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CCR2"CCR5" T Cells Produce Matrix Metalloproteinase-9
and Osteopontin in the Pathogenesis of Multiple Sclerosis

Wakiro Sato,”"1 Atsuko Tomita,”"J"l’2 Daijyu Ichikawa,* Youwei Lin,""i’§ Hitaru Kishida,Jr
Sachiko Miyake,*’§ Masafumi Ogawa,i’§ Tomoko Okamoto,;t’§ Miho Murata,jk
Yoshiyuki Kuroiwa,” Toshimasa Aranami,""§ and Takashi Yamamura®?®

Multiple sclerosis (MS) is a demyelinating disease of the CNS that is presumably mediated by CD4" autoimmune T cells. Although
both Thl and Th17 cells have the potential to cause inflammatory CNS pathology in rodents, the identity of pathogenic T cells
remains unclear in human MS. Given that each Th cell subset preferentially expresses specific chemokine receptors, we were
interested to know whether T cells defined by a particular chemokine receptor profile play an active role in the pathogenesis of
MS. In this article, we report that CCR2*CCR5" T cells constitute a unique population selectively enriched in the cerebrospinal
fluid of MS patients during relapse but not in patients with other neurologic diseases. After polyclonal stimulation, the CCR2*
CCR5" T cells exhibited a distinct ability to produce matrix metalloproteinase-9 and osteopontin, which are involved in the CNS
pathology of MS. Furthermore, after TCR stimulation, the CCR2*CCR5* T cells showed a higher invasive potential across an
in vitro blood-brain barrier model compared with other T cells. Of note, the CCR2*CCR5* T cells from MS patients in relapse
are reactive to myelin basic protein, as assessed by production of IFN-y. We also demonstrated that the CCR6~, but not the
CCR6", population within CCR2*CCR5" T cells was highly enriched in the cerebrospinal fluid during MS relapse (p < 0.0005) and
expressed higher levels of IFN-y and matrix metalloproteinase-9. Taken together, we propose that autoimmune CCR2"CCR5*

CCR6™ Thl cells play a crucial role in the pathogenesis of MS. The Journal of Immunology, 2012, 189: 5057-5065.
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basic protein (MBP) (1). Approximately two thirds of patients with
MS have relapsing-remitting MS (RR-MS), which is characterized
by acute episodes of exacerbations followed by partial or complete
recovery. Although there are periods of remission in the RR-MS
stage, a proportion of patients enters a stage of secondary progres-
sive MS decades after the onset of MS. There are no real periods of
remission in secondary progressive MS, in which neurodegeneration
can be the major cause of irreversible neurologic disability (2).

It is proposed that an initiation of relapse in RR-MS is preceded
by activation of autoimmune CD4" T cells in the peripheral
lymphoid organs. These T cells that are potentially reactive to
myelin Ag could be activated in response to cross-reactive Ag that
are generated by microbial infections (3) or following exposure to
proinflammatory factors, such as osteopontin (OPN) (4), thereby
acquiring the ability to migrate and infiltrate into the CNS (5, 6).
The study performed in experimental autoimmune encephalomy-
elitis (EAE) showed that activated MBP-specific T cells first reach
subarachnoid spaces filled with the cerebrospinal fluid (CSF) after
crossing the endothelial barrier. After encountering perivascular
APC presenting myelin Ag, the autoimmune T cells are reac-
tivated and produce proinflammatory cytokines, such as IFN-y
and IL-17, as well as proteases, including matrix metalloprotein-
ase (MMP)-9 (7). The proteases degrade components of the base-
ment membranes, leading to the disruption of the blood—brain
barrier (BBB). The T cells may invade into the parenchyma through
the disrupted area of the BBB and cause CNS inflammation (8).

Research on EAE demonstrated that both IFN-y—producing Thl
and IL-17-producing Th17 cells could cause inflammatory pa-
thology in the CNS (9, 10). Although characterization of patho-
genic T cells in EAE has ignited a search for similar cells in
humans, the identity of pathogenic T cells in MS has not been
established (10). Recent studies showed the involvement of Th17
cells (11) and of T cells producing both IFN-y and IL-17 in the
pathology of MS (12). However, because the administration of
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IFN-vy worsened MS in a previous clinical trial (13), the role of
Thl cells in MS needs to be analyzed further. In addition, in-
creasing evidence suggest a pathogenic role for cytotoxic effector
T cells in MS (14, 15). Moreover, a recent clinical trial of anti—IL-
12p40 Ab to block IL-12/IL-23 signaling failed to modulate MS
(16), making it difficult to portray a complete picture of MS (9).

Chemokines are a family of secreted proteins that function as
key regulators of cell migration via interaction with a subset of
seven-transmembrane, G protein-coupled receptors (17, 18). Chemo-
kines are known to be highly efficient and potent chemoattractants
for inflammatory cells in EAE (19). In the Th cell-differentiation
process, CD4" T cells acquire the ability to produce sets of cy-
tokines and to express chemokine receptors. Although Thl cells
preferentially express CCR5 and CXCR3, Th2 cells express CCR4
and CRTh2 (20, 21). The chemokine receptor expression pattern
would confer to each Th subset a unique characteristic of mi-
gration to corresponding ligand chemokines (22). It was recently
reported that human Th17 cells are enriched in CCR4*CCR6",
CCR2*CCR5 ™, and CCR6" populations (23-25).

The present study using multicolor flow cytometry was initiated
to address whether Th17 cells bearing Th17 phenotypes (CCR4*
CCR6", CCR2"CCR5 ™, or CCR6") are increased in the CSF of
patients with MS compared with the peripheral blood (PB). In
contrast to our expectations, none of these populations was in-
creased in the CSF of MS. Instead, we found that T cells expressing
both CCR2 and CCRS were selectively enriched in the CSF of
patients with exacerbated MS but not in patients with other neu-
rologic diseases. The CCR2*CCR5* memory CD4* T cells were
shown to produce IFN-vy (24). Comparison with other memory
T cell subpopulations revealed that the CCR2*CCR5" T cells pos-
sessed a distinct ability to produce MMP-9 and OPN, which are
critical for initiating and perpetuating the inflammatory pathology in
the CNS (4, 7). Consistent with the increased production of MMP-9,
which is capable of degrading basement membranes, the CCR2"
CCR5™ T cells showed a greater potential to invade across an in vitro
model of the glia limitans, the physiological barrier separating CSF
from the CNS parenchyma. Furthermore, the CCR2*CCR5™ T cells
in the PB of active MS contained MBP-reactive T cells producing
IFN-y. We further demonstrated that CCR6 ", but not CCR6%, cells
within CCR2*CCR5™ T cells were enriched in the CSF of patients
with MS during relapse and expressed high levels of IFN-y and
MMP-9. These results suggest that CCR2*CCR5*CCR6™ Th1 cells
play a crucial role in the pathogenesis of MS.

Materials and Methods
Subjects

Thirty-four RR-MS patients were examined for the expression of che-
mokine receptors on T cells. As controls for MS, 11 sex- and age-matched
healthy subjects (HS), 6 patients with noninflammatory neurologic disease
(NIND), and 4 patients with other inflammatory neurologic disease (OIND)
were enrolled in this study. All of the MS patients fulfilled the diagnostic
criteria of McDonald et al. (26). Patients with serum aquaporin 4 Abs or
with longitudinally extensive spinal cord lesions on the magnetic reso-
nance imaging scan were excluded from this study. In this article, we
define “MS in remission” as patients who have been clinically stable
without i.v. corticosteroid pulse therapy for >1 mo; “MS in relapse” is
defined as patients who have developed an apparent exacerbation within an
interval of 1 wk. The detailed demographic characteristics of the cohorts
are summarized in Table I. None of the above patients had received IFN-3,
i.v. corticosteroids, other immunomodulatory drugs, plasma exchange, or
i.v. Ig for =1 mo before blood sampling.

CSF and PB pairs were obtained from 12 MS patients in relapse, 6 NIND
patients, and 4 OIND patients (Table I). Although NIND patients were
significantly older than the MS patient cohort, we confirmed that there was
no correlation between age and the frequency of T cell subsets in the CSF
of NIND patients. All MS patients were recruited from the National Center
Hospital, National Center of Neurology and Psychiatry. OIND patients

CCR2*CCR5" T CELLS IN MULTIPLE SCLEROSIS

were recruited from the Yokohama City University Graduate School of
Medicine. Written informed consent was obtained from all of the subjects.
The National Center of Neurology and Psychiatry Ethics Committee ap-
proved this study.

Reagents

Anti-CCR2-biotin, anti-CCRS5-FITC, anti-CCR6-FITC, and anti-CCR7-
FITC mAb were purchased from R&D Systems (Minneapolis, MN).
Streptavidin-PE, streptavidin—energy-coupled dye (ECD), anti-CD45RA-
ECD, and mouse IgG1-FITC mAb were purchased from Beckman Coulter
(Brea, CA). Anti—-CD4-PerCP-Cy5.5, anti-CCR4-PE-Cy7, anti-CCRS5-
allophycocyanin, anti-CCR4-PE, and anti-CCR6-biotin mAb were pur-
chased from BD Biosciences (San Jose, CA). Human MBP was prepared
as described previously (27). For cell culture medium, we used RPMI 1640
(Invitrogen, La Jolla, CA) supplemented with 0.05 mM 2-ME, 2 mM
L-glutamine, 100 U/ml penicillin/streptomycin, and 10% FBS.

Cell preparation

PBMC were freshly isolated by density-gradient centrifugation using
Ficoll-Paque Plus (GE Healthcare, Oakville, ON, Canada). We used a
Memory CD4* T cell isolation kit (Miltenyi Biotec, Bergisch Gladbach,
Germany) to purify memory CD4" T cells from PBMC. Briefly, PBMC
were labeled with a mixture of biotin-conjugated mAb directed against
nonmemory CD4" T cells and then reacted with magnetic microbead-
conjugated anti-biotin mAb. The magnetically labeled nonmemory CD4*
T cells were depleted with auto-MACS (Miltenyi Biotec), which yielded
>80% purity of memory CD4" T cells, as assessed by flow cytometry.

To further separate memory CD4* T cells according to CCR2, CCRS,
CCR4, and CCR6 expression, the cells were labeled with anti-CCR2-
biotin, anti-CCRS5-allophycocyanin, anti-CCR4-PE-Cy7, and anti—-CCR6-
FITC mAbD and streptavidin-PE, in addition to CD4-PerCP-Cy5.5 and
CD45RA-ECD. The stained cells were separated by a flow cytometric cell
sorter (FACSAria; BD Biosciences). To measure Ag-specific responses,
memory CD4" T cells were separated into CCR2'CCR5" T cells and those
depleted of CCR2*CCR5™ T cells by the cell sorter FACSAria IT (BD
Biosciences). To prepare APC, PBMC depleted of memory CD4" T cells
were stained with anti-CD3-allophycocyanin-Cy7 and anti-CD56-PE
mAb. Subsequently, CD3 CD56 " cells were sorted by FACSAria II and
used as APC. This procedure yielded >95% purity of the cells.

Flow cytometric analysis of chemokine receptors

To evaluate expression of chemokine receptors on memory CD4* T cells,
PBMC were first labeled with magnetic microbead-conjugated anti-CD14
mAD, and the labeled CD14" cells were depleted with auto-MACS, which
yielded >95% purity of non-CD14* PBMC. CD14" cell-depleted PBMC
were stained with anti-CD4-PerCP-Cy5.5, anti-CD45RA-ECD, anti—
CCR2-biotin, anti-CCRS5-allophycocyanin, anti-CCR4-PE-Cy7, and anti—
CCR6-FITC mAb, as well as streptavidin-PE. anti-CCR7-FITC, anti—
CCR4-PE, and anti-CCR6-biotin mAb and streptavidin-ECD were used
for the staining of CCR7. CSF cells were stained directly with the above-
mentioned Abs without depleting CD14" cells. An isotype control of each
Ab was used as a negative control. At the end of the incubation, cells were
washed and resuspended in PBS supplemented with 0.5% BSA and im-
mediately analyzed by FACSAria.

Cell culture and cytokine measurements by ELISA

Purified memory CD4" T cell subsets were suspended at 5 X 10° cells/ml
and stimulated with PMA (50 ng/ml) and ionomycin (500 ng/ml) in 96-
well U-bottom plates for 24 h. The concentrations of IFN-y, IL-17, and
OPN in the supernatants were measured by Human IFN-y ELISA Set (BD
Biosciences), Human IL-17 DuoSet (R&D Systems), and Human Osteo-
pontin DuoSet (R&D Systems). The procedures were performed according
to the manufacturers’ instructions.

Intracellular cytokine staining of IL-17 and IFN-y

Purified memory CD4*CCR2*CCR5* and CD4*CCR2™CCR5" T cells
were stimulated with PMA and ionomycin in the presence of monensin
for 18 h, fixed in PBS containing 2% paraformaldehyde, and permeabilized
with 0.1% saponin. Subsequently, the cells were stained with anti—IL-17-
Alexa Fluor 488 and anti—IFN-y-PE-Cy7 mAb (eBioscience, San Diego,
CA). Mouse IgG1-Alexa Fluor 488 and Mouse IgG1-PE-Cy7 were used as
isotype control Abs.

T cell stimulation with MBP

To assess the presence of memory MBP-reactive T cells in the purified T cell
subsets, FACS-sorted T cell subsets (2 X 10* cells/well) were cocultured



The Journal of Immunology

with the irradiated (3500 rad) APC (2 X 10° cells/well), in the presence or
absence of MBP (10 pg/ml) or OVA (10 pg/ml), in 96-well flat-bottom
plates for 5 d. rIL-2 (20 IU/ml) was added to support the growth of T cells.
Cytokine concentrations in the culture supernatants were measured by
ELISA.

Real-time RT-PCR

FACS-sorted cells were stimulated with PMA and ionomycin for 12 h, as
described above. Total RNA was extracted from cultured cells with an
RNeasy Mini Kit (QIAGEN, Tokyo, Japan), according to the manu-
facturer’s instructions. cDNA was synthesized with a PrimeScript RT-PCR
kit using oligo-dT Primers (Takara Bio, Otsu, Shiga, Japan). Gene ex-
pression was quantified by LightCycler (Roche Diagnostics, Indianapolis,
IN) with SYBR Premix Ex Taq (Takara Bio). All procedures were per-
formed according to the manufacturers’ protocols. mRNA levels were
normalized to endogenous B-actin (ACTB) in each sample. The specific
primers used in this study are listed in Table III.

Zymography

MMP-9 activity was determined as previously reported (28). Briefly, SDS-
polyacrylamide gels were copolymerized with 1 mg/ml type A gelatin
derived from porcine skin (Sigma-Aldrich, St. Louis, MO). CCR2*CCR5"
T cells and CD4* T cells depleted of CCR2*CCR5* T cells were stimu-
lated with PMA and ionomycin, and 20 pl the culture supernatant and
recombinant MMP-9 were electrophoresed. The gels were washed twice in
2% Triton X-100 for 30 min and incubated for 18 h at 37°C in buffer (150
mM NaCl, 50 mM Tris-HCI, 5 mM CaCl,, and 0.02% NaNs, [pH 7.5]).
After fixing with methanol containing acetic acid, the gels were stained
with 0.1% Coomassie blue R-250 (Nakarai Tesque, Kyoto, Japan). The
gels were scanned with a UV transilluminator (BioDoc-It Imaging System,
UVP, Upland, CA) in grayscale mode, and the image was inverted by
Adobe Photoshop (Adobe Systems, Mountain View, CA). Recombinant
MMP-9 (GE Healthcare) was used as a positive control.

Migration assay

Migration assays were performed with 24-well Transwell membrane inserts
(Corning, Wilkes-Barre, PA). The upper sides of Transwell membrane
inserts (8 wm; Corning) were coated with 10 pwg/ml laminin-1 (Sigma) or
20 pg/ml laminin-2 (Bio Lamina, Stockholm, Sweden). After aspirating
the laminin solutions, the membrane inserts were turned upside down, and
normal human astrocytes (NHA; Takara Bio) were seeded on the lower
sides of the membrane inserts (2 X 10°/well). After 18 h, astrocytes
formed a confluent monolayer, as confirmed by Diff-Quick staining. Then
the membranes were washed twice with RPMI 1640 medium supple-
mented with 10% FBS and settled in a 24-well plate. PBMC from HS were
sorted into memory CD4*CCR2*CCR5* T cells, memory CD4* T cells
depleted of CCR2*CCR5™ T cells, and memory CD4™ T cells by flow
cytometry. These T cells were stimulated with plate-bound anti-CD3/CD28
mAD for 60 h. Then the cells were harvested, suspended in the fresh
medium, and seeded onto the upper chambers at 1 X 10° cells/ well, and
600 .l the medium was added to the lower chambers. After 8 h, 500 pl cell
suspension was collected from the lower chambers after careful pipetting,
and absolute numbers of migrated cells were counted by flow cytometry
using Trucount tubes (BD Bioscience).

Statistics

A one-way ANOVA test was used to compare the frequency of chemokine
receptor expression within each group of patients or HS. A paired Student
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t test was used to evaluate the difference in the percentage inhibition of
migration and in the frequency of chemokine receptor expression between
PB and CSF from the same patients. For statistical analysis of other data,
an unpaired Student ¢ test or one-way ANOVA was used. The p values <
0.05 were considered statistically significant.

Results
CCR2*CCRS5™ T cells are enriched in the CSF of MS patients
in relapse

First, we analyzed the chemokine receptor-expression profile of
memory CD4" T cells in the PB of MS patients (Table I) com-
pared with HS and those with NIND. Multicolor flow cytometric
analysis was performed on PBMC after staining with differentially
labeled anti-CCR2, -CCR4, -CCRS, and -CCR6 mADb. Patterns of
coexpression for four chemokine receptors are summarized in
Supplemental Fig. 1 and Supplemental Table I. When the memory
T cells in PB were grouped based on CCR2 versus CCRS or CCR4
versus CCR6 expression (Fig. 1A), no particular population was
found to be altered in MS patients compared with HS or NIND
patients, irrespective of whether the MS patients were in relapse or
in remission (Fig. 1B). We next analyzed sets of CSF and PB
samples from individual patients with MS, OIND, or NIND. As
shown in Fig. 1C, CCR2™CCR5" T cells formed the predominant
T cell population in the CSF of patients with NIND or MS during
relapse, suggesting that this population, which was previously
shown to be enriched for Thl cells (24), is allowed to enter the
CSF spaces in the patients with MS and NIND. It was reported
that human IL-17-producing T cells or Th17 cells are enriched in
CCR2*CCR5 ™, CCR4"CCR6*, or CCR6* cells (23-25). We were
initially interested in knowing whether examination of the che-
mokine receptor profile could reveal an increase in Th17 cells in
the CSF of MS patients. However, the frequencies of CCR2*
CCR5, CCR4*CCR6%, and CCR6" cells were lower, rather than
higher, in the CSF compared with the PB of patients with MS or
NIND. In contrast, the frequency of CCR2*CCR5" T cells in the
CSF of patients with MS was significantly higher than in the PB
(Fig. 1C). Of note, this increase was specific for MS and was not
found in the patients with other neurologic diseases, indicating
that cells of this subset are selectively recruited to autoimmune
inflammatory lesions or would expand in the CSF during relapse
of MS. In addition, if we separate the MS patients by disease
duration (<10 y [n = 8] or >10y [n = 4]), the higher frequency of
CCR2"CCR5™ T cells in CSF compared with PB was evident (p <
0.0005) in those with the shorter history of MS (<10 y) (Fig. 2,
Table II), but not in those with longer history (data not shown).
We also noted that enrichment for CCR2™CCR5* T cells in the
CSF was not detected in the patients with the shorter history of
MS. In contrast, the proportion of CCR4*CCR6" T cells was
significantly lower (p < 0.005) in CSF compared with PB of these

Table I. Patient summary
PB Analysis MS in Remission MS in Relapse HS NIND*
Males/females (n) 3/8 5/6 5/6 2/4
Age (y; mean = SD) 44 = 12 42 =13 39 £5 64 £ 13
PB/CSF Analysis MS in Relapse” NIND OIND*
Males/females (n) 5/7 2/4 2/2
Age (y; mean = SD) 46 = 15 64 £ 13 44 = 14

“NIND includes one patient with Parkinson’s disease, one patients with myasthenia gravis, three patients with normal
pressure hydrocephalus, and one patient with multiple system atrophy.
“Five MS patients were being treated with immunomodulatory drugs (one with IEN-, two with oral corticosteroids, and

two with an immunosuppressive drug) before their relapses.

“OIND includes one patient with mumps meningitis, one patient with herpes encephalitis, and two patients with undiag-

nosed viral meningitis in acute phase.
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Gated on mem
CD4+ T cells

FIGURE 1. CCR2*CCR5" T cells are
enriched in the CSF of MS patients in re-
lapse. (A) PBMC depleted of CD14™ cells
were stained with differentially labeled
anti-CD4, -CD45RA, -CCR2, -CCRS5,
-CCR4, and -CCR6 mAb simultaneously.
The CD4*CD45RA™ population was an-
alyzed for expression of CCR2 and CCRS
(left panels) or CCR4 and CCR6 (right
panels). Graphs of the corresponding pa-
rameters are also shown. Numbers (%)
indicate the percentage of the positive
population in the graphs. (B) Cells were
stained, as described in (A), and frequen-
cies of T cell subsets in memory CD4"
T cells of 11 MS patients in relapse, 11
MS patients in remission, 6 NIND patients,
and 11 HS were calculated. For brevity,
“CCR” is omitted from the figure (e.g.,
2+5— represents CCR2*CCR5 ). (C) Com-
parison of the frequencies of the T cell
subsets in the CSF and PB from 12 MS
patients in relapse, 6 patients with NIND,
and 4 patients with OIND. Lines connect
data for paired CSF and PB samples from
the same patients. *p < 0.05, **p < 0.005,
*#%p < 0.0005. n.s., Not significant.

CCR2+ CCR5+

MS NIND

é

CCR4+ CCRé+

401 NIND

MS
309 xx

204

-
o

«€—— Frequency in memory CD4+ T cells (%) —» ()
o

" PB CSF PB CSF PB CSF

% "

CCR2*CCR5" T CELLS IN MULTIPLE SCLEROSIS

Gg:;jf;g?;: iy 100; B MS in Relapse
= 804 B MS in Remission
2 1 NIND
g 60 [ Healthy Subject
= |
5 40 I
T o X I I
[+4.5% oo 204 .
CCR @ =
w o 0- x
I + o+ | | + + |
uw uw uw uw w w =] w
+ + i i + o+ 1 I
N N N N S S = =
CCR2- CCR5+ CCR2+ CCR5-
OIND 801 MS NIND OIND 30 MS NIND OIND
601 %% *okk
Hies n.s.
404
—
o . S
PB CSF PB CSF PB CSF PB CSF PB CSF PB CSF
CCR6+
OIND 807 . ms NIND OIND
601 n.s} -—
*
404 /
n.s.
204 .

MS patients. These results indicate that selective enrichment of
CCR2*CCR5™ T cells in the CSF is detected in relatively early
stages of MS.

CCR2*CCRS5™ T cells in the PB contain both central and
effector memory cells and produce both IFN-y and IL-17

Memory CD4™ T cells are divided into CCR7" central memory and
CCR7  effector memory subsets, which are differentially en-
dowed with effector functions (29). The staining of CCR7, together
with CCR2/5 or CCR4/6, revealed a higher effector memory/
central memory ratio in CCR2*CCR5" T cells and CCR2™ CCR5"
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FIGURE 2. Frequencies of the T cell subsets in the CSF and PB from
eight MS patients with disease duration <10'y. **p < 0.005, ***p < 0.0005.
n.s., Not significant.
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T cells (Supplemental Fig. 2). We next analyzed cytokine pro-
duction by each T cell population bearing a distinct chemokine
receptor profile. The cells of interest were separated from PB of
HS and were stimulated with PMA and ionomycin. Compared
with unfractionated memory CD4" T cells, CCR2*CCR5™ and
CCR2 CCR5" T cells produced a larger quantity of IFN-y (Fig.
3A). Although CCR2*CCR5™" T cells produced a significant amount
of IL-17, production of IL-17 from CCR2™CCR5* T cells was only
marginal. CCR2"CCR5™ T cells and CCR4*CCR6" T cells selec-
tively produced IL-17, whereas CCR4 CCR6 T cells selectively
produced IFN-v. These results were consistent with the results
of previous studies (23, 24). Because T cells expressing both IFN-y
and IL-17 are reportedly present in highly infiltrated lesions of
MS brain sections (12), it was of interest to know whether similar
T cells producing both IFN-y and IL-17 are present in CCR2*
CCR5* T cells. By conducting intracellular cytokine staining, we
revealed that the CCR2*CCRS5" T cells, as well as CCR2™CCR5*
T cells, are composed of IFN-y*IL-17" cells, IFN-y*IL-17" cells,

Table II. CCR2*CCR5" T cells are involved in early stages of MS

Disease History

Clinical Parameter <10y >10y
Disease duration (y; mean *= SD) 48 £ 38 155 *+44
No. of patients 8 4°
Age (y; mean = SD) 42*+14 54=*15

Relapse rate (times/y; mean * SD)

EDSS (mean = SD)

No. of patients with more CCR2*CCR5”"
T cells in CSF than in PB

1.8 £09 20=*14
31 £07 40=x12
8* 0

“Three patients were treated with IFN-B (n = 1), oral steroid (n = 1), or immuno-
suppressant (n = 1).

PTwo patients were treated with oral steroid.

#p < 0.0005.
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FIGURE 3. Cytokine production and
reactivity to MBP by CCR2*CCR5*
T cells in the PB. (A) Memory CD4*
T cell subsets purified from PBMC of
HS by flow cytometry were stimulated
with PMA and ionomycin. Concen-
trations of IFN-y and IL-17 in the su-
pernatants were measured by ELISA.
Data represent mean = SD of three
HS. (B) Purified CCR2*CCR5" T cells
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and IFN-y IL-17" cells (Fig. 3B). In both T cell populations, IFN-
vIL-17" cells were a major subset of IFN-vy production.

CCR2*CCRS5™ T cells in the PB from MS patients during
relapse are reactive to MBP

Given that the CCR2"CCRS5™ T cells are proportionally higher in
CSF than PB of MS during relapse, we were interested to know
whether the CCR2*CCR5" T cells are enriched in autoimmune,
pathogenic T cells. We therefore examined if the CCR2*CCR5"
T cells might react to MBP, a putative autoantigen for MS. We
isolated memory CD4*CCR2*CCR5™" T cells and memory CD4*
T cells depleted of CCR2'CCR5™ T cells from the PB of MS in
relapse, MS in remission and HS. We stimulated these cells with
MBP or OVA in the presence of autologous APC and measured
the levels of IFN-y and IL-17 in the supernatants after culture
(Fig. 3C). The T cell populations separated from HS did not show
any significant response to MBP or OVA in this assay. A marginal
IFN-v response to MBP and OVA was noted in CCR2*CCR5"
T cells from MS in remission. Strikingly, the CCR2*CCR5"*
T cells from MS in relapse selectively and significantly responded
to MBP by producing a large amount of IFN-vy, whereas those
depleted of CCR2*CCR5™ T cells or total memory CD4* T cells
showed a much smaller response. These results suggest that
MBP-specific IFN-y-producing cells might be enriched in CCR2*
CCR5™ T cells during relapse of MS.

CCR2*CCR5™ T cells in the PB produce MMP-9 and OPN

Lymphocyte migration/infiltration is a critical step for the devel-
opment of autoimmune pathology in the CNS, and two physical
barriers protect the CNS parenchyma from entry of the immune
cells: the vascular endothelium barrier and the glia limitans barrier
made up of extending astrocyte foot processes (8, 30). Each barrier
possesses its own basement membrane, and the CSF circulates

in the perivascular space between the two membranes. Thus, initia-
tion of CNS inflammation requires immune cells that are capable
of disrupting these physical barriers. Because type IV collagenase
MMP-9 is selectively elevated in the CSF in MS, MMP-9 is as-
sumed to play a role in disrupting the BBB in MS (28, 31, 32).
Speculating that CCR2"CCR5™ T cells may have a distinct ability
to initiate the processes of CNS inflammation, we examined
whether CCR2*CCR5* T cells are able to produce MMP-9.
Strikingly, quantitative RT-PCR analysis of whole and CCR2/
CCRS fractions of memory T cells from HS and MS showed
that expression of MMP-9 was mainly restricted to CCR2*CCR5*
T cells (Fig. 4A, 4B, Table III). The expression of MMP-1 and
MMP-19, which also possess the potential to degrade the base-
ment membrane, was highest in CCR2*CCR5" T cells, whereas
all T cell populations similarly expressed MMP-10 and MMP-28
(Supplemental Fig. 3). We also measured MMP-2, -7, -14, -15,
-23, and -25, but none of these was detected. Using zymography,
we further examined MMP-9 enzymatic activity in the culture
supernatants of activated CCR2*CCRS5" T cells. As shown in Fig.
4C, supernatants from CCR2*CCR5" T cells exhibited MMP-9
activity, but those from T cells depleted of the CCR2*CCR5™*
population did not.

Recent studies suggested that OPN, which is also expressed by
T cells (33, 34), might be involved in the pathogenesis of MS.
Although OPN-deficient mice were resistant to relapse of EAE (4,
33), administration of recombinant OPN to OPN-deficient mice
reversed the ongoing remission of the disease and induced pro-
gressive exacerbation of the clinical symptoms (4). These findings
prompted us to examine whether OPN is overexpressed in CCR2"
CCR5™ T cells after stimulation with PMA and ionomycin. As
shown in Fig. 4D and 4E, CCR2*CCRS5™ T cells expressed a much
higher level of OPN than did the other memory T cell populations
at both the mRNA and the protein levels.
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FIGURE 4. CCR2'CCR5" T cells in the PB have the potential to pro-
duce MMP-9 and OPN. Each memory CD4* T cell subset was isolated
from the PBMC of HS (A) or MS (B) and was stimulated with PMA and
ionomycin. Expression levels of MMP-9 mRNA were determined by
quantitative RT-PCR. Results were normalized based on the values in
unfractionated memory CD4" T cells. Data represent mean * SD of four
HS or three MS patients. (C) CCR2*CCR5* T cells and CD4" T cells
depleted of CCR2*CCR5™ T cells from HS were stimulated with PMA and
ionomycin, and 20 pl of the culture supernatant and recombinant MMP-9
were electrophoresed. Shown are CCR2'CCR5* T cells activated with
PMA and ionomycin (lane 1), memory CD4" T cells depleted of CCR2*
CCRS5™ T cells activated with PMA and ionomycin (lane 2), CCR2*CCR5*
T cells without activation (lane 3), memory CD4" T cells depleted of
CCR2*CCRS5* T cells without activation (lane 4), and serial dilution of
recombinant MMP-9 (lanes 5-7). The results shown are representative of
three independent experiments. (D) Purified memory CD4™ T cell subsets
from HS were stimulated with PMA and ionomycin. Expression levels of
OPN mRNA were determined by quantitative RT-PCR. Data were nor-
malized to the amount of B-actin mRNA. Data represent mean = SD of
four independent experiments. (E) Purified memory CD4" T cell subsets
were stimulated with PMA and ionomycin. OPN concentrations in the
supernatants were measured by ELISA. Data represent mean * SD of four
different HS. *p < 0.05, **p < 0.005.

CCR2*CCR5™ T cells are superior to other T cells in the
ability to invade the CNS

Although activated T cells are able to cross the endothelial barrier
and enter the CSF compartment relatively easily, the parenchymal
basement membrane and the glia limitans would hamper the further

Table III.

CCR2*CCR5" T CELLS IN MULTIPLE SCLEROSIS

Primers used in this study

Primer

5'-3’

MMP1 forward
MMP1 reverse
MMP9 forward
MMP9 reverse
MMP10 forward
MMP10 reverse
MMP19 forward
MMP19 reverse
MMP28 forward
MMP28 reverse
OPN forward
OPN reverse
3-actin forward
B-actin reverse
IFN-y forward
IFN-v reverse
IL-17 forward
IL-17 reverse
RORC forward
RORC reverse
T-bet forward
T-bet reverse

GATGAAGCAGCCCAGATGTGG
GGAGAGTTGTCCCGATGATC
AGCGAGGTGGACCGGATGTTCC
GAGCCCTAGTCCTCAGGGCA
GTGTGGAGTTCCTGACGTTGG
GCATCTCTTGGCAAATCTGG
CAAGATGTCTCCTGGCTTCC
CGGAGCCCTTAAAGAGGAACAC
TGCAGCTGCTACTGTGGGGCCA
TCCAACACGCCGCTGACAGGTAGC
GGCAACGGGGATGGCCTTGT
TTTTCCACGGACCTGCCAGCAAC
CACTCTTCCAGCCTTCCTTCC
GCGTACAGGTCTTTGCGGATG
CAGGTCATTCAGATGTAGCG
GCTTTTCGAAGTCATCTCG
CCAGGATGCCCAAATTCTGAGGAC
CAAGGTGAGGTGGATCGGTTGTAG
AGAAGGACAGGGAGCCAAGG
GTGATAACCCCGTAGTGGATC
TCAGGGAAAGGACTCACCTG
AATAGCCTCCCCCATTCAAA

entry of the T cells into the CNS parenchyma. Although the en-
dothelial cell basement membrane contains laminin-8 and -10, the
parenchymal basal lamina is composed of laminin-1 or -2 (35). It
was suggested that leukocyte penetration through the glia limitans
requires MMP, such as MMP-2 and MMP-9 (36). After demon-
strating that CCR2*CCR5™ T cells have the potential to produce
MMP-9, we explored whether CCR2*CCR5* T cells efficiently
invade the CNS parenchyma across the basal lamina and glia
limitans. To recapitulate the glia limitans layered with parenchy-
mal basal lamina experimentally, we coated the upper sides of
Transwell membrane inserts with laminin-1 or -2 and seeded NHA
on the lower sides of the membrane inserts, as described in
Materials and Methods. When we applied activated T cells to the
upper chamber, their migration across the NHA layered with
laminin-1 or -2 was less efficient compared with the migration
across the untreated membrane or the membrane treated with
laminin alone, as assessed by the number of migrated activated
T cells collected from the lower chamber (Fig. SA). Therefore, we
assumed that this model would exhibit barrier functions against
the penetration of activated T cells. Moreover, we applied CCR2"
CCR5* T cells and memory CD4" T cells depleted of CCR2"
CCR5* T cells and showed that CCR2*CCR5" T cells more ef-
ficiently penetrated and migrated to the lower chamber compared
with the other T cells (Fig. 5B). These results indicate that CCR2*
CCR5" T cells capable of producing MMP-9 and OPN have a
greater potential to invade the brain parenchyma.

CCR2*CCR5*CCR6™ subset producing IFN-y and MMP-9 is
selectively enriched in the CSF in MS

We noticed that CCR2*CCR5* T cells consist of CCR6" and
CCR6  subset (Supplemental Fig. 1). Because Th17 cells appear
to be enriched in CCR6™ T cells, we were interested to know
whether CCR2*CCRS5" T cells could be functionally divided
based on the expression of CCR6. When we compared the fre-
quency of CCR2*CCR5*CCR6* and CCR2*CCR5'CCR6™ T
cells between PB and CSF, the frequency of CCR6  subset was
much higher in the CSF of MS in relapse than in PB (p < 0.0005),
whereas the CCR6" subset was not (Fig. 6A). Further analyses
revealed that expression levels of IFN-y in the CCR6™ subset
were higher than those in the CCR6" subset, as assessed by RT-
PCR (Fig. 6B). In contrast, the CCR6" subset expressed much
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FIGURE 5. T cell migration across an in vitro glia limitans model. (A)
The upper sides of Transwell membrane inserts were coated with laminin-
1 (Lam-1; left panel) or laminin-2 (Lam-2; right panel), and NHA were
seeded on the lower sides of the membrane inserts, as described in
Materials and Methods. Unfractionated T cells isolated from PBMC were
stimulated with PMA and ionomycin for 18 h and seeded onto the upper
chambers. Eight hours later, absolute numbers of migrated cells were
counted by flow cytometry. Data shown are the percentage inhibition of the
migration, calculated as follows: [(migrated cell number through uncoated
membrane) — (migrated cell number through membrane coated with
laminin alone or laminin and NHA)] X 100/(migrated cell number through
uncoated membrane). Data represent mean * SD of four independent
experiments. (B) PBMC from HS were sorted into memory CD4*CCR2*
CCR5* T cells (2+5+), memory CD4* T cells depleted of CCR2*CCR5"*
T cells (Not 2+5+), and unfractionated memory CD4" T cells (Mem CD4)
by flow cytometry. The cells were stimulated with plate-bound anti-CD3/
CD28 mAb for 60 h and seeded onto the upper chambers, whose mem-
branes were coated with laminin-2 and NHA, as described in (A). Eight
hours later, absolute numbers of migrated cells were counted by flow
cytometry. To normalize individual variance, data are expressed as mi-
gration ratio of the number of migrated cells/number of migrated unfrac-
tionated memory CD4* T cells. Data represent mean *+ SD of four
independent experiments. *p < 0.05.

higher levels of IL-17 and RORC compared with the CCR6
subset. We also measured expression levels of MMP-9 mRNA;
a much higher level of MMP-9 mRNA was found in the CCR6
subset (individual relative expression level from two samples =
1.0257 and 0.1127306) compared with the CCR6" subset (indi-
vidual relative expression level = 0.0185 and 0.00345). Taken to-
gether, we postulate that CCR2'CCR5*CCR6™ T cells producing
IFN-y, but not CCR2"CCR5"CCR6" T cells, play a crucial role in
triggering the relapse of MS and expand in the CSF during relapse.
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Discussion

Chemokines are a family of small chemotactic cytokines, which is
a key to understanding the immune homeostasis, self-defense, and
inflammation. Interactions between chemokines and their recep-
tors are crucial for the migration of lymphocyte populations, such
as T cells, macrophages, dendritic cells, and neutrophils, in auto-
immune diseases, allergy, and cancer (37). Although chemokine
receptor expression by the CSF lymphocytes or by brain-infiltrating
T cells has been repeatedly investigated with regard to the patho-
genesis of MS (38), most of the previous studies did not analyze the
proportional changes of T cells simultaneously expressing more
than two chemokine receptors. We showed that memory CD4"
T cells expressing both CCR2 and CCRS are selectively enriched in
the CSF in MS during relapse but not in NIND or OIND.

Both CCR2 and CCRS belong to the CC family of chemokines,
which have two adjacent cysteines close to their N terminus. CCR2
binds CCL2 (MCP-1), CCL7 (MCP-3), CCL11 (eotaxin), CCL13
(MCP-4), and CCL16 (LEC), whereas CCRS5 binds CCL3 (MIP-
la), CCL4 (MIP-1p), CCL5 (RANTES), CCL8, CCL11, CCL13,
and CCL14. Among these chemokines, CCL5 was increased in
the CSF in MS during acute relapses (39), and overexpression of
CCL3 was detected in the brain tissues from MS (40). In contrast,
CCL2 was decreased in the CSF in MS during relapses (38, 41),
and this could be the result of consumption by CCR2* cells (42).
Moreover, the presence of CCL2 and CCLS5 was recently dem-
onstrated in endothelial cells in brain samples from MS (43).
CCL2 and CCLS5 appear to play a critical role in adhesions of the
encephalitogenic T cells to brain endothelial cells in a model of
EAE (44). More recently, CCL2—-CCR?2 pairs were shown to play
a critical role in the transendothelial migration of effector CD4™"
T cells (45), suggesting the importance of CCR2 expression for
BBB transmigration. Taking these into consideration, we postulate
that the chemokine gradient would facilitate the adherence of
CCR2*CCRS5™ T cells to the endothelial cells, as well as T cell
entry into the CNS parenchyma during relapses of MS. Interest-
ingly, CCR2™CCR5" T cells, which produce a large quantity of
IFN-v, were also enriched in the CSF in MS. However, it was not
specific for MS but was also present in the patients with NIND
(Fig. 1C), indicating that only CCR2*CCR5* T cells are specifi-
cally involved in the autoimmune pathology of MS. We subse-
quently found that the CCR2*CCR5" T cells have an exceptional
ability to produce MMP-9, an enzyme that is capable of disrupting
the glia limitans, which led us to speculate that they have the
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> 20 20
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potential to destroy the integrity of the BBB and trigger the cas-
cade of inflammatory pathology. The MMP-9—producing CCR2*
CCR5™ T cells were indeed superior to the other T cells in their
ability to cross the in vitro model of glia limitans layered by
laminin-1 or -2.

MMP-9 appears to play a major role in EAE by disrupting the
glia limitans, and a specific substrate of MMP-9 was shown to be
dystroglycan, anchoring astrocyte end feet to parenchymal base-
ment membrane via interaction with laminin-1 and -2 (36). Laminin-
1 and -2 constitute the major laminin isoforms present in the CNS
parenchymal basal lamina (35). Taken together, we postulate that
the distinguished ability to produce MMP-9 would license the
CCR2'CCR5™ T cells to serve as early invaders into the CNS
parenchyma during relapses of MS. The CCR2*CCR5* T cells
also produce a large amount of OPN, an integrin-binding pro-
tein abundantly expressed in active MS lesions (33). OPN is a
pleiotropic protein that interacts with various integrins. In addition
to its function as an adhesion molecule, OPN promotes the sur-
vival of activated T cells and the production of proinflammatory
cytokines by APC (46). It is very likely that paracrine OPN pro-
duced by the CCR2*CCRS5™ T cells would promote the survival of
these MMP-9—producing T cells in the CNS, which leads to fur-
ther enrichment of the CCR2*CCR5* T cells in the CSF.

Seeing the specific increase in the CCR2*CCR5™ T cells in the
CSF in MS, we were very curious to know whether this T cell
population is enriched with autoimmune T cells critical for the
initiation of MS pathology. By stimulating the PB CCR2*CCR5*
T cells with MBP, we showed that, in patients with MS relapse,
this T cell subset produces a large quantity of IFN-y and some IL-
17 in response to MBP, a representative autoantigen for MS (Fig.
3C). In contrast, the cells from MS in remission or from healthy
controls did not respond significantly. Although we did not ex-
amine the CSF T cells’ response to MBP because of a technical
difficulty, it is likely that the CCR2"CCR5" T cells in the CSF in
MS during relapse are enriched with MBP-reactive autoimmune
T cells as well.

Of note, Zhang et al. (47) recently reported that CCR2*CCR5"
cells are highly differentiated, yet stable, effector memory CD4*
T cells equipped for provoking rapid recall response. They showed
evidence that CCR2*CCR5* T cells should have undergone
reactivation and subsequent proliferation more often than other
memory T cell subsets and are resistant to apoptosis. Thus, it is
likely that autoreactive T cells are enriched in CCR2*CCR5”"
T cells that have survived following repeated reactivation over
a long period of time. We assume that once autoreactive T cells
differentiate into stable effector memory T cells expressing CCR2
and CCRS, they might persist and trigger relapse repeatedly. We
further revealed that the CCR6™, but not the CCR6", subset of
CCR2"CCRS5™ T cells was significantly enriched in the CSF of MS
patients during relapse.

Reboldi et al. (48) reported that CCR6" T cells are more
enriched in CSF than in the PB of clinically isolated syndrome
(CIS). Diagnosis of CIS can be made when patients developed
a single attack of neurologic disability that is consistent with
demyelinating pathology and that may turn out to be the first
episode of MS (49). However, in our Japanese patients having
clinically definite MS, we did not detect enrichment of CCR6"
T cells in the CSE. Rather, T cells bearing Th17 phenotypes
appeared to be prohibited from entry into the CNS in MS. The
difference between the results in CIS and MS could be explained
by the premise that autoimmune pathology may be premature at
the CIS stage. In contrast, the increase in CCR2*CCR5™ T cells in
the CSF was not detected in the patients who had MS for >10 y.
These observations are in accordance with the postulate that ac-

CCR2*CCR5" T CELLS IN MULTIPLE SCLEROSIS

quired and innate immune components, as well as neurodegen-
erative components, differentially contribute to the different stages
of MS (50).

In summary, we identified a unique CCR2*CCR5"CCR6 ™ T cell
population that is enriched in the CSF of patients with exacerbated
MS. Our data suggest that targeting this population may be a novel
therapeutic approach for MS.
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