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Fig. 3 a Alterations in serum IL-6 and PB frequency (%) after
injection of TCZ. Black dots and line represent the concentration of
serum IL-6 (reference range: <4 pg/ml); gray dots and line represent
the frequency of PB (%) among all B cells. Day 0 shortly before the
first injection of TCZ, Day 5 five days after the first TCZ injection,
Day 30 shortly before the second injection of TCZ, 6¢h shortly before
the sixth TCZ injection. b Changes in the anti-AQP4 antibody titer

PB could have resulted from the preceding upper respira-
tory infection. In fact, our preliminary data indicate that PB
numbers in healthy individuals increase after minor infec-
tion (unpublished). In addition, we evaluated the propor-
tions (%) of CD19™ cells among PBMCs. Although it
appeared that the CD19™ cell frequency reduced from 3.98
to 2.49 % in the first five days after the first TCZ injection,
this reduction did not appear to persist, considering the
frequency measured on day 30 (4.03 %). Brain and spinal
MRI findings showed no significant changes in the
number and size of lesions (data not shown), which is
consistent with an absence of major relapses and clinical
improvement.

Adverse events following TCZ were a decline in systolic
blood pressure by 20 mmHg after the first injection and
lymphocytopenia of 438/pl on day 14 after the second
administration. Two months after starting TCZ, she
developed enteritis caused by a norovirus. She also expe-
rienced an upper respiratory infection of unknown origin.
Neither infections were serious, and they were improved by
intravenous fluid replacement.

@ Springer

Discussion

In the present case, significant effects of TCZ were
observed in clinical as well as immunological parameters.
Overall, TCZ therapy was considered to be safe and sat-
isfactory, as stable remission without side effects was
maintained during the six-month period of the SET-NMO
study. Moreover, her neuropathic pain and paresthesia
improved greatly, such that her clinical condition as
assessed by EDSS and NRS was greatly improved six
months after starting TCZ. We assume that the clinical
improvement resulted from the anti-inflammatory effect of
TCZ on the CNS inflammatory response. However, as
others have speculated that IL-6 may cause the neuropathic
pain directly [17], these effects of TCZ may have been due
to the blockade of the IL-6R pathway leading to neuro-
pathic pain. If this was indeed the case, the application of
TCZ appears to be a promising approach for treating this
pain syndrome.

On the other hand, the effects of TCZ effects on
immunological parameters were obvious in terms of the
number of PB, the serum IL-6 level, and the anti-AQP4
antibody titer. A decrease in PB was apparent 5 and
30 days after the first administration of TCZ. Moreover,
serum titers of anti-AQP4 antibody started to decline.
Inhibition of IL-6 signaling induced a reduction in PB in
vitro [11]. The present results validate the notion that PB
survival depends on IL-6R signals, and that TCZ may be
efficacious in cases with NMO because it targets PB, which
secrete anti-AQP4 antibody. Furthermore, we suggest that
PB could serve as a biomarker for monitoring the effects of
TCZ in vivo.

In contrast, serum IL-6 levels increased after TCZ was
started (Fig. 3a). Because an increase in serum IL-6 after
starting TCZ has also been reported in patients with RA
and CD [18], the increased IL-6 levels can be attributed to
the inhibition of IL-6 consumption due to the blocking of
IL-6R signaling in the presence of TCZ. Further in vivo
study is required to prove the link between IL-6 and PB in
NMO.
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New-Onset Type 1 Diabetes Mellitus and Anti-Aquaporin-4
Antibody Positive Optic Neuritis Associated
with Type 1 Interferon Therapy for Chronic Hepatitis C
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Abstract

A 60-year-old woman developed type 1 diabetes mellitus and anti-aquaporin-4 antibody positive optic neu-
ritis during type 1 interferon therapies for chronic hepatitis C. The diabetes mellitus was elicited by
interferon-o, plus ribavirin therapy, while the optic neuritis was induced after interferon-f treatment, followed
by interferon-c. and ribavirin therapy. It is possible that type 1 interferons lead to the onset of the two auto-
immune diseases by inducing disease-specific autoantibodies. Autoimmune disease is an infrequent complica-
tion of type 1 interferon treatment; however, once it has occurred, it may result in severe impairments. Pa-
tients undergoing type 1 interferon therapy should therefore be carefully monitored for any manifestations of

autoimmune diseases.

Key words: aquaporin-4, neuromyelitis optica, chronic hepatitis C, type 1 diabetes mellitus, type 1 interferon
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Introduction

Case Report

Type 1 interferon (IFN) is widely used to treat patients
with chronic viral hepatitis and malignant neoplasms. Ap-
proximately two million people in Japan are infected with
the hepatitis C virus (HCV). Combination therapy with type
1 IFN and ribavirin (RBV) is used in 50,000-100,000 pa-
tients annually. Since type 1 IFN has not only antiviral and
antiproliferative effects, but also immunomodulatory effects,
it can occasionally induce various autoimmune diseases (1).
The onset of autoimmune diseases can be attributed to the
overproduction of disease-specific antibodies. We herein pre-
sent the case of a patient who developed type 1 diabetes
mellitus (T1DM) and severe optic neuritis with anti-
aquaporin-4 (AQP-4) antibodies during treatment with com-
binations including IFN-o. and IFN-B for chronic hepatitis
C.

A 60-year-old Japanese woman was diagnosed with hepa-
titis C (type 1b) in 1994 at the age of 42 years. Since the
diagnosis, she had received various types of IFN therapy:
natural IFN-o, recombinant IFN-o0-2b and RBYV, recombi-
nant IFN-ocon-1, and pegylated IFN (PEG-IFN)-0-2b and
RBV (Fig. 1). From 1994 to 2008, all of the above-
mentioned IFN therapies resulted in a transient reduction in
HCV-RNA to undetectable levels, but a sustained virologic
response (SVR) was not obtained. While undergoing PEG-
IFN/RBV treatment, the patient was noted to have hypergly-
cemia, and she was diagnosed with T1DM in 2008 (Fig. 1).
She was found to be positive for anti-glutamic acid decar-
boxylase (GAD) antibodies, with a titer of 3,440x. The titers
of anti-GAD antibodies were decreased to 128x two years
after the initiation of insulin treatment.

In January 2009, the patient underwent combination ther-
apy for virus eradication by double-filtration plasmapheresis
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Figure 1. The clinical course of the present case. Anti-AQP-4 Ab: anti-agquaporin-4 antibody, An-

ti-GAD antibody: Anti-glutamic acid decarboxylase antibody, CPM: cyclophosphamide, HCV: hep-
atitis C virus, IFN-a therapies: IFN-0. for 24 weeks from 1994 to 1995, IFN-c-2b/Ribavirin (RBV)
for 24 weeks in 2002, IFN-ccon-1 for 12 weeks in 2004, and PEG-IFN-0-2b/RBV for 48 weeks from
2005 to 2006, IVIg: intravenous immunoglobulin, IVMP: intravenous methylprednisolone, MTX:
methotrexate, PEG-IFN: pegylated IFN-0-2b and RBV, PP: plasmapheresis, PSL: prednisolone,
T1DM: type 1 diabetes mellitus, VRAD: virus removal and eradication by double-filtration plasma-

pheresis (DFPP)

(VRAD), intravenous natural IFN-f for 14 days, and PEG-
IFN-o-2a plus RBV for 36 weeks to achieve HCV-RNA se-
ronegativity. A SVR was finally achieved with these inten-
sive combination therapies (Fig. 1).

In November 2009, the patient experienced pain when
moving her left eye. Her left visual acuity deteriorated to
light perception within two weeks. She was diagnosed with
left optic neuritis. The IFN therapy was terminated, and
triamcinolone was injected locally into the subtenon of the
affected side, which was not effective. Serological tests
demonstrated that she was positive for AQP-4 antibodies in
January 2010, and hence a clinical diagnosis of neuromyeli-
tis optica spectrum disorder (NMOsd) was made (Fig. 1).

To prevent relapse and progression of the optic neuritis,
immunosuppressant drug therapy was initiated, with weekly
oral methotrexate (MTX) administration at a dose of 2.5
mg. In June 2011, right optic neuritis occurred and the right
visual acuity was decreased from normal to finger counting
within two weeks. She received two courses of high-dose
intravenous methylprednisolone (IVMP) therapy, which were
not effective. She was admitted to our hospital for further
treatment (Fig. 1).

On admission, her neurological findings were normal, ex-
cept for the severe visual impairment of 0.02 (20/1,000) in
both eyes. The visual field defects were detected by Gold-
mann perimetry (Fig. 2A). Ophthalmoscopy showed no im-
pairment of the retinal blood vessels. The visual evoked po-
tential indicated no response. The cerebrospinal fluid was

normal, with a cell count of less than 1/uL with all mononu-
clear cells, and a protein concentration of 37 mg/dL. Oligo-
clonal banding was negative, and the myelin basic protein
level was within the normal range. The serum blood sugar
level was 196 mg/dL (normal range 70-110), glycosylated
hemoglobin was 6.7% (normal range 4.3-5.8), and the anti-
GAD antibodies were detected with a value of 9.9 U/mL.
The patient’s serum was also found to be positive for anti-
AQP-4 antibodies, with a titer of 128x. Anti-nuclear anti-
bodies, anti-SS-A/SS-B antibodies, anti-neutrophil cytoplas-
mic antibodies, and anti-thyroid antibodies were not de-
tected.

Magnetic resonance imaging (MRI) showed a high signal
intensity of the left optic nerve on T2-weighted and fluid-
attenuated inversion recovery, and Tl-weighted imaging
with contrast enhancement, whereas the right optic nerve
showed no particular findings (Fig. 2B, C). Brain MRI
(Fig. 2D, E) showed a small number of high-intensity spots
in the cerebral white matter. No obvious abnormality was
observed in the spinal cord MRI.

The patient was treated with eight courses of plas-
mapheresis. During the treatment, her visual acuity slightly
improved and she could read a few written characters. The
titer of the anti-AQP-4 antibodies was decreased to 16x.
However, the patient’s visual field defect gradually wors-
ened again soon after the discontinuation of plasmapheresis,
so we initiated two courses of IVMP therapy, an additional
two courses of plasmapheresis, high-dose intravenous immu-
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Figure 2.

The visual impairment and the magnetic resonance images of the present case. The

Goldmann visual fields on admission are highlighted (A). The left optic nerve showed high signal in-
tensity on the STIR coronal image (white arrow, B) with marginal contrast enhancement (white ar-
row, C). The right optic nerve showed no remarkable findings (arrow head, B and C). The brain
showed no particular findings except for the optic nerve on FLAIR saggital (D) and axial (E) images.
FLAIR: fluid-attenuated inversion recovery, STIR: short inversion time inversion-recovery, T1-Gd:

gadolinium enhanced T1

noglobulin (400 mg/kg/day for five days), and high-dose cy-
clophosphamide (CPM) (500 mg/day for one day). The ex-
acerbation of the visual impairment was halted by this treat-
ment. In September 2011, the patient was discharged from
our hospital with a plan to undergo monthly CPM therapy.

Discussion

The present patient developed T1DM during IFN-o. ther-
apy and anti-AQP4 antibody positive optic neuritis after
IFN-f, followed by IFN-q, therapy. Her severe visual im-
pairment persisted despite the use of intensive immunother-
apy. Several reasons for the intractable disease course can be
proposed. For example, the type 1 IFNs or HCV infection
may have served as a potent activator of autoimmunity, or
the involvement of vasculitis as an extrahepatic manifesta-
tion of HCV infection (2) could lead to the clinical deterio-
ration.

The first case of TIDM development during IFN-o. ther-
apy for chronic hepatitis C was reported in 1992 (3). New-
onset DM among IFN-treated patients has been documented
to occur in 0.7% of patients in Japan (4). The mechanism

underlying immune-mediated pancreatic B-cell destruction
can be attributed to genetic and environmental causes thus
leading to the generation of islet cell autoantibodies, i.e.,
anti-GAD autoantibodies. IFN-0. may act as an initiator of
the autoimmunity directed against [ cells, thus leading to
the pathogenesis of TIDM. Likewise, IFN-o. can be consid-
ered to play a critical role in the pathogenesis of systemic
lupus erythematosus.

To date, ten cases of new-onset optic neuritis, multiple
sclerosis (MS), MS-like disease, or NMOsd associated with
IFN-o therapy for chronic viral hepatitis or malignant neo-
plasms, have been reported (5-11). There were two cases
with seropositivity for anti-AQP4 antibodies (Table); one pa-
tient with optic-spinal MS (OSMS) after IFN-02b and
RBYV (10), and another patient with NMOsd after PEG-IFN-
o and RBV (11). In the remaining eight cases, the presence
of anti-AQP-4 antibodies was not examined because they
had been reported before the discovery of NMO-
Immunoglobulin G (IgG) and anti-AQP-4 (12) antibodies.

IFN-B therapy can also play a role as an initiator of auto-
immune diseases involving the central nervous system. A
case with new-onset optic neuritis after IFN-f therapy for
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Table.

The Reported Cases of Newly-onset Anti-AQP-4 Antibody Positive

OSMS, and NMOsd Provoked by Type 1 IFN Therapy

Patient

Disease IFN ON SC B AQP4-Ab Duration References

age, sex

47, F Hepatitis C  ¢-2b/RBV + o+ 4+ + 1Y Kajiyama, et al.
20070

65, F Hepatitis C  «/RBV + + + 2YI10M  Yamasaki, et al.
201211

60, F HepatitisC ¢, B: o/RBV  + - + a: 15Y Present Case

B: 9M 2012

RBV: ribavirin, ON: optic neuritis, SC: spinal cord lesion, B: brain lesion. Duration: duration
between the initiation of type 1 IFN therapy and the onset of OSMS or NMOsd

kidney cancer has been reported (13). In addition, a number
of exacerbated cases of relapsing-remitting MS (RRMS)
have been reported in Japan in patients receiving IFN-
B (14). Differentiating between NMO and MS can be
achieved based on seropositivity for the anti-AQP-4 antibod-
ies, longitudinally extensive spinal cord lesions, and brain
MRI findings not meeting the diagnostic criteria for
MS (15). However, before the discovery of this autoanti-
body, it was difficult to distinguish NMO from MS, espe-
cially OSMS, which is common in Asian countries. In 2000,
IFN-B therapy was approved in Japan for the prevention of
relapse and progression of RRMS, in which patients with
OSMS were also included. Consequently, exacerbation of
the disease or ineffectiveness of IFN-$ was reported among
patients with OSMS who underwent IFN-B therapy (14, 16).
These cases were later found to be positive for anti-AQP-4
antibodies. Recent articles described that IFN-B treatment
was not effective in preventing relapses in NMO pa-
tients (17, 18), while strictly defined OSMS showed a re-
sponse to IFN-P treatment in terms of the prevention of re-
lapses and functional worsening (19).

The mechanism underlying the onset and exacerbation of
NMO/NMOsd has not been well understood, but the induc-
tion of B-cell activation factors of the tumor necrosis factor
(TNF) family by IFN-f is considered to facilitate the pro-
duction of anti-AQP-4 antibodies (20). For example, Chihara
et al. have shown that IL-6-dependent B-cell subpopulations
of plasmablasts are involved in the production of anti-AQP-
4 antibodies (21). Loss of AQP-4, mediated by immuno-
globulins and complements, has been shown in inflamma-
tory lesions of patients with NMO (22). These results indi-
cate that the anti-AQP-4 antibody plays a crucial role in the
pathogenesis of NMO, unlike in cases of MS. As another
mechanism underlying the development of type 1 IFN-
induced NMO/NMOsd, it has been suggested that IFN-f
treatment leads to the overproduction of IL-17 from T
helper 17 (Th17) cells (23), which is thought to be associ-
ated with the pathological feature of NMO.

Type 1 IFN has reciprocal characteristics, with both
pathogenic and protective roles in autoimmunity. In general,
IFN-f exerts its therapeutic effect on MS by producing anti-
inflammatory cytokines and suppressing the proliferation of

autoreactive T cells. Both IFN-¢ and IFN-f bind to a single
heterodimeric receptor composed of IFNARI and IFNAR2,
which can cause similar immunomodulatory effects (24).
Hence, it is likely that IFN-a has a similar effect on autoim-
munity as does IFN-B, as indicated by the fact that IFN-o
has also been developed as a candidate therapeutic agent for
MS (25).

Type 1 IFNs served as pathogenic mediators in the pre-
sent case, inducing TIDM and NMO/NMOsd. Since various
types of IFN-o. treatment had been carried out intermittently
for more than ten years after the onset of chronic hepatitis
C, the onset of TIDM was clearly influenced by IFN-o
treatment. However, it remains unclear which type of IFN
was involved in the induction of NMOsd. We speculate that
the combination therapy with IFN-o and IFN-B may have
produced synergistic effects to trigger NMOsd in the present
case.
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CCR2'CCRS5* T Cells Produce Matrix Metalloproteinase-9
and Osteopontin in the Pathogenesis of Multiple Sclerosis

Wakiro Sato,*! Atsuko Tomita,* " Daijyu Ichikawa,* Youwei Lin,** Hitaru Kishida,
Sachiko Miyake,*% Masafumi Ogawa,”® Tomoko Okamoto,”® Miho Murata,*
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"
CCRS* 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'CCRS5* 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*CCRS5" 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™ Thi cells play a crucial role in the pathogenesis of MS. The Journal of Immunology, 2012, 189: 5057-5065.

ultiple sclerosis (MS) is an inflammatory demyelin-
ating disease of the CNS that is presumably mediated
by CD4™ T cells reactive to myelin Ag, such as myelin
basic protein (MBP) (1). Approximately two thirds of patients
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with MS have relapsing-remitting MS (RR-MS), which is char-
acterized 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
progressive 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 neuro-
logic 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-v 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/T1.-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 CCR5 were selectively enriched in the CSF of
patients with exacerbated MS but not in patients with other neu-
rologic diseases. The CCR2*CCRS5* 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*
CCRS5* 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-vy. 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 1.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-j3,
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-CCRS-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-CCR5-
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~CCR5-allophycocyanin, anti-CCR4-PE-Cy7, and anti-CCR6-
FITC mAb 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 II (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, CD37CDS56™ 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
mAb, 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-CyS5.5, 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-vy

Purified memory CD4"CCR2*CCR5* and CD4*CCR27CCR5* 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

€107 ‘77 Areniga uo Aneryodsg pue A30[0InaN Jo 101us)) jeuoneN e /Ao jountuwily/:dny woiy papeojumocy



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 IIL.

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-HCl, 5 mM CaCl,, and 0.02% NaNj, [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 pm; Comning) were coated with 10 pg/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*CCRS™ 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
mAb 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 .l 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

Table I. Patient summary
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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, -CCRS5, and -CCR6 mAb. 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 CCRS5 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, CCR27CCR5™ 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 CCR27CCR5" 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

PB Analysis MS in Remission MS in Relapse HS NIND?
Males/females (1) 3/8 5/6 5/6 2/4
Age (y; mean = SD) 44 + 12 42 = 13 395 64 = 13

PB/CSF Analysis MS in Relapse” NIND OIND®
Males/females (1) 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.
“Pive MS patients were being treated with immunomodulatory drugs (one with IFN-B, 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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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 CCR5
(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 ™). (€) Com-
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the same patients. *p < 0.05, *¥p < 0.005,
*ikp < 0.0003. n.s., Not significant.
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MS patients. These results indicate that selective enrichment of
CCR2*CCRS5™ 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*

'T‘ CCR2+CCR5+ CCR2-CCR5+  CCR2+CCRS5-
13 10 80
2 *k 8 n.s. ns.
g . 60
g 4 4
= 10
+ ) 20
<t
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S 4 *% 60 S
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FIGURE 2. Frequencies of the T cell subsets in the CSF and PB from
eight MS patients with disease duration <<10y. **p << 0,005, ***p < 0.0005.
n.s., Not significant.

0
PB CSF PB CSF PB CSF

0 — T r T T i
PB CSF PB CSF PB CSF

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
CCR27CCR5" T cells produced a larger quantity of IFN-y (Fig.
3A). Although CCR2*CCRS5™ 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*
CCRS5™ 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*TL-17" cells, IFN-y*IL-17" cells,

Table II. CCR2*CCRS* 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“ 4P

Age (y; mean = SD) 4214 54 =15
Relapse rate (times/y; mean * SD) 1.8 09 20=x14
EDSS (mean *= SD) 3107 40=x12

No. of patients with more CCR2*CCRS5"* 8 0
T cells in CSF than in PB

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

"Two patients were treated with oral steroid.

#p < 0.0005.
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FIGURE 3. Cytokine production and
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CCR2'CCR5*

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 CCR27CCR5* T cells
(left panel) and CCR2™CCR5* T cells
(right panel) were stimulated with
PMA and ionomycin for 18 h, and the
production of IL-17 and IFN-y was as-
sessed by intracellular cytokine stain-
ing. Numbers indicate the frequency
(%) of cells in each quadrant. One rep-
resentative experiment from three in-
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and IFN-y IL-17" cells (Fig. 3B). In both T cell populations, IFN-
y*IL-17" cells were a major subset of IFN-vy production.

CCR2*CCR5™ T cells in the PB from MS patients during
relapse are reactive to MBP

Given that the CCR2*CCR5™ T cells are proportionally higher in
CSF than PB of MS during relapse, we were interested to know
whether the CCR2*CCRS5" 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*CCRS5™ T cells and memory CD4*
T cells depleted of CCR2*CCRS5™ 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*CCRS5™ 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

2+5+ Not Mem
2+5+ CD4

2+5+ Not
2+5+

Mem
CD4

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/
CCRS5 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*CCR5™ 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"CCRS5*
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*CCRS5* 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*CCRS™ T cells activated with
PMA and ionomycin (lane 1), memory CD4" T cells depleted of CCR2*
CCR5™ T cells activated with PMA and ionomycin (lane 2), CCR2*CCR5*
T cells without activation (lane 3), memory CD4™ T cells depleted of
CCR2*CCR5* 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*CCRS* 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

CCR2*CCR5" T CELLS IN MULTIPLE SCLEROSIS

MMP19 reverse
MMP28 forward
MMP28 reverse
OPN forward
OPN reverse
B-actin forward
B-actin reverse
IFN-y forward
IFN-vy reverse
1L-17 forward
IL-17 reverse
RORC forward
RORC reverse
T-bet forward
T-bet reverse

Table III.  Primers used in this study
Primer 5'-3'

MMP1 forward GATGAAGCAGCCCAGATGTGG
MMPI reverse GGAGAGTTGTCCCGATGATC
MMP9 forward AGCGAGGTGGACCGGATGTTCC
MMP9 reverse GAGCCCTAGTCCTCAGGGCA
MMP10 forward GTGTGGAGTTCCTGACGTTGG
MMP10 reverse GCATCTCTTGGCAAATCTGG
MMP19 forward 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*CCRS5* 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. 5A). 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"
CCRS™ 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*CCR5™ 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

£10T ‘77 Arenigay uo Aneryosg pue A3o[omaN Jo 1eus)) [euonen e /1o jountuily/:dny woly papeojumocg



The Journal of Immunology

A " B 8

o 100 - 100 *

S * S °

% 80 A g 80 26

k= 2 e

E 60 - £ 60 §

5 5 g4

c 40 A c 40 5

2 2 E2

3 20 A 520

£ =

£ 0] 20 v oo 0 x

S by 4 i 6:( o <
20 W N & S N0

¥ So¥ MRS S

\,” vx,gb

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 CCRS5 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 CCR5 binds CCL3 (MIP-
la), CCL4 (MIP-1B), CCL5 (RANTES), CCL8, CCL11, CCL13,
and CCL14. Among these chemokines, CCLS5 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 CCL5 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*CCR5" T cells to the endothelial cells, as well as T cell
entry into the CNS parenchyma during relapses of MS. Interest-
ingly, CCR27CCR5™ 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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potential to destroy the integrity of the BBB and trigger the cas-
cade of inflammatory pathology. The MMP-9-producing CCR2*
CCRS5* 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*CCRS5™ 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*CCRS5* 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*CCRS5*
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*CCRS5*
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 >10y.
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*CCRS*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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©hbjective: To report first experiences with interleukin
6 receptor inhibition in therapy-resistant neuromyelitis
optica (NMO).

Desigm: Retrospective case series.

Sefting: Neurology department at a tertiary referral cen-
ter.

Peatienis: Patients with an aggressive course of NMO
switched to tocilizumab after failure of anti-CD20 therapy.

Ficin Ouicome Measures: Annualized relapse rate and
disability progression measured by the Expanded Dis-
ability Status Scale.

Resuliis: We report 3 female patients with a median age
of 39 years (range, 26-40 years) and aquaporin 4—posi-
tive NMO. All patients had been treated with different

immunosuppressive and immunomodulating agents, fol-
lowed by 1 to 3 cycles of rituximab. Despite complete
CD20-cell depletion during rituximab therapy, the me-
dian annualized relapse rate was 3.0 (range, 2.3-3.0) and
the median Expanded Disability Status Scale score in-
creased from 5.0 (range, 4.5-7.0) to 6.5 (range, 5.0-
7.0). After the switch to tocilizumab (median duration
of therapy, 18 months), the median annualized relapse
rate decreased to 0.6 (range, 0-1.3). A total of 2 relapses
occurred; however, they were mild and there were no
changes in clinical disability.

Conclusions: Interleukin 6 receptor-blocking therapy
can be effective in therapy-resistant cases of NMO. Larger
controlled studies are needed to confirm the efficacy of
tocilizumab.
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EUROMYELITIS OPTICA
(NMOQO) is a rare, se-
verely disabling autoim-
mune disease, preferen-
tially affecting optic
nerves and the spinal cord, structures
highly expressing the target antigen aqua-
porin 4 (AQP4). Because of the severity
of NMO attacks, prophylactic therapy must
be started as soon as possible. Therapy re-
sponse in NMO differs from that in mul-
tiple sclerosis; immunomodulatory medi-
cations (interferon beta and glatiramer
acetate) seem to be not effective and na-
talizumab appears to even exacerbate dis-
ease activity.!? Several small studies and
case report series demonstrated moder-
ate efficacy of a number of immunosup-
pressive agents.> More promising results
have been shown for B cell-depleting
therapy, yet approximately 20% of pa-
tients experience relapses despite the com-
plete depletion of B cells.**
Recently, specific AQP4-secreting plas-
mablasts exhibiting a CD19™CD27"is

CD38"¢"CD180" phenotype have been de-
scribed in NMO. Secretion of AQP4 an-
tibodies by these cells is dependent on in-
terleukin 6 (IL-6), a cytokine also known
to be increased in NMO relapses.”® To
evaluate if the IL-6 receptor—blocking an-
tibody tocilizumab (ACTEMRA) could be
a new therapeutic option for NMO, we
analyzed the clinical course of 3 patients
who were switched to tocilizumab after on-
going aggressive disease despite ritux-
imab therapy.

PATIENTS

Patients were identified from a cohort of 18 pa-
tients with confirmed NMO treated at a ter-
tiary referral center. We searched for patients
with aggressive disease who did not respond
to rituximab therapy and had been switched
to tocilizumab thereafter. Annual relapse rate
and progression of disability, scored by the Ex-
panded Disability Status Scale (EDSS), before

JAMA NEUROL

PUBLISHED ONLINE JANUARY 28, 2013
El

WWW. JAMANEURO.COM

©2013 American Medical Association. All rights reserved.
Downloaded From: http://archneur.jamanetwork.com/ by a NATIONAL CENTER OF NEUROLOGY AND User on 02/22/2013



Table. Patients’ Baseline Characteristics and Clinical Course During Rifuximab and Tocilizumab Treatment

mg/m? (2006-2007/3)

acetate (2006/3); IFN beta-1a
(2006-2009/9)

Patient No.
1 2 3
Baseline characteristics at start of
RTX treatment
Sex F F F
Age, y? 40 26 39
Disease duration, y2 94 8.2 2.5
AQP4 Abs Positive Positive Positive
Previous treatments IFN beta-1b (2003-2006/10); IFN beta-1b (2004-2005/3); IFN No therapy {2009-2010/2);
(duration/relapses)® mitoxantrone hydrochloride, 52 beta-1a (2005-2006/1); glatiramer azathioprine (2010-2011/2)

Total No. of previous 13/2.6
relapses/estimated ARR?
RTX therapy
Duration, mo 32
No. of CD19 cells during the first 0
relapse, /UL
No. of relapses/estimated ARR 6/2.3
Time from first application to the 18
first relapse, d
EDSS score at start of RTX 50
treatment
EDSS score at end of RTX 6.5
freatment
MR findings Enlargement of spinal cord lesions
with contrast enhancement
TCZ therapy
Duration, mo 21
No. of CD19 cells at start of TCZ 44

treatment, /ul

No. of relapses/estimated ARR 1/0.6

EDSS score at start of TCZ 6.5
treatment

EDSS score at the last visit 6.5

MRi/time since start of TCZ No new lesions, no contrast

treatment, mo enhancement/12

16/2.7 an7
8 4
1 2
2/3.0 1/3.0
137 40
45 7.0
5.0 7.0
ND Enlargement of spinal cord lesions
with contrast enhancement
18 9
4 2
0 7.3
5.0 7.0
4.0 7.0
No new lesions, no contrast No new lesions, no contrast
enhancement/9 enhancement/7

Abbreviations: Abs, anti-AQP4 antibodies; AQP4, aquaporin 4; ARR, annualized relapse rate; EDSS, Expanded Disability Status Scale; IFN, interferon; MRI,

magnetic resonance imaging; ND, not determined; RTX, rituximab; TCZ, tocilizumab.

2Relative to start of RTX treatment.
O Treatments appear in chronological order.

and during rituximab and tocilizumab treatment were ana-
lyzed. Routine brain and spinal cord magnetic resonance imaging
was evaluated for contrast-enhancing new or enlarged lesions
before and during both therapies.

ETHICAL STATEMENT

The presented 3 patients were treated on an individual basis
according to internal recommendations. All data were ana-
lyzed retrospectively from patient files. All patients gave writ-
ten informed consent for publication.

RiSULES

DEMOGRAPHIC AND CLINICAL FEATURES

Three female patients were diagnosed with AQP4 anti-
body—positive NMO (Fable). All patients had longitu-
dinal spinal cord lesions (>3 segments) and a history of
optic neuritis and transverse myelitis. No intrathecal im-
munoglobulin synthesis or oligoclonal bands were in the
cerebrospinal fluid of any of the 3 patients. No patient

had concomitant autoimmune diseases. Previous long-
term therapies included interferon beta-1aand 1b (n=2),
glatiramer acetate (n=1), azathioprine (n=1), and mi-
toxantrone hydrochloride (n=1). All patients had expe-
rienced pronounced disease activity (median, 13 re-
lapses; range, 4-16; median annualized relapse rate, 2.6;
range, 1.7-2.7, median EDSS score, 5.0; range, 4.5-7.0)
prior to receiving rituximab. The median disease dura-
tion at initiation of rituximab was 8.2 years (range, 2.5-
9.4 years) and the median age was 39 years (range, 26-40
years).

TREATMENT RESPONSE TO RITUXIMAB

Rituximab was administered at a dose of 2000 mg/cycle
(1000 mg + 1000 mg, patient 1) or 1500 mg/cycle (500
mg + 1000 mg, patients 2 and 3), with a 2-week inter-
val between infusions. Patients 1 to 3 received ritux-
imab for 32 (3 cycles), 8 (1 cycle), and 4 (1 cycle) months,
respectively. Despite complete CD20-cell depletion, pa-
tients continued to experience relapses (median, 2; range,
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Figure. Relapses before and during treatment with rituximab and
tocilizumab. Shown are all relapses from month —72 to +21 (patient 1),
+18 (patient 2), and +9 (patient 3), relative to the start of tocilizumab
treatment. Bars depict duration of rituximab and tocilizumab treatment. In
patient 3, disease manifested 31 months prior to the start of tocilizumab
treatment.

1-6), with at least 1 severe relapse, defined by an EDSS
score progression of 1.0 or more; the median annual-
ized relapse rate was 3.0 (range, 2.3-3.0) (Table and
Figure). Interestingly, in 2 patients, relapses occurred
shortly after the first application of rituximab (after 18
and 40 days). Magnetic resonance imaging confirmed
acute gadolinium-enhancing spinal lesions in patients 1
and 3. The clinical disability progressed in patients 1 and
2 by 1.5 and 0.5 points, respectively, and remained un-
changed, with an EDSS score of 7.0, in patient 3.

TREATMENT RESPONSE TO TOCILIZUMAB

Because of ongoing disease activity, patients were fur-
ther switched to the anti—IL-6 receptor antibody tocili-
zumab. Tocilizumab was administered at a dose of 6 mg/kg
every 6 weeks in patients 1 and 2 and every 4 weeks in
patient 3. Duration of tocilizumab therapy was 21, 18,
and 9 months in patients 1 to 3, respectively. Patient 2
was relapse-free and demonstrated improvement of her
gait and EDSS score from 5.0 to 4.0 (Table and Figure).
Two patients experienced a mild relapse without EDSS
score progression, clinically presenting as isolated optic
neuritis in patient 1 and moderate progression of the pre-
existing motor deficit in patient 3. The relapses oc-
curred 3 and 4 months after tocilizumab treatment ini-
tiation, respectively. In both cases, deficits were reversible
after receiving steroid pulse therapy. After the therapy
regimen in patient 1 had been changed from every 6 to
every 4 weeks, she was stable for the next 18 months.
Compared with rituximab therapy, the median annual-
ized relapse rate decreased from 3.0 (range, 2.3-3.0) to
0.6 (range, 0-1.3). Tocilizumab therapy was ongoing in
all 3 patients.

Tocilizumab was well tolerated. There was no seri-
ous infection, malignancy, hypersensitivity reaction, or
elevation of transaminase levels. Patient 3 experienced
urinary tract infection in the fourth month and mild oral
mucosis in the seventh month of therapy. Cholesterol lev-
els had been elevated in patients 1 and 3 prior to tocili-

zumab therapy and demonstrated no significant in-
crease after therapy initiation.

In this case series, we demonstrated the efficacy of the
anti-IL-6 receptor antibody tocilizumab in rituximab-
refractory, aggressive cases of NMO. The exact mecha-
nism of action of rituximab in NMO remains unknown.
Despite complete depletion of CD20™ B cells, it spares
CD20-negative plasma cells and has only moderate and
probably indirect effects on antibody production.’® Other
rituximab effects include monocyte activation and in-
creased synthesis of B-cell activating factor, a key mol-
ecule supporting differentiation and survival of B cells
as well as immunoglobulin production.®® In line with this,
an early transient increase of AQP4 antibodies after ri-
tuximab application has been reported.’® Notably, in 2
of our patients, relapses occurred early after rituximab
initiation.

Inhibition of CD20-negative plasmablasts, which pro-
duce pathogenic AQP4 antibodies, might be an alterna-
tive treatment strategy. In the presented cases, a switch
to tocilizumab led to definite clinical improvement. Re-
cently, another patient successfully treated with tocili-
zumab was reported by Araki et al.!' They demon-
strated a substantial reduction of the frequency of
CD19™CD27"CD38""CD18" plasmablasts and titer of
anti-AQP4 antibodies within 1 month after tocilizumab
initiation. Similarly, tocilizumab decreased the fre-
quency of CD27"¢"CD38"¢"[gD ™ plasmablasts and the t-
ter of anti-double-stranded DNA antibodies in systemic
lupus erythematosus as well as titers of rheumatoid fac-
tor in patients with rheumatoid arthritis.*?

Despite overall clinical stabilization, mild relapses oc-
curred in 2 of our patients as well as in the Araki et al
case.!! In patient 1, we reduced the application intervals
from every 6 to 4 weeks and the patient was relapse-free
afterward. Accordingly, an escalation study demon-
strated further clinical improvement in rheumatoid ar-
thritis after dose escalation from 4 to 8 mg/kg."

As demonstrated in rheumatoid arthritis, tocili-
zumab has a good safety and tolerability profile. Infec-
tions are the most common adverse events; however, rates
of serious infections remain low at least for 5 years, dem-
onstrating safety of continuous tocilizumab therapy. Pos-
sible tuberculosis reactivation and opportunistic infec-
tions make careful observations essential. Importantly,
C-reactive protein is directly downregulated by tocili-
zumab and cannot be used as a sensitive diagnostic
marker. In our patients, no serious adverse events were
observed. Reported urinary tract infection and mild oral
mucosis have been treated on an ambulatory basis with-
out any complications.

We propose that IL-6 receptor blockade with tocili-
zumab is a promising therapeutic option for aggressive,
therapy-resistant cases of NMO. Larger controlled stud-
ies with longer follow-up periods are needed to confirm
the efficacy, safety, and optimal responders for tocili-
zumab in NMO.
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