


maintenance and an indirect immune response to
damaged tissues.

Several lines of evidence support the autoim-
mune theory including: (1) immunogenetic predis-
position conveyed by certain HLA DR molecules;
(2) a higher prevalence in women (3 :1) as is seen in
other autoimmune diseases; (3) a greater frequency
of autoreactive T cells in MS patients’ peripheral
blood that do not require a second or costimulatory
signal, which suggests they have been primed in
vivo (Lovett-Racke et al, 1998), and (4) the clinical
response in some patients to immunosuppressive
therapies (Lucchinetti and Rodriguez, 1997; Martin
and McFarland, 1995). Proponents of the autoim-
mune hypothesis also suggest that intercurrent viral
or bacterial infections may activate autoreactive T
cells, which may be associated with disease
exacerbations.

Epidemiological studies suggest there may be a
critical environmental trigger that predisposes
people to getting MS who spend their childhood
years in temperate zones, especially areas around
45° latitude (Hogancamp et al, 1997). In addition,
studies of monozygotic twins have demonstrated a
30—-40% concordance rate, which again argues
that there must be an environmental factor that
provokes the process in those individuals who are
immunogenetically predisposed (McFarland et al,
1985). Numerous viruses have been implicated in
the pathogenesis of MS over the years. Reports of
elevated titers of EBV, measles virus, canine
distemper virus, HTLV-1 and recently HHV-6
have at times raised hopes that one or more of
these viruses may be implicated in the pathogen-
esis of the disease (Lucchinetti and Rodriguez,
1997; Soldan et al, 1997). HTLV-1 has since been
demonstrated to be the etiologic agent for Tropical
Spastic Paraparesis-HTLV-1 associated myelopa-
thy (HAM-TSP), a chronic progressive neurologi-
cal disorder with clinical features similar to some
forms of MS (Hollberg and Hafler, 1993; Nakagawa
et al, 1995). With respect to the other viruses,
some critics argue that there is non-specifically
enhanced immune reactivity in MS that accounts
for elevated anti-viral antibody titers. Recently,
our lab has found evidence in some MS patients
for an IgM response to HHV-6, which is the cause
of Roseola and a ubiquitous childhood infection
(Caserta and Breese Hall, 1993). In addition, we
are able to amplify HHV-6 DNA from the serum of
approximately one-third of MS patients (Soldan et
al, 1997). Others have found evidence for HHV-6
expression in the oligodendrocytes of MS patients
(Challoner, 1995). Whether these data are an
artifact of inflamed tissue and enhanced immu-
noreactivity is unclear, but the role of herpes
viruses remains of particular interest because of
their propensity to encode chemokines and
chemokine receptors (Meini et al, 1996; Smith et
al, 1996).
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Viruses and chemokines

Many of the large double stranded DNA viruses are
now recognized to contain genes that encode
proteins, which allow the virus to evade the host
immune response. Viral homologues of IL-10, IFN-y
and TNF receptor, IFN responsive elements (IRE),
apoptosis inhibiting proteins (BCL-2) and chemo-
kines and chemokine receptors have been identified
(Smith et al, 1996). HHV-6 has regions in its
genome which encode for two chemokines and a
chemokine receptor (Gompels et al, 1995). HHV-8
also has high homology for chemokines and has
recently been implicated in the pathogenesis of
Kaposi’s sarcoma and certain CNS lymphomas
(Ensoli and Sturzl, 1998). CMV also has regions of
homology with chemokines and chemokine recep-
tors. The chemoattractant molecules may be an
important mechanism by which lymphotropic
herpes viruses evade the initial immune response
and propagate themselves to immunologically
privileged tissues. According to this hypothesis,
viral infected lymphocytes may express chemokines
or chemokine receptors, which allow them to
preferentially migrate to the brain. Viral infection
of lymphocytes may occur as the primary event
with subsequent migration to CNS tissues, or the
lymphocytic inflammatory reaction may occur
secondarily in response to a primary CNS infection.
Astrocytes and endothelial cells can produce
chemokines during inflammatory situations or in
response to infection and may signal inflammatory
cells (Ransohoff et al, 1996; Ebnet et al, 1997; Gupta
et al, 1998).

The mechanisms by which HIV-1 infection can
cause CNS pathology are beyond the scope of this
article, but may be determined to some extent by
chemokine or chemokine receptor expression. It is
clear that the chemokine receptors CCR-5 and
CXCR-4 are necessary cofactors for the infection of
T cells by the macrophage tropic and lymphotropic
strains respectively of the virus, and that enhanced
expression of certain chemokines may be protective
by causing receptor down regulation (Dragic et al,
1996; Kelly et al, 1998). The CCR-5 mutation that
protects against HIV-1 infection in a minority of
Caucasians does not seem to offer any protection
against MS (Bennetts et al, 1997).

HTLV-1

HTLV-1 infection is endemic in certain regions of
the Caribbean and only a minority of the infected
people manifest medical illness (Hollberg and
Hafler, 1993; Nakagawa et al, 1995). Disorders that
have been definitively associated with HTLV-1
infection include adult T cell leukemia (ATL) and
HAM-TSP, a chronic progressive myelopathy with
features similar to primary progressive MS.
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ATL is characterized by massive monoclonal
expansion and subsequent infiltration of infected
circulating CD4+ lymphocytes into several tissues
and secondary lymphoid organs. The extravasation
of malignant cells into tissues involves the same
adhesive pathways responsible for migration of
inflammatory cells. ATL cells spontaneously adhere
to endothelial cells, and this appears to be mediated
by enhanced expression of the chemokines MIP-1 «
and MIP-1 8 (Tanaka et al, 1998). Chemokines bind
to seven transmembrane G-protein-coupled recep-
tors, which causes a conformational change in the
integrin LFA-1 and appears to enhance firm
adhesion to the ligand ICAM.

HAM-TSP is a neurological manifestatioan of
HTLV-1 infection. Patients develop a slowly pro-
gressive paraparesis with minimal sensory involve-
ment. Several inflammatory mediators including
TNF, adhesion molecules, and MCP-1 are expressed
by infiltrating cells (Fox et al, 1996; Umehara et al,
1996). HAM-TSP patients have very high frequen-
cies of HTLV-1 specific CD8+ CTL and these have
been shown to produce numerous inflammatory
mediators including MIP-1 o and MIP-1 f (Biddison
et al, 1997a). Also, human T cell lines infected with
HTLV-1 express the chemokines SDF, RANTES,
and MIP-1 « and MIP-1 . Expression of the HTLV-1
viral protein Tax induces the expression of these
chemokine genes as well as other inflammatory
cytokines (Baba et al, 1996; Arai et al, 1998; Mendez
et al, 1997). Therefore, it seems likely that the same
mechanisms involved in leukocyte recruitment to
inflammatory sites are involved in mediating tissue
damage by HTLV-1 infected T cells.

It is also possible that HTLV-1 can infect CNS
cells directly. HTLV-1 DNA has been detected by in
situ hybridization in cells that appear to be
astrocytes (Lehky et al, 1995). Astrocytes are an
important source of inflammatory mediators in-
cluding chemokines (Ransohoff et al, 1996). There-
fore, HTLV-1 infection within the CNS may induce
recruitment of antigen specific T cells through
chemokine signaling pathways. This recruitment
process may be very similar to what has already
been elegantly shown to occur in ATL.

EAE

EAE is an experimental model of immune mediated
demyelination, which has some features in common
with MS (Martin and McFarland, 1995). The disease
can be induced by inoculation of myelin reactive T
cells that migrate to the CNS and mediate inflam-
matory destruction of myelin. Recent studies have
demonstrated the expression of many chemokines
including; RANTES, MIP-1 o, MIP-1 §, IP-10, MCP-1
and 3, KC, TCA3 in conjunction with inflammatory
cell infiltrates, but before clinical signs of disease,
which suggests these molecules play a critical role

in the immune amplification process that leads to
demyelination (Berman et al, 1996; Glabinski et al,
1997; Godiska et al, 1995). Infiltrating T cells seem
to be primarily responsible for production of
RANTES and MIP-1 o, MIP-1 f, whereas MCP-1,
IP-10, and KC expression is confined to astrocytes
(Glabinski et al, 1995, 1997). The precise roles of
these molecules is currently being better defined
and is discussed elsewhere.

Multiple sclerosis

As discussed previously, the etiology of MS
remains unknown. The hypothesis that a microbial
antigen triggers an aberrant immune response in
certain immunogenetically predisposed patients
remains attractive. However, it is possible that the
disease is a result of a purely autoimmune process
(Lucchinetti and Rodriguez, 1997). Regardless, the
pathology demonstrates perivenular inflammatory
cell infiltrates, and there seems to be a definite
clinical response to immunomodulating therapies.
Therefore, it is likely that in MS chemokine and
chemokine receptor expression are important me-
chanisms by which antigen driven T cells migrate
to sites of inflammation (Merrill and Benveniste,
1996; Merrill and Murphy, 1997; Ransohoff et al,
1996). An analysis of chemokines within MS brains
confirmed expression of RANTES, MIP-1 o, MIP-1 §,
and MCP-1. RANTES appeared to be restricted to
perivascular sites, while MIP-1 «, MIP-1 f, and
MCP-1 were also expressed by glial cells within and
around plaques (Simpson et al, 1998). Both CD8+
and CD4+ myelin reactive T cell clones derived
from peripheral blood may express chemokines
including MIP-1 «, MIP-1 f$, IP-10, and IL-16, and
the matrix metalloproteinases MMP-9 and MMP-2
(Biddison et al, 1997b, 1998 and unpublished
observations). PBMC’s derived from MS patients
have increased adherence in binding assays and
increased migration across a fibronectin matrix in
response to the chemokines RANTES, MIP-1 «, and
MCP-1 (Stuve et al, 1997). Interferon beta, which is
therapeutic in MS inhibits migration and may do so
partly by abrogating MCP-1 induced production of
the matrix degrading enzyme MMP-9 (Leppert et al,
1995; Stuve et al, 1996).

Results and Discussion

Our studies confirm modestly enhanced migration
of MS patient PBLs as compared to controls,
towards the chemokine MIP-1f (Figure 1a). There
is minimal to no spontaneous migration from PBLs,
but the addition of IL-2 and chemokines results in
enhanced migration (Figure 1b). However, there is
significant variability from one individual to an-
other, which suggests that the expression of the
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Figure 1 Transwell migrations of lymphocytes: (a) Comparison
of PBL transwell migration (+s.d.) to MIP1f in ten controls and
ten MS patients. (b) Transwell migrations of MS patient PBLs at
3 and 24h comparing different chemoattractant conditions. (c)
Transwell migrations of four different T cell clones (with
different cytokine phenotypes) to MIP1f (% migration is
normalized to migration without the chemokine thus negative
% values indicate less migration than the control).

chemokine receptors must also be divergent. This
has also been observed at the clonal level, and even
within clones derived from the same patient (Figure
1c). Therefore, we undertook to determine whether
chemokine receptor expression is selectively up
regulated on MS PBLs or T cell clones with specific
cytokine expression patterns.

Flow cytometric analysis of controls and MS
patient PBLs revealed equivalent levels of CXCR-4,
which is known to be constitutively expressed
(Figure 2a). However, there appeared to be a
significantly increased number of CCR-5 positive
cells in certain MS patient samples (Figure 2b and
c). This is of particular interest because CCR-5
expression was recently found to be enhanced in
polarized Th1 cytokine producing lines in vitro
(Sallusto et al, 1998). Several lines of evidence
suggest that MS is mediated by Th1 producing cells,
and therefore enhanced chemokine receptor ex-

Chemokines in HTLV-1 and MS
PA Calabresi et al

a CXCR-4 Expression on PBLs
. T |

% Cells

Controls MS

b CCR-5 Expression on PBLs

20 |- B T

% Cells

Controls MS

Figure 2 Flow cytometry of PBL chemokine receptors: (a) Mean
(+s.d.) CXCR-4 expression on PBLs from ten control subjects
and ten MS patients. (b) Mean CCR-5 expression on PBLs from
the same cohort as in (a).

pression could account for preferential migration of
this subset to the CNS (Martin and McFarland, 1995;
Rieckmann et al, 1995). At this time it is unclear
whether the association between cytokine pheno-
type and chemokine receptors exists in vivo.

At the clonal level, we have found increased
numbers of both CXCR-4 and CCR-5 positive cells as
compared to PBLs. In addition, we examined the T
cell clones for CCR-3 and CXCR-3 expression to
determine if the chemokine receptor expression
pattern correlated with the clones known cytokine
expression pattern, as has been recently described
in highly polarized T cell lines (Qin et al, 1998;
Sallusto et al, 1998). All the clones had surface
expression of all four chemokine receptors (Figure
3). Although chemokine receptor expression varied
widely from clone to clone, there was no association
between the Th2 clones and CCR-3 expression, or
between Th1 and CXCR-3 or CCR-5 expression as
has been found in the above mentioned studies that
employed cell lines artificially driven towards
separate ends of the cytokine spectrum (Figure 3a
and b). This is in keeping with previous studies of
the MBP clones that found not only significant
heterogeneity in cytokine expression, but also very
few purely Th1 or Th2 clones (Hemmer et al, 1996).

Migration chamber studies were done to assess
the chemotactic propensity of the clones using the
relevant CKR ligands; RANTES, MIP-1 g, IP-10,
SDF-1, and eotaxin. We observed a greater tendency
for the clones to migrate towards IP-10>MIP-1
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Figure 3 Flow cytometry of T cell clone chemokine receptors:
(a) Mean chemokine receptor expression for clone 7H11 (Th2
cytokine phenotype (high IL-4 low IFN-y by ELISA of condi-
tioned medium)) and clone MS-1 (Th-1 cytokine phenotype). (b)
Mean chemokine receptor expression for clone TL-5F6 (ThoO
cytokine phenotype (moderate IL-4 and high IFN-y by ELISA of
conditioned medium)) and clone 7C1 (Th-0/2 high IL-4 and
moderate IFN-y cytokine phenotype).

f>eotaxin (Figure 4). This again did not correlate
well with cytokine or CKR expression, although fits
with a slight TH1 predominance. The discrepancy
between the CKR surface expression and functional
capacity to migrate suggests that alternative me-
chanisms such as binding avidity and metallopro-
teinase production are involved in migration across
the coated filters.

Materials and methods

Cells

Ten patients with clinically definite MS and ten
normal controls were studied. PBMCs were isolated
from heparinized whole blood (Calabresi et al,
1997) and allowed to adhere for 2 h to tissue culture
wells. Four MBP reactive T cell clones with known
cytokine phenotypes were also studied (Hemmer et
al, 1996).

Migration
To better define the role of chemokines in MS, we
have employed Transwell migration chambers
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Figure 4 Cell clone migrations: percent cells migrated to
chemokines divided by spontaneous migration on X axis,
chemokines used for chemotactic gradient on Y axis, and T cell
clones migrated on Z-axis.

(Costar) to study chemotaxis of MS patient PBLs as
well as MBP reactive T cell clones. Briefly, 5 x 10°
lymphocytes were placed in the upper chamber of a
Transwell insert in IMDM supplemented with 10%
human AB serum (Sigma) and 10 u/ml IL-2.
Transmigration across a 5 mm pore polycarbonate
filter coated with Matrigel (Becton-Dickinson) was
assessed at the indicated time points by counting
the cells from the lower chamber on a hemacyt-
ometer.

Flow cytometry

2x10° PBLs/T cell clones were placed on ice for
60 min in FACS buffer containing phosphate
buffered saline (PBS) and 0.1% bovine serum
albumin (BSA) and incubated with PE conjugated
antibody to CD3 (Sigma) and monoclonal anti-
bodies to human CCR5, CXCR-4, CXCR-3, CCR-3,
and CCR-2 (R&D Systems and kind gift of Walter
Newman, LeukoSite). A secondary FITC labeled
antibody was incubated for 30 min. Appropriate
isotype controls were also employed. The cells
were washed and analyzed immediately on a
FACSCAN (Becton-Dickinson, San Jose, CA,
USA). Data are presented as % of cells staining
positive for both CD3 and the respective chemokine
receptor after subtracting out background from
subtype control antibodies.

Conclusion

These data, in conjunction with previous studies
that demonstrated chemokine production by MBP
and PLP clones, indicate that chemokine-chemo-
kine receptor signaling is likely an important
mechanism by which antigen specific lymphocytes
migrate to sites of inflammation and recruit



secondary immune cells. It remains unclear
whether one component of this signaling pathway
is preferentially up regulated in MS, either by a
virus or as part of a Thl immune bias. It is also
uncertain what role astrocytes or endothelial cells
might play in the recruitment process, as these cells
can express chemokines and chemokine receptors.

It is likely that chemokines and chemokine
receptors also are important in the pathogenesis of
HAM/TSP. The role of chemokines in the HTLV-1
hematological disease, ATL, has already been
demonstrated, and recent data suggest the HTLV-1
Tax can induce chemokine production. It is unclear
whether immune cells, astrocytes, or both are
infected, and if the virus does indeed initiate an
immune response that ultimately results in tissue
damage.
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