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Table 1. Clinical data of the patients in this study.

Patient Gender Age (years) Duration (years) Relapse frequency EDSS DMT before initiation of fingolimod Complications
(last 2 yrs)

| M 34 7 5 1.5 IFNpla + PSL Asthma

2 M 43 6 2 2.5 PSL Graves' disease

3 M 39 5 | 35 None Depression

4 M 41 13 I 35 IFNBIb None

5 M 29 2 3 2.0 IFNB1b Pectus excavatum

6 F 41 24 6 35 IFNBIb — GA — Dex Depression

7 M 56 16 2 5.5 IFNBIb — IFNBIb + PSL — Osteoporosis

IFNfpla + AZP

8 M 41 9 2 4.0 IFNBIb —» IFNBla Depression

9 M 60 20 | 3.5 AZP — MZR — [FNp1b None

mean & 427498 11.3+£74 25+ 1.8 3312

SD

AZP: Azathioprine; Dex: dexamethasone; DMT: disease-modifying treatment; EDSS: Expanded Disability Status Scale; F: female; GA: glatiramer

acetate; IFN: interferon; M: male; MZR: mizoribine; PSL: prednisolone.

appreciable effectiveness in all patients. In fact, recent
case reports document the presence of fingolimod-treated
MS patients who have developed tumefactive brain lesions,
after receiving fingolimod.”1® Moreover, clinical worsen-
ing accompanied by large brain lesions is described in
patients with neuromyelitis optica (NMO), within months
of starting fingolimod.!12 Our current understanding of
fingolimod-related biology therefore remains incomplete,
particularly regarding differential effectiveness in individ-
ual patients.

Not only the presence of clonally-expanded B cells in
the central nervous system (CNS),!31 but the efficacy of
the anti-CD20 monoclonal antibody (mAb) rituximab!s
rationally indicates the involvement of B cells in the patho-
genesis of MS. Therefore, B-cell migration can serve as a
therapeutic target in MS, so we were prompted to investi-
gate whether inhibition of B-cell migration may explain the
differential effectiveness of fingolimod. Because the effects
of fingolimod on B cells in MS have not been fully charac-
terised,'® we analysed the alterations of B-cell populations
in fingolimod-treated RRMS patients by flow cytometry,
measuring the frequencies and activation states of their
peripheral blood B-cell populations.

Materials and methods

Patients and sample collection

The following subjects were enrolled in the Multiple
Sclerosis Clinic of the National Centre of Neurology and
Psychiatry (INCNP) in Japan:

(a) Fingolimod-naive patients with RRMS (n = 9);

(b) RRMS patients who were treated with other disease-
modifying treatments (DMTs) or corticosteroids (n =
19); and

(c) Healthy donors (n = 3).

All MS patients fulfilled the revised McDonald criteria.!l”
Fingolimod (0.5 mg once/day) was administered to nine
fingolimod-naive patients. These patient’s blood samples
were collected before and 2 weeks after initiating fingoli-
mod therapy. Most of these patients discontinued other
DMTs at least 2 weeks before entry into the study, due to
non-responsiveness to their DMT treatment or due to
adverse events. The absence of serum anti-aquaporin 4
(AQP4)-Ab was confirmed by cell-based assays.1819
Upon MRI, no patient showed longitudinally-extensive
spinal cord lesions extending over three or more verte-
brae. The clinical data of these nine patients are summa-
rised in Table 1.

Control blood samples were collected from 19 patients
with RRMS (mean age + SD: 41.8 + 13.8 years; female:male
ratio: 15:4) who had not been exposed to fingolimod before
nor during the study. The three healthy donors were males
(mean age + SD: 40.0 = 3.6 years). This study was approved
by the Ethics Committee of the NCNP. We obtained written
informed consent from all subjects.

Reagents

The following fluorescence- or biotin-labelled mAbs were
used: anti-CD19-allophycocyanin (APC)-cyanine 7 (Cy7),
anti-CD27-V500 and anti-CD27-phycoerythrin (PE)-Cy7
(BD Biosciences, San Jose, CA, USA); anti-CD180-PE and
anti-CCR7-fluorescein  isothiocyanate  (FITC) (BD
Pharmingen, San Jose, CA, USA); anti-CD38-FITC, anti-
CD3-FITC and mouse IgGI-FITC (Beckman Coulter,
Brea, CA, USA); anti-CD138-APC, mouse IgGlx-APC,
anti-HLA-DR-Pacific Blue, mouse IgG2Ax-Pacific Blue,
anti-CD183 (CXCR3)-peridinin-chlorophyli-protein
(PerCp)-cyanine 5.5 (Cy5.5), mouse IgGli-PerCp-Cy5.5,
anti-CD38-APC, anti-CD38-PerCp-Cy5.5, anti-CD14-
Pacific Blue, anti-Ki-67-Brilliant Violet, mouse IgGli-
Brilliant Violet and streptavidin-PE-Cy7 (BioLegend, San

Downloaded from ms).sagepub.com at Nationa! Center of Neurology and Psychiatry on February 23, 2015



Nakamura et al.

1373

Diego, CA, USA); and anti-CXCR4-biotin and mouse
IgG2A-biotin (R&D Systems, Minneapolis, MN, USA).

Cell preparation and flow cytometry

Peripheral blood mononuclear cells (PBMC) were isolated
by density gradient centrifugation, using Ficoll-Paque Plus
(GE Healthcare Bioscience, Oakville, ON, Canada). B-cell
populations were defined in reference to our previous

paper,? as follows: total B cells, CD19%; naive B cells (nBs),

CD19+*CD27-;memory B cells(mBs), CD19*CD27+CD180*;
and plasmablasts (PBs), CD197CD27*CD180-CD38high,

To evaluate the frequency and activation state of each
B-cell population, PBMC were stained with anti-CD19-APC-
Cy7, anti-CD27-V500, anti-CD38-FITC, anti-CD180-PE,
anti-CD138-APC, anti-CXCR3-PerCp-CyS5.5, anti-CXCR4-
biotin, streptavidin-PE-Cy7 and anti-HLA-DR-Pacific Blue.
To assess the expression of CCR7 in each B cell population,
PBMC were stained with anti-CD19-APC-Cy7, anti-CD27-
PE-Cy7, anti-CD38-APC, anti-CD180-PE and anti-CCR7-
FITC.

For examining Ki-67 expression in each B-cell popula-
tion, PBMC were stained with anti-CD19-APC-Cy7,
anti-CD27-PE-Cy7, anti-CD38-PerCp-Cy5.5, anti-CD180-
PE and anti-CD138-APC, then fixed in phosphate-buffered
saline (PBS) containing 2% paraformaldehyde and permea-
bilised with 0.1% saponin. Subsequently, these cells were
stained with anti-Ki-67-Brilliant Violet. We used the appro-
priate isotype control antibodies as negative controls for each
staining. At the end of the incubation, the cells were washed
and resuspended in PBS supplemented with 0.5% bovine
serum albumin (BSA) and analysed by FACS Canto II (BD
Biosciences), according to the manufacturer’s instructions.

Cell sorting

PBMC were labelled with CD3 and CD14 microbeads
(Miltenyi Biotec, Bergisch Gladbach, Germany) and then
separated into positive and negative fractions by Auto-
MACS (Miltenyi Biotec). The positive fraction was stained
with anti-CD3-FITC and anti-CD14-Pacific Blue, whereas
the negative fraction was stained with anti-CD19-APC-
Cy7, anti-CD27-PE-Cy7, anti-CD38-APC and anti-CD180-
PE. Each positive and negative fraction was sorted into
CD3* T cells and CD14* monocytes, or into nBs, mBs and
PBs by a FACS Aria IT cell sorter (BD Biosciences). The
purity of the sorted cells was > 95%.

Quantitative real-time PCR

Messenger ribonucleic acid (nRNA) was prepared from the
sorted cells using the RNeasy Kit (Qiagen, Tokyo, Japan),
further treated with DNase using the RNase-Free DNase Set
(Qiagen), and reverse-transcribed to complementary DNA
(cDNA) using the cDNA Synthesis Kit (Takara Bio, Shiga,
Japan). We performed polymerase chain reaction (PCR)

using iQ SYBR Green Supermix (Takara Bio) on a
LightCycler (Roche Diagnostics, Indianapolis, IN, USA).
RNA Jevels were normalised to endogenous B-actin (ACTB)
for each sample. The following primers were used: S1P1
forward, CGAGAGCACTACGCAGTCAG; and SI1P1
reverse, AGAGCCTTCACTGGCTTCAG.

Data analysis and statistics

We used Diva software (BD Biosciences) to analyse our
flow cytometry data. We performed the statistical analysis
with Prism software (GraphPad Software, San Diego, CA,
USA). Paired or unpaired #tests were used once the nor-
mality of the data was confirmed by the Kolmogorov-
Smirnov test. Otherwise, the Wilcoxon signed-rank test or
the Mann-Whitney U-test was used, as appropriate. One-
way analysis of variance (ANOVA) was used to compare
data from more than two groups. If the one-way ANOVA
was significant, we performed post hoc pairwise compari-
sons using Tukey’s test. A p value < 0.05 was considered
statistically significant.

Results

B-cell populations express SIPI mRNA

First, we used flow cytometry to examine SI1P1 expres-
sion on the surfaces of the B-cell populations; however,
surface S1P1 was hardly detected (data not shown). This
is probably because of its internalisation following S1P
binding. In support of this, it is known that S1P is abun-
dantly present in peripheral blood.2 Thus, we measured
S1P1 mRNA in purified lymphocyte populations from the

"~ PBMCs of three healthy donors. Each B-cell population

was identified by flow cytometry, as shown in Figure 1(a).
We found that comparable levels of SIP1 mRNA were
expressed in T cells, nBs and mBs. In comparison, PBs
expressed a significantly lower level of SIP1, and S1P1
expression in monocytes was virtually absent (Figure
1(b)). Of note, a lower S1P1 expression by PBs, as com-
pared with other B cell populations, is also described in
mice.202! These SIP1 mRNA expression profiles sug-
gested that not only T cells, but B-cell migration, could
also be influenced by fingolimod.

Next, we measured the frequencies of the B-cell popula-
tions in the PBMCs from nine patients with RRMS, before
and 2 weeks after starting fingolimod. Results of flow
cytometry showed that the frequencies of nBs, mBs and
PBs among PBMCs were significantly decreased after ini-
tiating fingolimod treatment (Figure 1(c)). We confirmed
that the absolute numbers of each population in the periph-
eral blood were also significantly decreased after starting
fingolimod (Figure 1(d)). The mean decrease rate & SD of
each cell population was calculated based on the absolute
cell number, giving the following results: total B cells, 87.6
+ 5.8%; nBs, 88.1 + 6.0%; mBs, 85.4 + 9.1% and PBs, 89.8
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Figure 1. Frequency and absolute number of each B-cell population found in peripheral blood from MS patients,

(a)Representative flow cytometry scheme to analyse B-cell populations in PBMC. The PBMC were simultaneously stained with fluorescence-
conjugated anti-CD19, -CD27, -CD38 and -CD 180 mAbs. The gate for CD19*CD27- nBs is shown in the left panel. The CDI9*CD27* fraction
partitioned in the left panel was analysed for CD 180 and CD38 expression to specify CD 180" cells (mBs), and for CD 180-CD38"s" cells (PBs) in
the right panel. Values represent frequencies of B-cell populations in PBMC. Total CD 19* B cell counts were calculated by summing the frequen-
cies of the partitioned populations in the left panel. (b) Each B-cell population, CD3* T cells and CD 14* monocytes in PBMCs from three healthy
donors were sorted by FACS, and SIPI mRNA expression levels were determined by quantitative RT-PCR. Data were normalised to the amount
of ACTB for each sample. Data are represented as mean refative expression * SD. *p < 0.05 by one-way ANOVA and post hoc Tukey’s test. (c), (d),
and (e) Data shown are the frequencies of B-cell populations in PBMC (c), the absolute numbers of B cell populations in peripheral blood (d) and the
frequencies of B-cell populations in CD19* B cells (e) from nine patients with MS before (pre) and 2 weeks after (2 wk) initiating fingolimod. Data
from the same patients are connected with lines.

p? < 0.05 by Wilcoxon signed-rank test.

pb < 0.05 by paired t-test.

ACTB: endogenous beta actin; ANOVA: analysis of variance; FACS: Fluorescence-activated cell sorting; mAbs: monoclonal antibodies; mBs: memory
B cells; mono: monocytes; mRNA: messenger ribonucleic acid; MS: multiple sclerosis; nBs: naive B cells; NS: not statistically significant; PBMC:
peripheral blood mononuclear cells; PBs: plasmablasts; pre: before treatment; RT-PCR: reverse transcriptase - polymer chain reaction; SIP{: sphin-
gosine | phosphate receptor I; T: T cells; 2 wk: 2 weeks after treatment initiation.
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+ 3.3%. Thus, all B-cell populations decreased at similar
rates, regardless of their S1P1 expression levels. We also
noticed that reduction of the B-cell populations did not cor-
relate with CCR7 expression (a large proportion of nBs and
mBs expresses CCR7, whereas only a small percentage of
PBs expresses CCR7 (Supplementary Figure 1)),
Consistently, the frequency of each B-cell population
within CD19* B cells was not significantly altered in the
fingolimod-treated patients (Figure 1(e)).

CD38- and CD38"eh-activated memory B
cells are preferentially decreased in fingolimod-
treated patients

We next assessed mBs, which are assumed to play an
important role in MS.?223 To evaluate the effects of fingoli-
mod on the activation state of mBs, we first analysed CD38
expression of mBs in the nine patients, before and after ini-
tiating fingolimod. CD38 is a marker that is upregulated
upon B-cell activation.?* We found that mBs could be clas-
sified into three subpopulations according to CD38 expres-
sion levels (CD38lw, CD38int and CD38high), Notably,
frequencies of CD38it and CD38high mBs were signifi-
cantly decreased 2 weeks after initiating fingolimod,
whereas the frequency of the CD38l% subpopulation
became significantly increased (Figure 2(a) and (b)).

We further examined the expression of another activa-
tion marker, HLA-DR, within the CD38lw, CD38int and
CD38tigh mB subpopulations. We found that the CD38bigh
subpopulation expressed a significantly higher level of
HLA-DR, compared with the CD38%% mB population, as
assessed by mean fluorescence intensities (MFIs) (Figure
2(c) and (d)). Although not statistically significant,
HLA-DR expression in the CD38#t subpopulation was
intermediate, compared with that in the CD38% mB sub-
population. We also found that the MFTs of forward scatter
(FSC), which reflects cell size, were significantly higher in
the CD38heh subpopulation, compared with the CD38lw
and CD38int subpopulations (Figure 2(c) and (d)). These
findings suggest that CD38high mBs may contain a larger
number of recently-activated blastic cells.

Fingolimod reduced Ki-6 7% recently-activated
memory B cells in peripheral blood

The nuclear antigen Ki-67 is exclusively expressed in the
active stages of the cell cycle (G1, S, G2 and M phases),?
and Ki-67* circulating immune cells are considered to be
recently activated cells that have just egressed from the
SLT. To clarify whether CD38bigh and CD38" mB subpopu-
lations are enriched for recently-activated cells, we exam-
ined the frequency of Ki-67* cells in each mB subpopulation,
in the six MS patients who were not treated with fingoli-
mod. This analysis revealed that CD38hieh mBs contained a
significantly higher frequency of Ki-67* cells than did
CD38% and CD38i"t mBs, and that CD38nt mBs were

likely to contain a higher frequency of Ki-67* cells than the
CD38lv mBs (Figure 3(a) and (b)). In addition, we com-
pared the frequency of Ki-67* cells in each mB subpopula-
tion, between fingolimod-treated (n = 5) and -untreated
control patients (= 6), and found that CD38nt and CD38high
mBs of the fingolimod-treated patients contained a signifi-
cantly lower percentage of Ki-67* cells compared with
those of the untreated patients (Figure 3(c)). These findings
suggest that recently activated mBs are enriched in CD38int
and CD38hgh subpopulations and that fingolimod effi-
ciently blocks the egress of these cells from the SLT into
the peripheral circulation.

The CD138* subpopulation in plasmablasts is
relatively resistant to fingolimod

Finally, we analysed alterations of PBs by fingolimod in
more detail. As PBs serve as migratory B cells that produce
pathogenic autoantibody directed against AQP4,'° their
role in the antibody-mediated pathology is being consid-
ered also in the pathogenesis of MS. Notably, CD138
expression appears to separate PB subpopulations that
could become differentially altered during the inflamma-
tory process. In fact, CD138* PBs have a higher potential to
migrate to inflamed tissues than CD138- PBs.26 Moreover,
as has recently been reported by us, CD138*HLA-DR* PBs
are selectively enriched in the cerebrospinal fluid (CSF)
during relapse of NMO, and the CD138*HLA-DR* PBs
migrating to the CSF express CXCR3.27 Therefore, we
compared the frequencies of CD138* cells in PBs, as well
as their expression of HLA-DR and CXCR3, before and
after fingolimod treatment.

We found that the frequencies of CD138* PBs among
total PBs were significantly increased after fingolimod ini-
tiation (Figure 4(a) and (b)); however, the absolute num-
bers of both subpopulations decreased, implying that
CD138* PBs are relatively resistant to fingolimod, com-
pared with CD138- PBs (Supplementary Figure 2(a) and
(b)). After initiating fingolimod, CD138- PBs showed
lower expression of HLA-DR, whereas the percentages of
CXCR3" cells remained unchanged (Figure 4(c) — (¢)). In
contrast, fingolimod treatment did not significantly reduce
the expression level of HLA-DR among CD138* PBs.
More interestingly, CD138" PBs became more enriched
with CXCR3* cells after initiating fingolimod (Figure 4(c) —
(e)). The definition of PBs as CD19*CD27*CD180-CD38high
cells in this study was modified to efficiently specify
autoantibody-producing cells;!® however, adopting a more
commonly used definition of PBs as CD19*CD27+*CD3 8high
cells did not alter the results (Supplementary Figure 3(a)

Q)

Discussion

Previous studies show that fingolimod markedly decreases
the number of T and B cells in the peripheral blood, without
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Figure 2. Frequency and activation state of each mB subpopulation in the peripheral blood of MS patients.

(a)Representative histograms of CD38 expression in mB of peripheral blood from a fingolimod-treated patient. Upper (pre) and lower (2wk) panels
show the histograms before and 2 weeks after fingolimod initiation, respectively. The two values above each histogram indicate frequencies of the
mB subpopulations with intermediate (CD38", left) and high (CD38e", right) CD38 expression. (b) Data shown are frequencies of mB subpopula-
tions, classified by CD38 expression levels (CD38°¥ (left panel), CD38" (middle panel) and CD38e" (right panel}), in the peripheral blood from
nine patients with MS, before (pre) and 2 weeks after (2wk) fingolimod initiation. Data from the same patients are connected with lines. *p < 0.05
by Wilcoxon signed-rank test. (c) Representative histograms of HLA-DR (left column) and FSC (right column) expression in each mB subpopulation
(CD38* (upper row), CD38" (middle row) and CD38Meh (lower row)) of peripheral blood from a patient with MS, before fingolimod initiation.
Values represent MFls of HLA-DR and FSC. (d) Data shown are MF| of HLA-DR (left panel) and FSC (right panel) in mB subpopulations (CD38'°%,
CD38mt and CD38"eY) of peripheral blood from nine patients with MS, before fingolimod treatment. Data are represented as mean & SD.

*p < 0.05 by one-way ANOVA and post hoc Tukey’s test.

ANOVA: analysis of variance; FSC: forward scatter; HLA: human leukocyte antigen; mB: memory B cells; MFI: mean fluorescence intensity; MS:
multiple sclerosis; pre: before treatment; 2wk: 2 weeks after treatment initiation.
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Figure 3. Ki-67 expression in mB subpopulations of peripheral blood from MS patients.

(a)Representative flow cytometry analyses of intracellular Ki-67 expression in mB subpopulations (CD38/ (left panel), CD38™ (middle panel), and
CD38Meh (right panel)) of peripheral blood from an untreated patient with MS. Each mB subpopulation was analysed for FSC and Ki-67 expression.
Values in each plot represent frequency of Ki-67* cells in each mB subpopulation. (b) Frequency of Ki-67* cells in each mB subpopulation of periph-
eral blood from six untreated patients with MS. Data are represented as mean * SD. *p < 0.05 by one-way ANOVA and post hoc Tukey's test. (c)
Frequency of the Ki-67* population in each mB subpopulation (CD38"°¥ (left panel), CD38" (middle panel), and CD38Meh (right panel)) is compared

between untreated patients with MS (control; n = 6) and fingolimod-treated patients with MS (Fingolimod; n = 5). Mean duration with fingolimod
treatment * SD is 15.8 £ 8.8 (6 to 30) weeks. Data are represented as mean + SD.

*p < 0.05 by unpaired t-test.

FSC: forward scatter; Ki-67: a marker present only during celf growth or proliferation; mB: memory B cells; MS: multiple sclerosis; NS: not statisti-

cally significant.

affecting the total numbers of monocytes and natural killer
(NK) cells.1628.29 Fyrthermore, in MS, fingolimod selec-
tively reduces naive T cells, as well as CD4* central
memory T cells that are enriched for Thl7 cells.630 In
addition, fingolimod ftreatment may induce a relative
increase in CD27-CD28- CD8* T cells3! and a decrease in
CD56b1etCDE2L*CCR 7+ NK cells.??

The role of autoreactive CD4* T cells in MS pathogen-
esis has been emphasised over decades.’® In contrast,
B-cell involvement in MS was highlighted lately, after the
clinical effectiveness of rituximab was demonstrated in
RRMS patients. Rituximab’s effectiveness in MS may
result from the depletion of autoantibody-producing B
cells, but it can also be explained by depletion of B cells
that are able to induce or support activation of autoreactive

T cells.!s In fact, B cells exhibit the ability to present anti-
gen to T cells, and mBs are more capable than nBs of sup-
porting the proliferation of neuroantigen-specific CD4* T
cells, in vitro.2® The presence of oligoclonal bands in the
CSF suggests local production of antibodies within the
CNS.34 Consistent with this, brain lesions!? and CSF of
patients with MS contain clonally-expanded B cells. These
results collectively support the postulate that mBs can
potentially trigger the inflammation of MS, either via
autoantibody production or via autoantigen presentation to
autoreactive T cells.

The focus of this study is to investigate the alterations of
peripheral blood B-cell types in fingolimod-treated patients
with RRMS. We showed that activated CD38it and
CD38high mB subpopulations were highly susceptible to
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Figure 4. Phenotypic alteration of the remaining PBs in peripheral blood following fingolimod treatment.

(a)Representative dot plots of CD19*CD27+CD180-CD38"eh PB, analysed for CD19 and CD138 expression before (pre) and 2 weeks after (2wk)
fingolimod initiation. Values represent frequencies of the CD138* subpopulation in total PB. (b} Data are frequencies of the CD138* subpopulation
in total PB of peripheral blood from nine patients with MS before (pre) and 2 weeks after (2wk) fingolimod initiation. Data from the same patients
are connected with lines. *p < 0.05 by Wilcoxon signed-rank test. (c) Data are representative histograms of HLA-DR expression in CD 138~ and
CD138* PB of peripheral blood, from a patient with MS before (pre) and 2 weeks after (2wk) fingolimod initiation. Values represent MFl of HLA-
DR. (d) Data are MFl of HLA-DR in CD 138~ and CD138* PB of peripheral blood from nine patients with MS, before (pre) and 2 weeks after (2wk)
fingolimod initiation. Data from the same patients are connected with lines, ¥p < 0.05 by paired t-test. (€) Data are frequencies of CXCR3* cells in
CD138~PB and CD138* PB of peripheral blood from nine patients with MS before (pre) and 2 weeks after (2wk) fingolimod initiation. Data from
the same patients are connected with lines. *p < 0.05 by Wilcoxon signed-rank test.

MFI: mean fluorescence intensity; MS: multiple sclerosis; NS: not statistically significant; PB: plasmablast; pre: before treatment; 2wk: after 2 weeks of
treatment.
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firigolimod, as indicated by their reduction in the peripheral
blood following fingolimod treatment. It is demonstrated in
mice that surface expression levels of SIP1 on B cells in
the SLT are controlled by transcription levels and CD69-
mediated internalisation of SI1PI. Stimulation of B-cell
receptors induces not only a cessation of S1P1 transcrip-
tion, but also an upregulation of CD69. Both of these
changes reduce the expression levels of surface S1P1 in the
SLT to some extent.?

Although we were not able to directly analyse B cells
in the SLT of the patients, we speculated that surface S1P1
expression on mBs within the SLT in human may also

decrease greatly, following antigen activation and expo-

sure to fingolimod, which would result in these B lympho-
cytes having a reduced responsiveness to S1P. In fact, the
activated mB subpopulations that we isolated from the
patients’ peripheral blood, in particular CD38hish mB,
were found to contain a substantial proportion of Ki-67*
cells (Figure 3(a) and (b)). We confirmed that the propor-
tions of Ki-67* cells in the activated CD38int and CD38high
mB subpopulations were significantly decreased fol-
lowing fingolimod treatment, suggesting that recently-
activated cells were selectively trapped in the SLT
following fingolimod treatment. Because activation of
autoreactive mBs in the SLT followed by their migration
to the CNS could trigger a relapse of RRMS,?’ we assumed
that inhibition of activated mB cell egress from the SLT
was at least partly involved in the reduced relapses of
RRMS after fingolimod treatment.

We also identified a PB subpopulation that is relatively
resistant to fingolimod as being CD138" PBs. The fre-
quency of the CD138* subpopulation in the total PBs, and
that of CXCR3* cells in CD138* PBs, was significantly
increased by fingolimod treatment. Of note, the
CD138*CXCR3* PBs are enriched in the CSF of NMO
during relapse,?” and fingolimod could induce exacerba-
tion of NMO, accompanied by the appearance of large
brain lesions.!112 Although knowledge on the biology of
PBs is limited, the percentages of CCR7* cells are much
lower as compared with nBs or mBs, indicating that fin-
golimod may differentially alter the in vivo migration of
PBs and other B cells.

It is of relevance to note that despite reductions of cir-
culating lymphocytes, RRMS patients receiving fingoli-
mod may develop clinical relapses. These relapses are
not always mild, but could be serious and accompany
huge brain lesions.”1® Although the trapping of regula-
tory lymphocytes in the SLT®® or the enrichment for
CD45RO-CCR7-CD8* T cells in the CSF7 is proposed as
a possible mechanism for formation of tumefactive brain
lesions, we were very curious to know if the increased
proportion of CD138* PBs over other lymphocytes in the
peripheral blood might influence the character of the CNS
pathology and induce large demyelinating lesions. In fact,
it was recently reported that CD45*CD19*CD138* PBs

are relatively enriched in the CSF of fingolimod-treated
MS patients, !¢ raising the possibility that the dominance
of CD138* PBs in the peripheral blood is preserved or
even promoted in the CNS of patients with MS who
develop tumefactive brain lesions?!% and NMO patients
who deteriorate!l.1? after being treated with fingolimod.
Therefore, resistance of activated PBs in fingolimod-
treated patients with MS or NMO may give us a clue to
understanding the individual patients’ differences regard-
ing the effectiveness of fingolimod therapy.
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How do T cells mediate central nervous system inflammation?

In the history of experimental multiple sclerosis
(MS) research, the real breakthrough came around
1970, when experimental autoimmune encephalo-
myelitis (EAE), a classical animal model of MS, was
successfully reproduced in syngeneic rodents, which
were transferred with sensitized T cells. In contrast,

EAE ftransfer by immune serum failed without:

exception. Along with the development of basic
immunology and of supportive technology, T cell
lines and clones reactive to myelin antigen were
established in vitro, and the works using these cloned
T cells soon gained popularity and flourished in the
research community. Currently, the T cells used for
EAE transfer are not derived from the in vitro-gener-
ated T cell clones, but are from T cell receptor trans-
genic mice lymphocytes. However, characterization
of pathogenic T cells has stayed in the mainstream
of EAE/MS research for almost three decades.

The basic research of CD4+ T cells, recognizing
myelin peptide associated with major histocompati-
bility complex class Il molecules, actually brought us
a deeper understanding of central nervous system
inflammation and led us to design a reasonable strat-
egy to combat MS. In fact, most current MS drugs,
including fligolimod and anti-Va4 integrin antibody
natalizumab, were tested in EAE for their efficacy,
and showed efficacy by influencing the functions or
behavior of autoreactive T cells in vivo. Although
potential target molecules in MS are not restricted to
those expressed by T cells, but extend to B cell
markers and others, it is still believed that basic
research of T cell biology will continuously give us
correct answers to key questions and provide us new
ideas on how to discover a cure for MS.

In this special issue of Clinical and Experimental Neu-
roimmunology, five review articles were contributed by
experts, given the theme entitled “New mechanistic
insights into the pathogenesis of multiple sclerosis —
from a T cell point of view”. As known to senior sci-
entists over the age of 40 years, the classical paradigm
of Th1/Th2 balance prevailed for several years, until
Th17 cells were discovered approximately one decade
ago. Reflecting the shorter history of research, there
remain many questions about the biology of Th17
cells regarding their identity and plasticity. Further-
more, the presence of Th17 cells in the lesions of MS
is still a matter of controversy, as reviewed by Thomas

© 2014 Japanese Society for Neuroimmunology

Korn,! although the clinical relevance of Th17 patho-
genic T cells in neuromyelitis optica (NMO) has sub-
stantial support. However, elevation of interleukin-17
mRNA was shown in lesions of MS,? and Th17 cell-
associated molecule, NR4A2, was also increased in
the peripheral blood of MS patients,® showing the role
of Th17 cells in MS. Therefore, Th17-associated mole-
cules, NR4A2> and Tobl,* are potential targets of
therapy in MS and NMO.

For future perspectives, the authors™® and the
Editor recognize that more research is required into
human T cells in conditions of health and disease. It
will be important to re-analyze the human T cell
populations without holding any prevailing dogma.
Supporting this, CCR2*CCR5* Thl cells, which have
not been given attention, unexpectedly increased in
the cerebrospinal fluid of patients with MS in
relapse, and showed pathogenic potentials.” Readers
of this special issue might share the opinion with us
that application of new technologies will bring the
next breakthrough within years, and immunology
textbooks could require major revision.
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Towards understanding the role of orphan nuclear receptor NR4A2
in Th17 cell-mediated central nervous system autoimmunity: An
experimental approach using an animal model of multiple sclerosis
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Abstract

Although details of its pathogenesis remain elusive, multiple sclerosis {MS)
is now widely accepted as an autoimmune disease of the central nervous
systern (CNS} in which autoreactive helper T cells play a pivotal role in trig-
gering pathogenic cascades. Recently developed drugs and ongoing clinical
trials clearly reflect the significance of targeting pathogenic immune cells,
such as T helper 17 (Th17) cells, for MS treatment. Through comprehensive
gene expression profiling analysis, we previously showed that the orphan
nuclear receptor, NR4A2, is selectively upregulated in peripheral blood
T cells from relapsing-remitting MS patients. Furthermore, using experimen-
tal autoimmune encephalomyelitis, an animal model of MS, we have shown
that NR4A2 is selectively upregulated in peripheral blood T cells and T cells
from inflamed CNS tissues. T cells expressing NR4A2 jn vivo were induced
only when immunized with self-peptide, not with irrelevant exogenous pep-
tides. Accordingly, interleukin-17 (IL-17)-producing helper T cells exclusively
express NR4A2, whether or not they secrete interferon (IFN)-y, suggesting
that NR4A2-expressing T cells represent a pathogenic Th17 subset during
autoimmunity. Therefore, NR4A2 could be a useful biomarker to estimate
pathogenic Th17 cell behavior in MS patients. In addition, a blockade of
NR4A2 expression in differentiating Th17 cells with small interfering RNA
not only abolished IL-17 secretion, but also Th17-related genes, such as IL-
21, c-Maf and IL-23 receptor. Finally, in vivo administration of NR4A2-specific
small interfering RNA significantly ameliorated experimental autoimmune
encephalomyelitis, implying that NR4A2 is essential for triggering MS/experi-
mental autoimmune encephalomyelitis, and could serve as a novel thera-
peutic target of the diseases. (Clin. Exp. Neuroimmunol. doi: 10.1111/cen3.
12128, May 2014)
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secondary progressive MS (SP-MS), and the less

Introduction

Multiple sclerosis (MS) is a complex disease of the
central nervous system (CNS) in which inflamma-
tory and neurodegenerative processes cause inter-
mittent necurological disorder and subsequent
progression of debilitating symptoms. In general, MS
is categorized into several major disease forms,
including the most common form, relapsing-remit-
ting MS (RR-MS), which sometimes exacerbates into

© 2014 Japanese Society for Neuroimmunology

frequent form primary progressive MS (PP-MS).*
Although the etiology and specific causes of MS are
not well understood, the susceptibility for individu-
als to develop MS could be attributed to both genetic
(e.g. disease susceptibility genes) and environmental
(e.g. external and internal environmental microor-
ganisms) factors. Recent genome-wide association
studies (GWAS) have identified many potential risk
loci and multiple variants that might have a key role
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in disease susceptibility.®® Of note, these studies
highlight a number of immunologically relevant
genes, particularly those linked to helper T cell
differentiation and function, suggesting the intrinsic
participation of T cell components for MS pathogen-
esis.* As such, interest in interventions against auto-
reactive T cells to treat MS has grown, resulting in
recently-developed therapies and ongoing clinical

trials, such as those using natalizumab (humanized -

anti-o 4 integrin monoclonal antibody), fingolimod
(FTY720) and glatiramer acetate, all of which are
aimed to mitigate excessive immune responses of
autoreactive T cells.

Organ-specific autoimmune diseases, including
MS, emerge when autoreactive T cells primed in the
periphery infiltrate into the CNS where reactivation
of those T cells in situ initiates local damage and
drives the recruitment of other inflammatory com-
ponents (macrophages, B cells, granulocytes etc.). In
early studies of MS, the major cause of organ-spe-
cific autoimmunity was believed to be the induction
of immune responses by Thl cells secreting inter-
feron (IFN)-y. However, recent studies have shown
that autoimmune responses mediated by T helper 17
(Th17) cells secreting interleukin (IL)-17 might play
key roles in the induction of autoimmune diseases.
Accordingly, the role of Th17 cells in MS has been
highlighted in recent years, and a large body of
research has shown that such T cell responses could
potentiate the pathogenesis of CNS-specific autoim-
mune inflammation; for example, elevated IL-17
responses and increased IL-17-secreting T cell num-
bers have been detected in MS patients, and corre-
late with active MS relapses.”® Furthermore, Th17
responses have also been observed in the case of
experimental autoimmune encephalomyelitis (EAE).
Th17 responses appear to be critical for the induction
of EAE as the severity of EAE was greatly reduced in
mice lacking IL-23, IL-23R, IL-17 or IL-17R.”'° Inter-
estingly, the CNS milieu in established EAE provides
signals that preferentially drive Th17 responses.'* As
diverse sites, such as secondary lymphoid organs and
peripheral circulation, as well as tertiary lymphoid-
like structures, particularly those in the target organ
(s), are involved in the development of organ-specific
autoimmunity, the dynamics of the process by which
pathogenic Th17 cells develop in EAE and MS have
not yet been fully elucidated.

Through comprehensive gene expression profiling
analysis, we previously showed that NR4A2, an
orphan nuclear receptor that plays a versatile role in
many aspects of biological and pathological
responses, is selectively upregulated in the peripheral
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blood T cells of RR-MS patients in remission com-
pared with healthy subjects.'? Using EAE, an animal
model of MS, we have further shown that NR4A2 is
selectively upregulated in both T cells isolated from
peripheral blood and those infiltrating into the CNS,
but not from T cells in secondary lymphoid organs,
such as the spleen and draining lymph nodes.}?!4
Here, the possible link between Th17 cells expressing
NR4A2 and their pathogenic properties for CNS au-
toimmunity is summarized, the molecular mecha-
nism of NR4A2-mediated Th17 cell differentiation is
discussed, and the potential clinical application of
NR4A2 as a novel therapeutic target for CNS au-
tolmmunity with experimental data using small
interfering RNA (siRNA) targeting the NR4A2 gene
is suggested.

Th17 cells and EAE, an animal model of MS

Naive CD4+ T cells differentiate into Thl cells on
antigenic exposure in the presence of IL-12, and,
once differentiated, Thl cells maintain their pheno-
type even in different cytokine milieus, suggesting
the relative robustness of the Thl phenotype. In
contrast, inflammatory processes crucial for Th17 dif-
ferentiation are currently less understood. Originally,
Th17 differentiation in vitro was observed after stim-
ulation of naive T cells in the presence of transform-
ing growth factor (TGF)-B in combination with IL-
6.1>1¢ However, 1L-21 has also been reported to act
as a differentiation factor by supporting the expan-
sion of developing Th17 cells in an autocrine man-
ner, and as an inducer of IL-23R expression on Th17
cells.*” In that case, IL-23 could act as a critical fac-
tor for the stabilization and maturation of the phe-
notype of Th1l7 cells that express IL-23R on their
cell surface.'® In addition, a combination of different
cytokines, such as IL-183, IL-6 and IL-23, in the
absence of TGF-$ induces differentiation of IL-17-
producing cells that apparently have an increased
pathogenicity compared with conventional Thl7
cells obtained by cultures with TGF-B and IL-6.%°
Therefore, it is not necessarily clear which differenti-
ation pathway is critical for the physiological emer-
gence of pathogenic T cells secreting IL-17 in vivo,
and all of the factors described here could contribute
to the differentiation of those cells to a greater or
lesser extent.

It is well known that Th17 cells express the master
transcriptional regulator retinoic acid-related orphan
receptor yt (RORyt), and the deletion of the RORyt
gene leads to impaired Th17 cell differentiation and
reduces the severity of EAE development.'® Pheno-

© 2014 Japanese Society for Neuroimmunology
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typically, Th17 cells show a greater degree of con-
text-dependent  plasticity?®*"  associated with a
higher in vivo survival and self-renewal capacity.®
Using fate-reporter animals, IFN-y producing T cells
that appeared in the CNS of BEAE mice were shown
to be almost exclusively derived from cells thar for-
merly produced IL-17.”> The conversion of IL-17-
producing T cells into IFN-y producers during EAE
appears to confer an increased pathogenic phenotype
to those T cells, accompanied by downregulation of
RORyt and upregulation of T-bet. This suggests that
the tracking of RORyt expression in T cells is not
necessarily enough to identily ongoing pathogenic
responses resulting from Th17 cells in CNS autoim-
munity. In addition, the development of conventional
Th17 cells and distinct T cell subsets producing 11-17
cells requires RORyt. Deletion of RORyt results in
impaired differentiation of all types of IL-17-produc-
ing T cell subsets, as well as the impaired develop-
ment of other newly-identified immune cell subsets,
lymphoid tissue inducer (LTi) cells and a part of
type 3 innate lymphoid cells (ILC3) that also express
RORyt.*?> 1 is conceivable that not all of those
RORyt-positive T cells producing IL-17 are necessarily
involved in pathogenesis of CNS autoimmunity.
Therefore, identification of novel molecular marker(s)
that exclusively represent pathogenic IL-17-produc-
ing T cells is highly desirable.

EAE is a prototype autoimmune disease model
that has greatly contributed to clucidating the path-
ogenesis of MS.?° BAE can be induced in laboratory
animals by active immunization with myelin anti-
gens or by passive transfer of myelin antigen-reac-
tive T cells. Thl cells reactive to myelin basic
protein (MBP), proteolipid protein (PLP) or myelin
oligodendrocyte glycoprotein (MOG) are capable of
inducing clinical and pathological manifestations of
EAE after transfer into naive mice; thus, Thl cells
producing IFN-y have long been believed to play a
central role in the pathogenesis of MS. However,
the “Thl disease” dogma has been challenged by
contradicting results showing that gene-targeted
mice deficient in IEN-y?"2® or IFN-y receptor, and
mice deficient for IL-12 signaling, are still suscepti-
ble to EAE. Subsequently, it was shown that IL-23,
and not IL-12, is essential for the development of
BAE,” resulting in the identification of pathogenic
IL-23-dependent Th17 cells that produce the unique
inflammatory cytokine, I1L-17.>° Currently, it is
widely accepted that Th17 cells play an important
role in the development of inflammatory autoim-
mune diseases either independently or collabora-
tively with Thl cells.

© 2014 Japanese Society for Neuroimmunology
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What is NR4A2?

NR4A2, also known as Nurrl, is a nuclear receptor
family member that, to date has no known endoge-
nous ligand (¥ig. 1). The members of the NR4A sub-
family (NR4AL/Nur77, NR4A2/Nurrl and NR4A3/
NOR-1) are mostly expressed at very low levels in a
wide wvariety of metabolically-demanding and
energy-dependent tissues, such as skeletal muscle,
adipose tissue, heart, kidney, liver and brain.*® On
particular stimulation, high levels of NR4A expres-
sion are induced in these tissues, reminiscent of
immediate early genes. The diversity of signals that
lead to this expression suggests that NR4A2 func-
tions in a manner highly dependent on cell type and
context, NR4A2 is primarily expressed in the CNS,
particularly in the cortex, ventral midbrain, brain
stem and the spinal cord, and it appears to have
important functions in both the development and
specific responses of dopaminergic neurons.*’??
Therefore, many studies regarding NR4A2 have
focused on the functional analysis of NR4A2 and its
relevance to the pathology of Parkinson’s disease.
Indeed, mutations in the NR4A2 gene are well
known to be associated with familial Parkinson’s dis-
ease, reflecting the essential role for NR4A2 in the
development and survival of neuronal organization
of substantia nigra.”*** In contrast, much less atten-
tion has been paid to the functional role of NR4A2
in T cells. More than a decade ago, NR4Al and
NR4A3 were shown to mediate apoptotic processes
of mature and immature T cells.>* 7 However, these
studies do not provide insight into the functional
implications of upregulated expression of NR4A2 in
T cells. Recently, NR4A2 has come into the spotlight
as a pivotal pathogenic component for modification
of inflammatory milieus of rheumatoid arthritis, ath-
erosclerosis and cancer, which will be discussed later
in more detail.**>? Conversely, NR4A2 expression
has also been implicated in reducing immune
responses, including a potential role in neuroprotec-
tion from inflammation and repression of matrix
metalloproteinases in joint inflammation, suggesting
diverse roles for this transcription factor that are
altered in a cell-type and context-dependent man-
ner 4041

Nuclear receptors are composed of several con-
served functional domains including DNA-binding
domain (DBD) with two zinc fingers in the N-termi-
nal region of the molecule and the ligand-binding
domain (LBD) in the C-terminal region with a less
conserved structure. In the absence of specific
ligands, most of the nuclear receptors are inactive by
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interactions with co-repressor proteins. On ligand
binding to a hydrophobic cleft in the ILBD, a confor-
mational repositioning occurs at the C-terminal
amphipathic a-helix (H12) of the LBD that provides
a well-defined surface (activation-function 2 [AF-2])
recognized by co-activator proteins, leading to the
formation of multiprotein complex mediating gene
activation, such as histone acetylation and chroma-
tin modifications. However, NR4A2 encodes unusual
and atypical LBD that lack canonical ligand binding
properties.** Therefore, NR4A2 is believed to be a
ligand-independent and constitutively active recep-
tor, and its activity is tightly controlled at the level
of transcription, post-transcriptional modification
and multivalent complex formation with other mol-
ecules. The DNA-binding motif for the NR4A family
members is the octanucleotide 5'-A/TAAAGGTICA
(NGFI-B response element [NBRE]), where NR4A2
binds as monomers and homodimers. The pro-opio-
melanocortin gene promoter contains another class
of transcriptional targets for homodimers: Nur-
responsive element (NurRE), with an inverted
repeat, the NBRE-related octanucleatide, AAAT(G/
A)(CIT)CA. NR4Al and NR4A2 also bind as hetero-
dimers with the retinoid X receptor (RXR) and bind
a motif called DR-5. In addition, multivalent com-
plex formation of NR4A2 with other transcription
factors enables it to show non-canonical DNA bind-
ing. 44

NR4A2-deficent neonates typically die at birth as a
result of a severe defect in respiratory function
despite having intact NR4Al/3 genes, suggesting a
unique functional property for NR4A2.*>*¢ Because
of the selective expression of NR4A2 in the CNS,

140

AF1/2; activation function 1, 2
0B0; ONA binding domain
LBO; ligand binding domain

&
Pr R - = =¥ Inflammation ety of biological and pathological responses.
control

Figure 1 Versatile function of NR4A2 in a vari-

(a) Members of the NR4A family of nuclear
receptors and their typical molecular structure.

~
Soa Steroidogenesis (b) Schematic summary of the organ and tis-

sue-specific biological and pathological roles of
the NR4A2.

most of the target genes of NR4A2 known to date
are limited to its role in this region. For example,
NR4A2 is shown to play a role in the transcriptional
activation of tyrosine hydroxylase involved in the
synthesis of dopamine.*”*® Another group of NR4A2
target genes reside in those relevant to bone forma-
tion, such as osteopontin and osteocalcin.*>° It is
suggested that NR4Al and NR4A3 are expressed in
the thymus and mediate T cell receptor-mediated
T cell apoptosis, but the distribution and function of
NR4A2 in immune cells has not been extensively
studied. Accordingly, a recent report showed that
NR4A family proteins have essential roles in regula-
tory T (Treg) cell development by inducing promoter
activity of the forkhead box P3 (Foxp3) gene;*!
however, NR4A2 itself was shown to be much less
effective for transcription of the Foxp3 gene and
subsequent Treg differentiation than other NR4A
family members.”®> Meanwhile, a series of reports
have suggested pivotal roles for NR4A family mem-
bers, especially the NR4A2 subtype, in inflammatory
responses, and they are aberrantly expressed in
inflamed synovial tissue of patients with rheumatoid
arthritis, psoriatic skin and atherosclerotic lesions.
Therefore, NR4A receptors might contribute to the
cellular processes that control inflammatory disor-
ders including autoimmunity.

NR4A2 in MS

MS has an autoimmune pathology that is initiated
by the development of autoimmune T cells reactive
to myelin antigens, such as MBP, MOG and PLP.
Immunologically, naive T cells differentiate into
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encephalitogenic T cells on encountering those with
myelin autoantigens. Such encephalitogenic T cells
must be preactivated in the periphery before they
are able to penetrate into the CNS parenchyma.”**
Then, expansion of inflammatory processes within
the CNS is triggered by pro-inflammatory cytokines
and chemokines secreted by infilirating autoreactive
T cells after recognizing self-antigens in a major his-
tocompatibility complex (MHC) cdass H-restricted
manner in the CNS. Encephalitogenic T cells that
generate the development of MS can be composed
of both Thl and Th17 cells, and the relative contri-
butions of either of these distinct helper T cell popu-
lations might help explain the diversity of clinical
and pathological manifestations, as well as the vary-
ing responses to therapy.? However, little is known
about the helper T cell population responsible for
the development of MS partly because of a lack of
appropriate methodology to discriminate those
encephalitogenic T cells. For example, although
RORyt is a good marker fo identify Th17 cells, the
aforementioned complex behavior of RORyt expres-
sion in T cells, in addition to the fact that RORyt is
also involved in lymphoid organogenesis, means that
it is necessary to find mew specific marker(s) that
enable identification of pathogenic T cells in MS.
Through comprehensive gene expression profiling
analysis of RR-MS patients in remission, we previ-
ously showed that NR4A2 is selectively upregulated
in peripheral blood T cells of M$ patients.’? Quanti-
tative reverse transcription polymerase chain reac-
tion analysis further revealed that NR4A2 expression
in Tcells from MS patients showed an approxi-
mately fivefold increase compared with healthy
donors. We then applied an animal model of MS to
further assess the role of the novel orphan nuclear
receptor gene on T cell function.

NR4AZ2 in EAE

In EAE induced in C57BL/6 mice by immunization
with a MOG3s_ss peptide, NR4A2 was selectively up-
regulated in T cells of the peripheral circulation and
those infiltrating into the CNS, but NR4A2 expres-
sion was not observed in T cells from secondary
lymphoid organs, such as the spleen or draining
lymph nodes.*>!* In a kinetic analysis using reverse
transcription  polymerase chain reaction, we
observed that NR4A2 expression in peripheral circu-
lating T cells reached a maximum value 21 days
after EAE induction, and the entire expression pat-
tern of NR4A2 in peripheral blood T cells was well
correlated with the clinical severity of EAE. Mean-
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while, significant expression of NR4A2 was observed
in the CNS-infiltrating T cells from day 9, when
early signs of BAE become evident. These results
suggest that NR4A2 expression was induced in
T cells on induction of EAE, but the kinetics of
expression significantly differs between peripheral
blood T cells and CNS-infiltrating T cells. Recent
studies have shown that autoimmune Thl7 cells
producing IL-17 play a central role in causing auto-
immune inflammation,”® and analysis of fate-repor-
ter animals showed that those Th17 cells have a
tendency to change their phenotype to become IFN-
y producing T cells in the CNS milicu of EAR mice.”
Therefore, T cells accumulating in the CNS are char-
acterized by massive production of those inflamma-
tory cytokines along with significant expression of
NR4AZ2. Accordingly, retroviral transduction of
NR4A2 ¢DNA into splenic CD4+ T cells in vitro aug-
mented production of IL-17 and IFN-y on restimula-
tion. Purthermore, NR4A2-expressing T cells in the
CNS of EAE animals were accumulated in those pro-
ducing IL-17 regardless of their secretion of IFN-vy
(Fig. 2)."* Therefore, NR4A2 might be considered as
a useful marker to identify pathogenic Th17 cells in
target organs or peripheral circulation. In addition,
T cell expression of NR4A2 seemns to have a strong
link with exposure to a certain autoantigen, as in
vivo induction of NR4A2 in T cells is observed only
when immunized with self-peptide and not with a
peptide of exogenous origin, such as ovalbumin.
Interestingly, forced subcutaneous inflammation by
intradermal injection of IL-23 causes upregulation of
NR4A2 in peripheral blood T cells.'* Therefore,
T cell upregulation of NR4A2 emerges only after rec-
ognition of self-antigen that induces autoreactive
TL-17-producing cells in situ.

It is noteworthy to point out that despite an
apparent requirement for NR4A2 in Th17 differenti-
ation in target organs, little NR4A2 expression was
detected in secondary lymphoid tissues that are the
proposed sites for T cell priming on encounter vyith
self-antigens and the subsequent acquisition of a
Th17 phenotype.’* In addition, NR4A2 expression
by CD4+ T cells was first observed in the target
organ, much earlier than in peripheral blood T cells.
Intriguingly, when autoreactive cells were induced
by immunization with self-antigens in the absence
of pertussis toxin administration, NR4A2 expression
was not upregulated, possibly because of impaired
access to target organs. Thus, the target organs, the
CNS in the case of EAE, might represent the site of
NR4A2 upregulation where pathogenic Th17 differ-
entiation occurs in vivo, rather than during initial

141



Th17 cells, NR4A2 and MS pathogenesis

(@ CNS T cells in EAE mouse
(day15)

[ 1FNa,(+))tL§17(-) b IFNy@L17(09 |

, e
IFN-y(=)IL-17(=)]} | IFN-y(=)/IL-17(+)

L_._m,....,,, 17

(b)
18+
; £ Splesn
g N8
84
o Wy
O
M
8
g s
¥
zA

TR X
P PR PR

Figure 2 Distribution of cytokine-producing T cells in the central ner-
vous system (CNS} of experimental autoimmune encephalomyelitis
(EAE) mice and their expression of NR4A2. (a) There are distinct subsets
of T cells accumulated in the CNS of EAE mice, composed of interleukin
(IL-17-producing T cells, interferon (IFN)-y-producing T cells and double
producers. (b) NR4A2 expression by subsets of cytokine-producing
CD4+ T cells was analyzed using quantitative polymerase chain reaction
at day 15 post-EAE induction for spleen and CNS-infiltrating cells.

T cell priming in the secondary lymphoid tissues.
Cognate antigen interactions in sifu are required to
permit primed T cells moving from peripheral circu-
lation to the CNS parenchyma.’®>* Accordingly,
primed encephalitogenic CD4+ effector T cells trans-
ferred into naive animals rapidly infiltrated CNS tis-
sue, requiring MHC class II-dependent antigen
presentation, whereas effector T cells specific for an
irrelevant antigen did not enter CNS lesions.>*
Therefore, our data could suggest that active infiltra-
tion of encephalitogenic T cells primed in the
periphery is not sufficient for generation of CNS au-
toimmunity despite the inflammatory potential of
autoimmune responses and the potential T cell path-
ogenicity, and instead suggests that clinical induction
of autoimmune disease is dependent on local reacti-
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vation of infiltrating T cells.’® Furthermore, the dif-
ferentiation processes of pathogenic T cells in the
target organ under autoimmune conditions might
enable the upregulation of NR4A2 in CD4+ T cells
after reactivation by interactions with target organ
antigen-presenting cells expressing CNS antigens,
and the NR4A2-expressing T cells could fully repre-
sent activated pathogenic Th17 cells. Indeed, when
NR4A2 expression is prevented by administration of
NR4A2-specific siRNA in vivo, CNS-infiltrating T cells
are still observed, albeit at lower numbers, but the
Th17 responses in the target organ are markedly
reduced with a reduction in clinical EAE. Again,
although the importance of the activation of particu-
lar local responses has been previously suggested,
our data shows that pathogenic Thl7 responses in
EAE result from a critical differentiation in the target
organ.'! The subsequent appearance of NR4A2
expression in the peripheral blood might represent
T cells trafficking from, rather than to, the target
organ and perhaps it is these T cells that are later
reactivated after returning to the target organ and
triggering disease relapses. Thus, NR4A2 might pro-
vide a cell marker identifying T cells, both in the tar-
get organ and circulatory systems, which have been
reactivated  during pathogenic  inflammatory
responses in the CNS. In addition, measurement and
manipulation of NR4A2 could prove to be useful in
clinical settings. As NR4A2 expression by peripheral
blood CD4+ T cells is only observed after the initia-
tion of inflammatory Th17 responses in the target
organ, the presence of NR4A2 expression in the
blood might be used to indicate when such
responses have developed or that they are ongoing.
1t is conceivable that the status of immune activation
in a target organ might be determined by measuring
NR4A2 expression in a patient’s blood. Thus, the use
of NR4A2 as a biomarker for MS could indicate
whether T cell infiltration into the target organ has
been recently established, giving valuable insight
into disease status.

Regulation of IL-21 by NR4A2 in autoimmunity

IL-21 is a pleiotropic cytokine primarily produced by
activated T cells.’” IL-21 plays a pivotal role in CD4+
T cell differentiation, the survival of both CD4+ and
CD&+ T cells, and the effector function of cytotoxic
T cells.’® %% In addition, IL-21 is crucial for B cell
survival and differentiation, leading to proper devel-
opment of antibody-producing cells secreting mature
immunoglobulins.®’ Intriguingly, IL-21 is shown to
have a strong link to inflammation and autocimmune
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diseases,®? such as patients with systemic lupus ery-
thematosus (SLE),*%" inflammatory bowel diseases
(IBD)**“® and type 1 diabetes (T1D),%”%* or in ani-
mal models for SLE,*? IBD,* TID? and rheumatoid
arthritis (RA).”" Although follicular helper T cells are
known as professional IL-21-producing CD4+ T cells,
IL-21 is also produced by Th17 cells.”* The primary
role for IL-21 in mouse Th17 cells is the expansion
of developing Th17 cells.'” 11-6 can induce the pro-
duction of IL-21 by Th17 cells, and in turn, IL-21
acts in an autocrine manner to induce the expres-
sion of IL-23R on Th17 cells and further stabilize the
Th17 phenotype.”” The requirement of IL-21 for
Th17 cell development in vive is still controversial, as
some reports show that Th17 cells can develop in
the absence of IL-21,7%7° whereas other reports
show that the generation of Th17 cells is impaired in
the absence of IL-21.7>7%77 This is partly due to the
redundant role of IL-6 and IL-21, in which Th17 cell
differentiation in vivo under a strong inflammatory
milieu with massive IL-6 production would conceal
the effects of 1L-21.777 Interestingly, the amount of
1L-21 production induced by Th17 differentiation is
strongly reduced by transfection of NR4A2-specific
siRNA into differentiating Th17 cells in vitro. We fur-
ther showed that the sequential upregulation of IL-21
and c-Maf, followed by the induction of IL-23R and
1L-17 transcripts during Thl7 differentiation, was
abolished when NR4A2 expression was prevented by
siRNA treatment. Therefore, one consequence of pre-
venting NR4A2 upregulation during Th17 differentia-
tion in vitro is an absence of 1L-21 secretion. The
essential role of NR4A2 expression in Th17 differenti-
ation through regulation of IL-21 is shown by the fact
that the addition of exogenous IL-21 led to IL-23R
upregulation, subsequently vyielding normal IL-17
secretion. The precise mechanisms of the NR4A2-
mediated regulation of IL-21 in Th17 cell develop-
ment in vivo have not yet been elucidated, but it is
postulated that NR4A2 might regulate T cell produc-
tion of IL-17 in vive by controlling signaling pathways
intrinsic for effective Th17 cell differentiation (Fig. 3).

One obvious mechanism by which IL-21 drives
autoimmunity is by supporting the expansion,
promotion and survival of pathogenic helper T cell
subsets. Accordingly, it is well known that autoim-
mune-prone mice produce more IL-21 compared
with resistant strains,®”°® and that the level of IL-21
production is well correlated to the progression of
autoimmune diseases.®® As aforementioned, IL-21
has a strong link to inflammation and organ-specific
or systemic autoimmune diseases including SLE,
IBD, T1D, and RA. Regarding the possible link of the
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IL-6/TGF-B

Figure 3 Multistep differentiation processes of T helper 17 (Th17) cells.
T cell receptor stimulation of naive T cells in the presence of transform-
ing growth factor (TGF)-B and Interleukin {(IL)-6 triggers initial Th17 cell
differentiation. Th17 cells acquiring c-Maf expression produce IL-21,
which augments Th17 cell amplification in an autocrine manner, 1L-21
induces expression of the IL-23 receptor on the surface of differentiating
Th17 cells that renders them responsive to IL-23, Exogenous IL-23 stabi-
lizes the Th17 phenotype to secrete IL-17 and confers its effector func-
tion. RORyt, retinoic acid-related orphan receptor yt.

IL-21~Th17 axis to human CNS autoimmunity, such
as MS, the proportion of memory Thl7 cells and the
1L-17 level are both shown to be much higher in
patients with MS and neuromyelitis optica (NMO).”®
Accordingly, CNS-infilrating cells expressing IL-21
were observed in both acute and chronic active
white matter MS lesions in which IL-21 expression
was restricted to CD4+ helper T cells.® Furthermore,
therapeutic treatment with alemtuzumab causes sec-
ondary autoimmunity in a subset of MS patients
who selectively show higher levels of serum IL-21,
possibly through excessive T cells apoptosis and cell
cycling after alemtuzumab-mediated lymphocyte
depletion.”? Interestingly, there are a couple of
reports suggesting a significant correlation between
IL-21 and NMO. First, production of IL-6 and IL-21 by
CD4+ T cells ex vivo is shown to be directly associated
with neurological disability in NMO patients.*® In
addition, higher concentrations of serum IL-21 were
observed in NMO patients,®® and concentrations of
IL-21 protein in cerebrospinal fluid were significantly
elevated in NMO patients, suggesting a positive
correlation with humoral immunity.®? Therefore,
regulation of the IL-21-Thl7 cell axis through
NR4A2-mediated intervention holds considerable sig-
nificanice not only for MS, but also for NMO and other
related neuroimmunological diseases.
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Figure 4 Effect of systemic administration of
NR4A2-specific small interfering RNA (siRNA) on
. experimental autoimmune encephalomyelitis
(EAE). NR4A2-specific or control siRNA was sta-
bilized in a collagen matrix and administered
intravenously to EAE mice either at the time of
(preventive administration) or 10 days after

(therapeutic administration) myelin oligoden-

=== Control RNA

=== NR4A2 siRNA

drocyte glycoprotein (MOG) immunization. CFA,
complete Freund’s adjuvant.

NR4A2 as a possible target for MS therapy

NR4A2 expression is associated with the generation
of autoimmune Th17 responses, and NR4A2 appears
to control Th17 differentiation. We then aimed to
prevent NR4A2 upregulation iz vivo by systemically
administering NR4A2-specific siRNA stabilized in a
collagen matrix.’* Both clinical EAE and NR4A2
expression in T cells were significantly reduced, with
peak disease delayed by 10 days (Fig. 4). In addition,
IL-17 production, but not IFN-y production by CD4+
T cells infilirating the CNS, was also reduced.
NR4A2 siRNA-treatment prevented the accumula-
tion of CD4+ T cells, particularly those secreting
IL-17 into the CNS. Furthermore, equivalent num-
bers of IL-17-producing T cells in the CNS were
observed between the control and the NR4A2 siR-
NA-treated mice at the delayed onset of clinical
EAE. The late onset of EAE could be attributed to
degradation of the siRNA, as administration of the
siRNA at the onset of EAE significantly prevented
the induction of clinical EAE. These findings suggest
that the absence of NR4A2 expression during active
autoimmune disease reduces clinical symptoms of
EAE and Thl7 responses. Therefore, NR4A2 might
prove to be a potent therapeutic target for the treat-
ment of MS and other Th17-mediated autoimmune
diseases.

It is well known that methotrexate significantly
suppresses expression of NR4A2 in patients with
active psoriatic arthritis.®* Accordingly, the expres-
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sion level of NR4A2 after treatment with methotrex-
ate is well-correlated to the disease activity score.
Therefore, intervention of NR4A2 activity with
chemical compounds might provide a potential strat-
egy for future treatment of MS. In addition, the fact
that NR4A2 mutations are associated with familial
Parkinson’s disease has led to significant interest in
the identification of selective low-molecular-weight
modulators that are helpful for analyzing the mode
of action of the NR4A subfamily.**> A growing num-
ber of NR4A2 modulators with unique chemical
structures have also been described.®*57 Further-
more, the antineoplastic and anti-inflammatory
drug, 6-mercaptopurine, has been shown to activate
NR4A2 through modulation of the cellular content
of purine nucleotides.®® A number of typical and
atypical antipsychotic drugs, such as haloperidol,
chlorpromazine, clozapine and so on, induce the
transcription of NR4A2, even though they are all
developed to augment NR4A2 activity.®®*° There-
fore, therapeutic application of NR4A2 inhibitors or
NR4A2 modifiers converted from those NR4A2 acti-
vators through modification of chemical structure
might be considered for possible future treatment of
RR-MS.

Future perspective

EAE is a versatile experimental model useful for
analyzing the immunopathological, neuropathologi-
cal and therapeutic aspects of MS, including inflam-
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Figure 5 Possible behavior of NR4A2-expressing T helper 17 (Th17) cells during the course of multiple sclerosis/experimental autoimmune encephalo-
myelitis (EAE), On encountering the myelin antigen, naive T cells are primed to differentiate into effector T cells, such as Th17 cells in secondary lym-
phoid tissue, Then, those effector T cells are recruited to the central nervous system (CNS) and restimulated with antigen presented by local antigen
presenting cells, resulting in upregulation of NR4A2 expression in pathogenic Th17 cells. Th17 cell-mediated local inflammation causes recruitment of
inflammatory effector cells to the CNS, leading to immunopathogenic symptoms of multiple sclerosis/EAE. The subsequent appearance of NR4A2
expression in the peripheral blood could represent T cells trafficking from the target organ. At the later phase of EAE, T cells might egress the target
organ to peripheral circulation and perhaps it is these T cells that are reactivated thereafter in the target organ triggering disease relapses. Therefore,
NR4A2 could provide a good biomarker for identifying pathogenic T cells in both the target organ and in circulation. APC, antigen-presenting cells;

CCL2, chemokine (C-C motif) ligand 2.

mation, demyelination, axonal damage, and after gli-
osis, the resolution of inflammation, remyelination
and drug screening. Given the data showing that
NR4A2 is selectively upregulated in the peripheral
blood T cells of RR-MS patients, we have shown a
strong link between NR4A2-expressing Thl7 cells
and their pathogenic role in CNS autoimmune
inflammation through the analysis of EAE (Fig. 5),
suggesting that NR4A2 represents a promising thera-
peutic target for MS and other autoimmune diseases.
In addition, there are other inflammatory CNS dis-
eases with distinct, but overlapping with the RR-MS,
phenotype, such as NMO, progressive forms of MS
and related demyelinating diseases.”® Therefore, fur-
ther analysis of RR-MS as an NR4A2-expressing
Thl7-mediated autoimmune disease will provide
helpful clues for understanding the pathogenesis of
CNS autoimmunity.
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