood vessels)
IP-10 Astrocytes Marked up-regulation (same cells)
Mig Negative Focal macrophagesymicroglia
IFN-g Negative Lymphocytes
IL-18 Negative Focal macrophagesymicroglia

Based upon assessment of serial sections of brain tissue from five
patients with active disease vs. five patients with inactive disease and
five normal brain samples; no significant inflammatory cell labeling
was seen with mAbs to CCR3, CCR4, or CCR6; the chemokines
eotaxin, eotaxin-2, ITAC, MCP-2, MCP-3, MIP-3a, or TARC; or the
cytokines IL-4, IL-10, IL-13, or transforming growth factor-b.
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FIG. 3. (Legend appears at the bottom of the opposite page.)
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from a series of healthy controls (n 5 20), and patients with
relapsing–remitting (n 5 14) or progressive MS (n 5 20)
(Table 1). We tested chemokine receptors associated with Th1
cells, CCR5 and CXCR3, as well as testing CCR3, a chemokine
receptor associated with Th2 cells. CCR6 and CXCR4 served
as control chemokine receptors because their expression is not
selectively linked with either Th1 or Th2 subset (2–4). Both
CD31 CCR51 and CD31 CXCR31 cells were elevated in
progressive MS patients (P , 0.005), whereas the percentage
of CXCR31 T cells was increased in relapsing-remitting MS
(P , 0.05) compared with controls. In contrast, the numbers
of CXCR41, CCR31, and CCR61 T cells were not different
between MS patients and controls. We found no increase in
CD31 cells expressing CCR4 (associated with the Th2 cells) in
chronic progressive MS patients (9.6% 6 2.7%), as compared
with control subjects (9.0% 6 1.1%) or relapsing–remitting
patients (7.1% 6 0.6%).

We (12) and others (11) have observed that activated
peripheral blood T cells from patients with progressive MS
produce high levels of IFN-g, a cytokine characteristic of Th1
lymphocytes. Moreover, recent studies with human T cell
clones suggest that CCR5 or CXCR3 chemokine receptors
may be markers for Th1 cells, and that CCR3, CCR4, and
CCR8 are corresponding markers for Th2 cells (2–5). We
therefore investigated whether the expression of CCR5 and
CXCR3 receptors by peripheral blood T cells of patients with
progressive MS was associated with increased production of
IFN-g. T cells from patients with progressive MS were sorted
into CCR51, CCR52, CXCR31, and CXCR32 T cell subsets
and were stimulated with immobilized anti-CD3 and anti-
CD28 mAbs. The results from five individuals are presented in
Table 2. In five of five experiments, CCR51 T cells produced
increased levels of IFN-g compared with CCR52 T cells
(4,669 6 1,169 pgyml vs. 1,038 6 226 pgyml, P , 0.02). There
was also an increase of IFN-g secretion in CXCR31 T cells in
two of four patients tested (Table 2). These studies indicate
that progressive MS is associated with an increase in circulat-
ing activated T cells expressing CCR5 that produce IFN-g. To
assess the possible pathophysiological significance for active
disease within the CNS, we undertook immunopathologic
evaluation of MS and control brain samples.

Samples of brain from patients with active MS (n 5 5),
inactive MS (n 5 5), and no MS (n 5 5) were examined. All
samples consisted primarily of white matter. In the active MS
brain specimens, extensive areas of the white matter were
infiltrated with large numbers of macrophagesymicroglia, oc-
casional lymphocytes, and scattered neutrophils. The infiltrat-
ing cells often formed linear aggregates parallel to swollen
axons, and in some areas, the white matter was completely
effaced, with only massive numbers of foamy gitter cells and
tangled astrocyte processes remaining. Gemistocytic astro-
cytes were prominent along the periphery of lesions. In some
brain specimens, the leukocyte infiltrate extended into the gray
matter, resulting in neuronal necrosis.

Immunohistologic studies of serial brain sections allowed
analysis of expression of the chemokine receptorychemokine
pairs CCR1yMIP-1a, CCR5yMIP-1a, CXCR3yIP-10yMig,
and CCR2yMCP-1 (Table 3, Fig. 3). Macrophagesymicroglia
in areas of severe inflammation and necrosis were intensely
immunoreactive for CCR1, CCR5, and the ligand for both
receptors, MIP-1a. Expression of CXCR3 was restricted to

small numbers of lymphocytes, which were also CCR51; these
cells were typically detected adjacent to blood vessels of
inflamed brain specimens. Perivascular and plaque-associated
lymphocytes showed cytoplasmic staining for IFN-g, and
macrophages in these areas expressed the potent IFN-g-
inducing factor, IL-18. Hence, multiple feedback and ampli-
fication loops are present within MS lesions, including, in the
example of leukocytes alone, CCR51 IFN-g-producing T cells,
plus the chemokine, IP-10, which is induced by IFN-g, and
corresponding IP-10-responsive CXCR31 mononuclear cells.
These findings contrasted with the lack of leukocyte expres-
sion of other chemokine receptorychemokine pairs, including
CCR3yeotaxinyeotaxin-2, CCR4yTARC, and CCR6yMIP-
3a.

In addition to leukocytes, astrocytes and vascular cells
showed chemokine or chemokine receptor expression. Thus,
as with macrophages, astrocytes in regions of inflammation
showed dense expression of CCR5, and astrocytes also showed
cytoplasmic labeling for the ligands MCP-1 and IP-10. Vas-
cular smooth muscle and endothelium in inflamed brain
specimens were immunoreactive for MCP-1, as compared with
normal brain specimens, suggesting up-regulation. Negligible
CNS expression of the MCP-1 receptor, CCR2, or additional
ligands, MCP-2 and MCP-3, was observed, and the results of
staining of the available areas of white matter from brains of
patients with inactive MS or non-MS patients were similar;
overall findings of active MS vs. control samples are summa-
rized in Table 3.

In the present study, we observed increased expression of
CXCR31 T cells in relapsing–remitting patients and of
CXCR31 and CCR51 T cells in progressive patients. Earlier
studies from our group suggest that chronic activation of the
immune system occurs when a patient changes from the
relapsing–remitting to the progressive stage, as measured by
IFN-g and IL-12 production (12). In the present report we
have found that this change in the stage of MS also appears to
be linked to chemokine receptor expression. Interestingly,
relapsing–remitting MS has been reported in patients with a
mutation in the CCR5 gene (15), but the effect of this mutation
on progressive MS is unknown. We have also noted an
increased number of CD40 ligand (CD40L)-expressing T cells
in the peripheral blood of progressive MS patients (12), and
CD40L1 T cells have been identified in direct contact with
CD401 macrophages within MS lesions (16). This interaction
may be particularly important in the context of MS, because
CD40L1 T cells can induce production of MIP-1a, MIP-1b,
RANTES, and MCP-1 by CD401 macrophages (17) and thus
may contribute to the chemokine induction we observed in
active MS brain lesions.

Since IFN-g has been reported to be elevated in MS, we
tested whether the elevated expression of CXCR3 and CCR5
was related to IFN-g. We carried out experiments in which we
added IFN-g (10 ngyml) or IL-12 (1 ngyml) to PBMC and
measured chemokine receptor expression. We found no in-
crease of expression in MS patients after culture with IFN-g or
IL-12, but rather a decrease in expression in the range of
5–40%, depending on the donor (n 5 4). Similar reductions
were observed in healthy controls. These results suggest that
although cells expressing CCR5 produce more IFN-g in MS,
the IFN-g itself does not appear to be directly responsible for
the increased expression of this Th1 type chemokine receptor.

FIG. 3. Immunopathology of progressive MS illustrating chemokine and chemokine receptor expression within the CNS in an area of
demyelination (Right). Left micrographs show the very limited expression of these proteins in normal brain, with focal expression of CCR5 by
neurons, and IP-10 expression by astrocytes; only minor expression, comparable to normal brain, was seen in the uninvolved tissues of MS patients
with inactive disease (not shown). In contrast, areas of demyelination showed dense surface staining of macrophages for MIP-1a (a and b).
Macrophages and small numbers of lymphocytes in these areas showed corresponding expression of CCR1 (c and d) and CCR5 (e and f ). Lesions
contained dense IP-10 expression, associated with astrocytes and their tangled processes (g and h), plus small numbers of CXCR31 lymphocytes
(i and j). (Cryostat sections, hematoxylin counterstain, 3100.)
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The linkage of CCR5 expression and IFN-g production thus
appears related to the chemotaxis of IFN-g-producing Th1
cells to sites of inflammation rather than the induction of
CCR5 by IFN-g.

On the basis of our results in the progressive cases in which
there was increased chemokine receptor expression, one might
predict more CNS inflammation in progressive cases, some-
thing we did not observe in our immunohistologic studies.
However, we do not know whether activated Th1 type cells that
migrate to the CNS undergo rapid apoptosis in the target
organ, thus not being visible in the CNS despite their increased
expression in the bloodstream. Furthermore, the CNS samples
studied were postmortem samples and not from the patients
from whom the blood samples were studied. It thus may be that
this question can be answered only when T cells can be labeled
in the periphery and imaged in vivo in the CNS. Further studies
are also required to determine whether T cells expressing
CXCR3 andyor CCR5 are specific for one of the several
myelin autoantigens postulated to play a role in MS, or are
specific for an as-yet-undefined antigen.

Chemokine receptor expression has not been studied before
in MS, to our knowledge, although previous studies have
examined some of the chemokines we analyzed, and the
chemokine data assembled thus far are consistent. Studies by
McManus et al. (18) and Simpson et al. (19) detected MCP-1
production by astrocytes, and MIP-1a and MIP-1b production
by macrophages, within sections of brains from patients with
chronic MS. In addition, MIP-1a has been detected within the
cerebrospinal f luid of patients with active disease (20). Last, an
anti-MIP-1a antiserum (21) or generation of an immune
response to MIP-1a DNA injected as a vaccine (22) prevented
CNS infiltration by PBMC in mice with experimental allergic
encephalomyelitis, a rodent model of MS.

The studies presented here suggest important roles for
MIP-1a, acting via CCR5, and potentially IP-10, acting via
CXCR3, in the activation and recruitment of host mononu-
clear cells to the CNS in MS. In combination with what has
been shown in rodent models (23), our data provide a rationale
for the use of agents that block CCR5 andyor CXCR3 as a
therapeutic approach in the treatment of MS, as well as the use
of corresponding mAbs for the peripheral blood monitoring of
the clinical course and response to therapy of MS patients.
Furthermore, our results suggest that chemokine receptor
expression may have relevance for immunologic staging of MS
and potentially for other chronic autoimmune or inflammatory
processes such as rheumatoid arthritis, autoimmune diabetes,
or chronic transplant rejection.

Note Added in Proof. Sorensen et al. (24) have recently reported on the
expression of specific chemokines and chemokine receptors in the
central nervous system of multiple sclerosis patients.
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