The Journal of Immunology

CCR2'CCR5" 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,i’§ 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*
CCRS5™ 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*CCRS™ 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 antoimmune CCR2"CCRS*

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 Th1
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-y 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 CCRS 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™Y) 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-y (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'CCRS5" 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"CCRS" 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
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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-CCR5-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 deseribed 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, CCRS5,
CCR4, and CCRG6 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'CCRS™ T cells by the cell sorter FACSAria 11 (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, CD37CD56" 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-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
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with the irradiated (3500 rad) APC (2 X 10° cells/well), in the presence or
absence of MBP (10 wg/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 b, 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*CCRS5™ T cells were stimu-
lated with PMA and ionomycin, and 20 wl 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% NaNjs, [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 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 105/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 wl the medium was added to the lower chambers. After 8 h, 500 wl 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 1. 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, -CCRS35, 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 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, CCR27CCRS5" 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 [ = 4]), the higher frequency of
CCR2*CCRS5* 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

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 39+5 64 £ 13

PB/CSF Analysis MS in Relapseb 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.
bFive MS patients were being treated with immunomodulatory drugs (one with IEN-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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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, -CCRS,
-CCR4, and -CCR6 mADb 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'CCR57). (C) Com-
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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-vy 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 <10y. *¥p < 0.005, ***p < 0.0005.
n.s., Not significant.

PB CSF PB CSF PB CSF
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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*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-vy. 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"CCRS™ 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*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 g 4°
Age (y; mean = SD) 42 * 14 54 %15
Relapse rate (times/y; mean = SD) 1.8 09 2014
EDSS (mean *+ SD) 30 +07 40=*x12
No. of patients with more CCR2*CCR5* 8% 0

T cells in CSF than in PB

“Three patients were treated with IFN-$ (n = 1), oral steroid (n = 1), or immuno-
sup?ressant 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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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*CCRS™ 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-
v*IL-17" cells were a major subset of IFN-y production.

CCR2*CCRS™ 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"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 [FN-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

. . N
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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*CCRS5* 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*CCRS*
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"CCR5* 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"CCRS™ 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*
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*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"CCRS5™ 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 I11.

CCR2'CCR5" T CELLS IN MULTIPLE SCLEROSIS

Primers used in this study

Primer

53"

MMP1 forward
MMPI reverse
MMP9 forward
MMP9 reverse
MMP10 forward
MMPI0 reverse
MMPI19 forward
MMP19 reverse
MMP28 forward
MMP28 reverse
OPN forward
OPN reverse
B-actin forward
B-actin reverse
TFN-y forward
TFN-y reverse
1L-17 forward
IL-17 reverse
RORC forward
RORC reverse
T-bet forward
T-bet reverse

GATCGAAGCAGCCCAGATGTGG
GGAGAGTTGTCCCGATGATC
AGCGAGGTGGACCGGATGTTCC
GAGCCCTAGTCCTCAGGGCA
GTGTGGAGTTCCTGACGTTGG
GCATCTCTTGGCAAATCTGG
CAAGATGTCTCCTGGCTTCC
CGGAGCCCTTAAAGAGGAACAC
TGCAGCTGCTACTGTGGGGCCA
TCCAACACGCCGCTGACAGGTAGC
GGCAACGGGGATGGCCTTGT
TTTTCCACGGACCTGCCAGCAAC
CACTCTTCCAGCCTTCCTTCC
GCGTACAGGTCTTTGCGGATG
CAGGTCATTCAGATGTAGCG
GCTTTTCGAAGTCATCTCG
CCAGGATGCCCABRATTCTGAGGAC
CAAGGTGAGGTGGATCGETTGTAG
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*CCRS5" 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*
CCRS5* 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"CCRG6™ 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
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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*CCRS5*
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 mAbD 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-v, 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-18), 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 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, CCLL.2-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-y, 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

A CCR2+CCR5+CCR6- CCR2+CCR5+CCR6+
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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*CCR5™ T cells to serve as early invaders into the CNS
parenchyma during relapses of MS. The CCR2*CCRS" 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 (406). It is very likely that paracrine OPN pro-
duced by the CCR2'CCRS™ 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 CSE

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 CCRS5, they might persist and trigger relapse repeatedly. We
further revealed that the CCR6™, but not the CCR6", subset of
CCR2*CCR5™ 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 CSF. Rather, T cells bearing Th1l7 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-
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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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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-o. 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.
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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 (TIDM) and severe optic neuritis with anti-
aquaporin-4 (AQP-4) antibodies during treatment with com-
binations including IFN-o. and IFN-f 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-0, recombinant IFN-o-2b and RBYV, recombi-
nant IFN-ocon-1, and pegylated IFN (PEG-IFN)-o-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/RBYV treatment, the patient was noted to have hypergly-
cemia, and she was diagnosed with TIDM 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-aquaporin-4 antibody, An-

ti-GAD antibody: Anti-glutamic acid decarboxylase antibody, CPM: cyclophosphamide, HCV: hep-
atitis C virus, IFN-a therapies: IFN-o for 24 weeks from 1994 to 1995, IEN-o-2b/Ribavirin (RBV)
for 24 weeks in 2002, IFN-o.con-1 for 12 weeks in 2004, and PEG-IFN-¢-2b/RBYV for 48 weeks from
2005 to 2006, IVIg: intravenous immunoglobulin, IVMP: intravenous methylprednisolone, MTX:
methotrexate, PEG-IFN: pegylated IFN-a-2b and RBV, PP: plasmapheresis, PSL: prednisolone,
TI1DM: 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-0-2a 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 TIl-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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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 IFEN-o. ther-
apy and anti-AQP4 antibody positive optic neuritis after
IFN-B, followed by IFN-o, 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-¢. 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 B 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-f 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-B 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  a-2b/RBV + + + + 1Y Kajiyama, et al.
200710

65, F Hepatitis C  o/RBV + - + + 2Y10M  Yamasaki, et al.
201211

60, F Hepatitis C o, g, «/RBV  + - - + a: 15Y Present Case

B:OM 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-f3 was reported among
patients with OSMS who underwent IFN-f therapy (14, 16).
These cases were later found to be positive for anti-AQP-4
antibodies. Recent articles described that IFN-f 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-B 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-B
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-B exerts its therapeutic effect on MS by producing anti-
inflammatory cytokines and suppressing the proliferation of

autoreactive T cells. Both IFN-o and IFN-f bind to a single
heterodimeric receptor composed of IFNAR1 and IFNAR?2,
which can cause similar immunomodulatory effects (24).
Hence, it is likely that IFN-o 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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/t IS arguable that CDZO B cells may produce pathogenlc autoannbodles or play
: : other cm'lcal roles in pathogenes:s ,

KEYWORDS: anti-CD19 = anti-CD20 = neuromyelitis optica = plasmablast = rituximab

As B-lineage cells and antibodies are thought
to play an active role in autoimmune pathogen-
esis, B-cell populations are an attractive target
of therapy in the combat against intractable
human autoimmune diseases such as rheu-
matoid arthritis (RA), systemic lupus erythe-
matosus and multiple sclerosis (MS). In fact,
the B-cell-depleting antibody rituximab has
been proven efficacious for RA [1], vasculitis
[1.2], idiopathic thrombocytopenic purpura [3],
MS (4] and neuromyelitis optica (NMO) 5]
Rituximab is a chimeric monoclonal antibody
specific for the B-cell surface antigen CD20,
and is able to deplete mature B cells iz vivo
through ADCC. By contrast, its therapeu-
tic effects have not yet been proven in lupus
glomerulonephritis, a condition associated
with an increase of anti-DNA antibodies and a
reduction in circulating complement. Although
the anti-CD20 therapy greatly reduced levels of
anti-DNA antibodies [¢], no significant clinical
benefit was seen in the patients treated with
rituximab. The complexity in the outcome of
B-cell-directed therapy is not fully understood
yet; however, emerging results offer interesting
ideas regarding the pathogenesis of disease and
possibilities for alternative options of therapy.
If rituximab fails to control a certain auto-
immune disease condition despite its ability
to deplete B cells, it is arguable that CD20-
B cells may produce pathogenic autoantibodies
or play other critical roles in pathogenesis. In
this regard, which B-cell populations ritux-
imab depletes needs to be verified further.
B-cell populations highly expressing the CD20
molecule include mature B cells and memory
B cells. By contrast, either B cells at very
early stage prior to antigen receptor selection
(pre-B cells) or terminally differentiated anti-
body-producing cells (long-lived plasma cells)
do not express CD20 on their surface. As such,
an anti-CD20 antibody could not wipe out the

antibody-producing cells from the repertoire.
An antibody against another B-cell marker,
CD19, appears to remove a broader range of
B-cell populations, indicating that anti-CD19
antibody therapy may be more effective in some
diseases [7]. However, the anti-CD19 antibody
does not deplete plasma cells in the bone mar-
row. Immature plasma cells or plasmablasts
capable of producing antibodies are CD19" but
heterogeneous in the level of CD20 expression.
The role of rituximab-resistant, CD20" plas-
mablasts in autoimmunity is of our current
interest.

In the research of antibody-mediated dis-
eases, we have recently seen major break-
throughs in the autoimmune CNS disease
NMO [g]. NMO is a severe inflammatory
disease characterized by recurrent optic neuri-
tis and episodic myelitis. The clinical picture
of NMO sometimes looks very similar to the
most common demyelinating disease MS. For
example, MS may also develop optic neuritis
and myelitis in addition to brain inflammation.
Although diagnostic tests to distinguish NMO
from MS were not available, Lennon and her
colleagues showed in 2004 that autoantibod-
ies directed against the AQP4 water channel
protein are increased in the sera of NMO
patients and an anti-AQP4 antibody can be
regarded as a disease-specific marker in NMO
19]. Subsequent studies showed that the anti-
AQP4 antibodies are pathogenic 7z vivo, and
would bind to AQP4 expressed by astrocytes
in the CNS, leading to complement-dependent
destruction of astrocytes.

While acute exacerbations of NMO and
MS are responsive to corticosteroid treatment,
efficacy of plasma exchange in NMO appears
to be more significant than in MS. Long-term
treatment with type 1 interferons is effective
for MS but not for NMO [10]. Similarly, the
anti-a4 integrin antibody natalizumab, an

B-cell-directed therapy: which B cells should be
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approved drug for MS, fails to prevent relapses
in NMO {113. NMO accompanies other auto-
immune diseases such as systemic lupus ery-
thematosus and Sjégren’s syndrome more often
than MS. Reflecting the lower prevalence of
MS in Asia, the ratio of NMO to MS is much
higher in Asia than western countries [12].

Recent works have shown that repeated ther-
apy with ricuximab effectively reduced relapses
of NMO in nine out of ten patients (5. In this
prospective long-term cohort study, two patients
developed concomitant infections (e.g., herpes
zoster infection), although the safety profile was
judged to be acceptable. When additional ritux-
imab was not given before B cells reappeared in
the blood, clinical relapses occurred in associa-
tion with reappearance of B cells. Therefore,
B-cell depletion is thought to be a mechanism of
ricuximab action in NMO. However, it is inter-
esting to note that immunoglobulin isotype
levels decreased only in one of the ten patients
treated with ricuximab, and citers of anti-AQP4
antibodies did not change significantly during
the treatment (5], indicating that the anti-CD20
antibody does not efficiently deplete anti-AQP4
antibody-producing cells. Regarding this,
experts speculate that ricuximab shows efficacy
for NMO by deleting CD20* B cells serving
as APCs and/or producing inflammatory cyto-
kines. Other possible mechanisms include inhi-
bition of B-cell-T-cell interactions, increase of
Tregs (13 and modulation of the T-cell compart-
ment [14]. A point that cannot be overlooked is
that monocyte reactivity to lipopolysaccharide
was rather enhanced in patients with NMO
treated with rituximab in another study [15].
This proinflammatory effect of the anti-CD20
antibody is not welcome in the clinic owing to
its risk of triggering an exacerbation of the dis-
ease. If this monocyte activation results from
the depletion of IL-10-producing CD20* regu-
latory B cells (16], a B-cell-depleting therapy that
does not reduce such regulatory B cells should
be developed in the future.

We have recently reported that plasma-
blasts that do not bear CD20 on their surface
are significantly increased in the peripheral
blood of NMO, particularly during relapse
(17). The CD20- plasmablasts in the blood
of NMO patients displayed CD19"™CD180
CD27+CD38* phenotypes and exhibited both
morphological and molecular profiles of imma-
ture plasma cells. Interestingly, these plasma-
blasts produced anti-AQP4 antibodies follow-
ing stimulation 77 vitro, whereas other B cells,
including CD20* memory B cells from NMO,

did not. This is consistent with the results
that ricuximab trearment did not significantly
reduce anti-AQP4 antibody titers in NMO 5],
and leaves an open question as to whether treat-
ment options targeting the CD20- plasmablasts
are efficacious for NMO.

Among the molecules expressed by plasma-
blasts, CD19 may be an attractive target consid-
ering the availability of anti-CD19 antibodies.
However, because the level of CD19 expression
on the plasmablasts is relatively weak, deple-
tion of the CD19™ plasmablasts by the anti-
body might be more difficult than that of other
CD19* cells. We are more interested in IL-6
receptor blockade since IL-6 levels are increased
in the serum and cerebrospinal fluid of active
NMO, and IL-6 was found to enhance produc-
tion of anti-AQP4 antibodies and promote the
survival of plasmablasts. We showed that the
anti-IL-6 receptor antibody tocilizumab inhib-
its anti-AQP4 antibody production and sur-
vival of plasmablasts iz vitro. Tocilizumab, an
approved drug for RA, is efficacious for various
autoimmune conditions including Castleman’s
disease [18).

A more recent study indicates that CD20-
plasmablasts may also play a critical role in a
proportion of patients with RA, who do not
respond to anti-CD20 antibodies. The study by
Owczarczyk et al. actually showed thatamounts
of Ig/ mRNA, a marker for antibody-secreting
plasmablasts, are increased in such anti-CD20
nonresponders (19). It would be of interest to find
out whether the CD19™CD180-CD27*CD38*
plasmablasts expanded in NMO are involved
in the pathogenesis of rituximab-resistant RA.

In general, targeting a broader B-cell reper-
toire may be more efficacious in inhibiting auto-
immune diseases such as NMO. However, we
cannot over look potential problems in the long-
term safety profile that often accompany effica-
cious immunosuppressive drugs. Which B cells
should be targeted and how? This is obviously
a central question when we treat patients with
B-cell-mediated autoimmune diseases.
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A series of truncated analogs of u-galactosylceramide with altered ceramide moiety was prepared, and
evaluated for Th2-biased response in the context of IL-4/IFN-vy ratio. Phytosphingosine-modified analogs
including cyclic, aromatic and ethereal compounds as well as the C-glycoside analog of OCH (2) with their
cytokine inducing profile are disclosed,

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Natural killer T (NKT) cells are potent producers of immunoreg-
ulatory cytokines, and are restricted to glycolipid antigens pre-
sented by CD1d, a glycoprotein structurally and functionally
related to non-classical major histocompatibility complex (MHC)
class 1.! Several natural glycolipids of bacterial> and mammalian®
origin, and quite a few synthetic ligands of CD1d are identified
and reported to date."™ Among them, synthetic o-galactosylcera-
mide KRN7000 (1)® (Fig. 1) is the most extensively studied, for its
strong activation of NKT cells as well as its effectiveness in in vivo
animal disease models.® Compound 1 is known to induce various
cytokines including proinflammatory Th1 cytokine interferon-y
(IFN~vy) and immunomodulatory Th2 cytokine interleukin-4 (IL-
4), which oppose each other’s response and may in part result in
its marginal effect. Some studies are reported which aim to in-
crease the selectivity of Th1 or Th2 cytokine induction. The major-
ity are directed towards increased Th1 activity, and not few utilize
the derivatives of the acyl chain and/or the sugar moiety which are
relatively easy to prepare from a synthetic point of view. One of the
most potent compounds reported to date is that with 8-(4-fluoro-
phenyl)octanoyl chain as the acyl tail, which binds two orders of
magnitude stronger with CD1d than 1.7 Another impressing find-
ing was the conversion of 1 to its C-glycoside analog 3, which leads

* Corresponding author. Tel.: +81 78 306 5047; fax: +81 78 306 5971.
E-mail address: annoura.hirokazu.wk@®asubio.co.jp (H. Annoura).

0968-0896/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.bmc.2012.03,025
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Figure 1. Structures of KRN7000 (1), OCH (2) and their C-glycoside analogs 3, 4.

to striking enhancement of activity in in vivo animal models of ma-
laria and lung cancer.®

An altered analog of 1 termed OCH (2) possessing a shorter
phytosphingosine side chain® has been identified as NKT cell ligand
which predominantly induces IL-4 over IFN-y. Only compound 2 but
not 1 is significantly effective in animal models of Th1-mediated
autoimmune diseases such as experimental autoimmune encepha-
lomyelitis (EAE) and collagen induced arthritis (CIA), which makes
it an attractive lead for potential therapeutic application.®!°

Complete occupation of the binding groove of CD1d by 1
contributes to the sustained stimulation of NKT cells to induce ro-
bust immunological response, as indicated by several examples of
X-ray crystallographic structures of compound 1/CD1d com-
plex.!1? Altered analogs such as 2 with short phytosphingosine
chain is considered to result in short duration of stimulation and
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cause differential polarization of NKT cells.’? Instability of the
short-chain analogs to form binary and ternary complexes is
shown by molecular dynamics simulation study'® and more di-
rectly by using the surface plasmon resonance (SPR) technique.’
It was also shown that truncation in the phytosphingosine and
not the acyl chain will affect the NKT cell activation profile.'

As part of our efforts to obtain more potent compounds for the
enhancement of Th2 response, a series of analogs based on 2 with
altered ceramide moiety was prepared and evaluated in vitro,
some of which are the first to be reported. In this report, the struc-
ture-activity relationship in the context of IL-4/IFN-v ratio is de-
scribed. In the course of our study, the C-glycoside of 2 was
prepared for the first time and its cytokine-inducing profile
in vitro and in vivo are also described.

2. Results and discussion
2.1. Chemistry

The analogs were prepared by the versatile method developed
by our group (Scheme 1).!5 The phytosphingosine side chain sub-
stituents R shown in Tables 1 and 2 were introduced to the known
epoxide 5 by means of nucleophilic addition. In addition to the
nucleophiles reported earlier utilizing alkyl or aryl lithium reagents
or corresponding magnesium bromides,'® alkoxides and phenoxide
were also efficiently introduced. Liquid alcohols were reacted as a
solvent, while dioxane was used as a solvent for solid hydroxyls
such as phenol. Various nucleophiles, including short or long pri-
mary alkyl, secondary alkyl, aryl, alkoxy and aryloxy groups were
successfully incorporated via this route. After regioselective mesy-
lation of the more reactive axial hydroxyl group,'” compound 6 was
subjected to benzylidene cleavage and azidation, after which sec-
ondary hydroxyl groups were protected to provide isopropylidene
acetal 7. The order of de-benzylidene reaction and azidation could
be reversed, but azidation first of the axial mesyloxy group of 6
needed higher temperature, longer time and gave lower yield
presumably for its steric demand. On the other hand, azidation
later to the deprotected 6 yielded small portions of regio- and
stereoisomers as side products along with major product 7, assumed
to have formed via epoxide through nucleophilic addition of the
vicinal hydroxyl groups. Generally, deprotection first of 6 gave
higher yield in total. Glycosidation with tetra-O-benzyl-o-p-
galactosyl fluoride in the presence of BF;-OEt;, or with tetra-O-
benzyl-a-p-galactosyl bromide or chloride in the presence of
tetra-n-butylammonium bromide gave selectively the a-glycoside
9. The selectivity over the B-isomer was improved in the latter pro-
tocol, to a ratio typically greater than 10:1.>!8 The azido group in 9
was reduced to an amine and acylated with suitable carboxylic
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Table 1
Dependency of cytokine induction on alkyl chain lengths®
0]
HN"(CH)nCH3
MOy O S
HO “OH
OH

Compound R n 1L-4° (%) IFN-y° (%)
11a —-CH,CH3 22 105 96
11b —(CHz):CH3 21 97 148
11c —(CH3)2CH;3 22 115 112
11d ~(CH,)sCH3 18 6 9
11e —(CH,)sCH;3 20 51 46
11f —(CH2)3CH3 21 103 93
2 ~(CH,)3CH;3 22 100 100
11g —-(CH)3CH3 23 154 103
11h —(CH,)3CH3 24 129 504
11i —(CHz)3CH3 26 178 761
11j —(CHy)4CH;3 21 97 113
1 ~(CHy)12CH5 24 128 569

2 At 100 ng/ml.
> Normalized to 2 at 100 ng/ml.

acids to give 10. Finally, all the protective groups were removed
to give the desired analogs.

It is worthy of note that alkoxy derivatives (e.g., R =n-PrO) or
aryl derivatives (e.g., R = Ph) with R at this position are not directly
accessible via the Wittig reaction of stereo-fixed, sugar-based
starting materials (e.g., p-lyxose).>*1°

C-Glycoside 4 was synthesized by short and efficient route as
depicted in Scheme 2.2° Known o-ethynylgalactose derivative
12%! and octanal derivative 13 synthesized from L-arabinose were
coupled in a chelation-controlled manner to give a 1.6:1 mixture
of 14a and 14b. Compounds 14a and 14b were easily separated
by column chromatography over silica gel, and the stereochemistry
of the newly formed diastereomeric center was determined for the
major isomer 14a applying modified Mosher’s protocol?? to have
the R-configuration.2® The acetylenic bond in 14a was selectively
and efficiently reduced by diimide reduction, after which the hy-
droxyl group was mesylated to give 15. The synthesis of 4 was
completed in a straightforward manner, after substitution by azido
group, reduction, acylation and global deprotection.

2.2. Biological evaluation
The analogs were evaluated in vitro for their ability to induce

IL-4 and IFN-y relative to 2. IL-4 and IFN-7y secretion were assessed
with spleen cells prepared from C57BL/6 mice, which were

Bro~O~ X 8a(X= F)l
H o MsQ OH o s BnO”™y" 'OBn 22&( grg
a, ¢ | d,e,f ~"—~"R OBn
OYO o OYO “or o. 0 N
Ph b,C Ph e, d,f x gor
5 6 7
Q Q
HN)LR' HN*R'
BnO ?OA«(\R i Bno’j/\(‘)) Oy ™R kI HONONO
BnO™ " OBn 80"y~ 08n %° HO~ o OHOH
OBn OH
10 11

Scheme 1. Synthesis of O-glycosides. Reagents and conditions: (a) RLi or RMgBr, Cul or CuOTf, THF, —40 °C, 52-98%; (b) alcohol or phenol, NaH, (dioxane), rt-80 °C, 83-88%:;
(c) MsCl, pyridine, —40 °C-rt, 34-93%; (d) Ha, PA(OH)/C, EtOH, rt, or 6 N HCl, MeOH, rt, 68-100%; (e) NaN3, DMF, 95-110 °C, 20~66%; (f) cat. p-TsOH, 2,2-dimethoxypropane,
It, 26-75%; (g) 8a, BF3-OEt,, MS 4 A, CHCl3, —50 °C, 13-73%; (h) 8b or 8¢, n-BuyNBr, MS 4 A, DMF-toluene, rt, 22-68%; (i) Ha, Lindlar catalyst, EtOH, rt; (j) R'CO,H, EDCI-HCI,

HOBt or HOAt, i-ProNEt, DMF-CH,Cl,,
(two steps).
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40 °C, 22-100% (two steps); (k) HCl-dioxane, MeOH-CH,Cl,, rt, or 80% AcOH, 80 °C; (1) Hp, Pd(OH),/C, MeOH~CHCl3, rt-40 °C, 41-91%
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Table 2
Cytokine induction profile of the phytosphingosine-altered derivatives and the C-
glycoside of OCH*

o]
o AHr~:*\(on)22(:t-|3
HO R
Hoj\{’[ op O OH
OH
Compound A R 1L-4° (%) IFN-y" (%)
2 8} ~(CH3)4CHy 100 100
11k (4] ~¢-Pent 98 74
11 Q ~Ph 211 284
11m [¢] ~CHPh 57 35
1in 0 ~p-Tol 78 76
110 0 ~0OCH3 86 64
11p 0 ~O(CHg)2CHs 103 161
11q 0 ~O(CHy)11CHy 78 27
11r 6] -OPh 99 80
4 CH3> —(CHz)3CH5 1 0

2 At 100 ng/mi.
® Normalized to 2 at 100 ng/ml.

incubated with 100 ng/ml of glycolipids for 72 h. The cytokines in
the culture supernatant were measured by ELISA.

Influence of the chain lengths was first examined (Table 1).
When the phytosphingosine chain was fixed to that of 2 and acy!
chain length altered (compounds 2 and 11d~11i), the chain length
proximal to 2 showed similar cytokine production. As the acyl
chain became longer the cytokine release increased, and for chains
longer than hexacosanoic acid there was a marked increase in
IFN-y production that dominated IL-4 (11h, 11i), which was com-
parable to 1. On the other hand, as the chain became shorter the
induction of both cytokines decreased rather drastically, and icosa-
noy! derivative 11d showed negligible efficacy.

When the acyl chain length was next fixed to that of 2 and
sphingosine base altered, in our hands cytokine producing profile
did not change for given derivatives (11a, 11c and 2; n=22).
Compounds 11b, 11f and 11j which have tricosanoyl chain
(n=21) also showed similar profile. Taking above results together,
we concluded that very close modification of 2 both in acyl and
sphingosine chain are tolerated and shows similar profiles, and
that further shortening of the acyl chain in aim for more
Th2-biased response seems inappropriate.

Our interest was next focused on the phytosphingosine moiety,
where it makes 2 a completely different switch of the NKT cell
signal. Analogs bearing aliphatic ring (11k) or aromatic ring (111-
11n) were also prepared. To our knowledge, these are the first
examples of non-linear hydrocarbon chain analogs of the phyto-
sphingosine moiety that show similar cytokine inducing ratio to
2.2 Compound 111 with an aromatic ring appears to show slight

T. Toba et al./Bioorg. Med. Chem, 20 (2012) 2850-2859

Figure 2. Side view of the optimized structure of 2 (blue)/hCD1d complex. X-ray
structure of 1 {red) is superimposed.,

increase in both cytokines. This is suggestive of aromatic interac-
tion(s) with residues such as Phe77 and Trp131 in CD1d (Fig. 2).
Aromatic derivatives with one methylene unit longer (11m) or
one additional methyl in the para-position (11n) showed reduced
activity, which is indicative of the appropriate length and flexibility
in reference to pocket depth, as well as for possible interaction with
aromatic residues. We have next prepared analogs bearing ether
linkage in the phytosphingosine chain. There is only one report
for a-galactosylceramide derivatives with aliphatic ether chain,
which assessed the release of IL-2, a Th1 cytokine* Our com-
pounds (110-11r) including oxa- analog of 2 showed similar pro-
files to corresponding methylene derivatives, which is in line with
one example of oxa- analog of 1 shown in the previous report.?*
The oxa- analogs were also shown for the first time to be compara-
ble in the context of IL-4/IFN-y ratio to the corresponding methy-
lene analogs.

The binding groove of the CD1d consists of two hydrophobic
channels A’ and C' that accommodate two lipid chains of a-glycosyl
ceramides. As can be seen from the X-ray structure of 1/hCD1d
complex,'? the acyl chain occupies A’ pocket and the bent phyto-
sphingosine chain enters the narrow C' pocket beyond the length
of 2 (Fig. 2). We assume the phytosphingosine-altered analogs in
Tables 1 and 2 which in length do not reach the C' pocket showed
similar profiles to 2 owing to weak interaction with CD1d. There is
a wide space before entering the C' pocket which allows cycloalkyl
and aromatic substituents, and as mentioned earlier the aromatic
side chain might interact with aromatic residues such as Phe77
and Trp131. Molecular modeling of 2/hCD1d complex based on

X (T

BnO i e
‘gn/o\f oBn Sro a. Bnof\(O Z Kéja 14a(X=OH,Y=H) 28
Can O-& sno’\j OBn 14b (X = H, Y = OH)
0OBn
12 13
o 0
OMs *(CHZ)QZCHa Nk(CHg)ZZCH3
Bno’\ro \/'\7_(\/‘\/ d f Bno\//L W(\\/\/ g.h h HOI\(O\
BnO™>y" 0Bn °5%° ) 0Bn © HO”\H oH OHOH
OBn
15 16 4

Scheme 2. Synthesis of C-glycoside 4. Reagents and conditions: (a) n-BuLi, THF, —48 to —30 °C, 47% for 14a, 30% for 14b (BRSM); (b) TsSNHNH,, DME, NaOAc aq, reflux, 91%;
(c) MsCl, pyridine, CH,Clp, 0 °C-rt, 94%; (d) NaN3, DMF, 90 °C; (e) Ho, Lindlar catalyst, EtOH, rt; (f) Lignoceric acid, EDCI-HCI, HOAt, Et;N, DMF-CH,Cl, rt, 48% (three steps); (g)

80% AcOH, 60 °C, 88%; (h) Hy, PA(OH),/C, MeOH~CH,Cl,, rt, quant.



