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Amiselimod (MT-1303) is a novel and selective sphingosine 1-phosphate receptor-1 (S1P1) modulator with a more favorable
cardiac safety profile than other S1P1 receptor modulators. In this study, we evaluated the effects of MT-1303 on the progression
of lupus nephritis in two well-known murine systemic lupus erythematosus (SLE) models, MRL/lpr and NZBWF1 mice,
compared with those of FK506. Daily oral doses of 0.1 and 0.3mg/kg MT-1303 not only inhibited the development of lupus
nephritis when administered before onset in MRL/lpr and NZBWF1 mice but also improved symptoms of lupus nephritis when
administered after onset in MRL/lpr mice. Its efficacy in these models was more potent or comparable to that of FK506 (1 and
3mg/kg). In histological analysis, treatment with MT-1303 inhibited infiltration of T cells into the kidneys, mesangial
expansion, and glomerular sclerosis. MT-1303 treatment resulted in a marked reduction in T cells and B cells in the peripheral
blood and significantly inhibited increases in the number of plasma cells in the spleen and T cells in the kidneys. In addition,
administration of MT-1303 suppressed elevations in serum anti-dsDNA antibody levels in MRL/lpr mice, but not in NZBWF1
mice. Our findings show that MT-1303 exhibits marked therapeutic effects on lupus nephritis in two SLE models, likely by
reducing the infiltration of autoreactive T cells into the kidneys. These results suggest that MT-1303 has the potential to be used
as a therapeutic agent for patients suffering from SLE, including lupus nephritis.

1. Introduction

Amiselimod (MT-1303) is an oral selective sphingosine 1-
phosphate receptor-1 (S1P1) modulator [1] that is currently
being developed for the treatment of various autoimmune
diseases. A phase I study demonstrated that MT-1303 has a
more favorable cardiac safety profile than fingolimod, the
first S1P1 receptor modulator approved for the treatment of
relapsing-remitting multiple sclerosis (RRMS) [2]. A phase
II study that enrolled more than 400 patients with RRMS
reported that MT-1303 at doses up to 0.4mg had superior
efficacy over the placebo control as well as a benign safety
profile [3]. MT-1303 is converted to its active metabolite,
MT-1303 phosphate (MT-1303-P), and acts as a functional
antagonist of the S1P1 receptor. MT-1303-P induces S1P1

receptor internalization in lymphocytes, inhibits lymphocyte
egress from secondary lymphoid organs by reducing the S1P
responsiveness of lymphocytes, and consequently exerts
immunomodulatory activity by markedly reducing the num-
ber of circulating lymphocytes [1].

Systemic lupus erythematosus (SLE) is a chronic autoim-
mune disease characterized by the production of a wide
variety of autoantibodies and immune complex-mediated tis-
sue inflammation [4–7]. Patients with SLE are susceptible to
organ damage accrual caused by both active disease and
medication toxicities [8, 9]. Development of an effective
treatment with an acceptable safety profile, particularly one
with high disease activity, and corticosteroid reduction is
warranted [10, 11]. Belimumab, which inhibits the B cell acti-
vating factor (BAFF), a key survival cytokine for B cells, is

Hindawi
Journal of Immunology Research
Volume 2019, Article ID 5821589, 11 pages
https://doi.org/10.1155/2019/5821589

https://orcid.org/0000-0002-5782-4540
https://orcid.org/0000-0002-8259-5364
https://orcid.org/0000-0001-7109-1534
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/5821589


currently the only approved biological agent for SLE [12].
However, the efficacy of drugs targeting B cells is limited,
and other approaches, including those targeting T cells,
are required to improve treatment options for SLE patients
[13, 14].

S1P1 receptor modulators suppress infiltration of
autoreactive T cells into sites of inflammation by inhibiting
lymphocyte egress from secondary lymphoid organs [15]
and have proven their therapeutic potential in RRMS and
ulcerative colitis [3, 16, 17]. In addition, fingolimod report-
edly reduces the production of high-affinity, class-switched
antibodies by reducing the formation of the germinal cen-
ter in the T cell-dependent antibody formation system in
mice [18]. Therefore, S1P1 receptor modulators are
expected to have therapeutic potential against SLE by inhi-
biting infiltration of autoreactive T cells into sites of
inflammation and by affecting autoantibody production.
In fact, studies have reported that S1P1 receptor modula-
tors are efficacious in reducing proteinuria and improving
kidney histology in MRL/lpr, NZBWF1, and BXSB mouse
models of SLE [19–23].

In the present study, we evaluated the prophylactic and
therapeutic effects of MT-1303 on lupus nephritis progres-
sion in MRL/lpr and NZBWF1 mice compared with FK506.
MRL/lpr and NZBWF1 mice, well-known animal models of
SLE, develop lupus nephritis spontaneously [24, 25]. In
addition, we investigated the effects of MT-1303 on infiltra-
tion of T cells into the kidneys and autoantibody production
in these mice.

2. Materials and Methods

2.1. Mice. Male MRL/lpr mice and female NZBWF1 mice
were purchased from the Shizuoka Laboratory Animal Cen-
ter (Shizuoka, Japan). Three to five mice were housed per
plastic cage under specific pathogen-free conditions. They
were kept at a constant temperature of 23 ± 3°C and relative
humidity of 30–70% under a 12h light/dark cycle. Food
and water were available ad libitum. All animal experiments
were performed using experimental protocols approved by
the ethics review committee for animal experimentation of
the Research Division of Mitsubishi Tanabe Pharma. All
experimental procedures were as humane as possible.

2.2. Agents and Antibodies. Amiselimod (MT-1303; 2-amino-
2-{2-[4-(heptyloxy)-3-(trifluoromethyl)phenyl] ethyl}propan-
1,3-diol hydrochloride) was provided by Mitsubishi Tanabe
Pharma (Osaka, Japan) and was dissolved in 0.5% hydroxy-
propylmethyl cellulose (HPMC) solution for oral administra-
tion. FK506 (Prograf Injection) was purchased from Astellas
Pharma (Tokyo, Japan) and diluted with distilled water. The
monoclonal antibodies (mAbs) used were obtained from BD
Biosciences (Franklin Lakes, NJ, USA) or eBioscience (San
Diego, CA, USA) and comprised the following: anti-CD3
mAb (clones 145-2C11 and 555273), anti-CD4 mAb
(GK1.5), anti-CD8 mAb (53-6.7), anti-CD45R/B220 mAb
(RA3-6B2), anti-CD38 mAb (90), and anti-CD138 mAb
(281-2).

2.3. Study Design

2.3.1. MRL/lpr Study. To evaluate the prophylactic effect,
MRL/lpr mice at 8 weeks of age without proteinuria (score
of 0 or 1) were divided into 4 groups (n = 12 each) using
the simulation method so that each group had equal mean
and variance of body weight and proteinuria score. MT-
1303 (0.1, 0.3, or 1mg/kg) or vehicle was orally administered
to the mice daily for 18 weeks, and the effects on the develop-
ment of lupus nephritis, splenomegaly, and lymphadenopa-
thy were evaluated. Additionally, MT-1303 (0.1 or
0.3mg/kg) or vehicle was administered to MRL/lpr mice at
8 weeks of age for 12 weeks (n = 12 each), and levels of
anti-dsDNA Ab in serum (n = 12) and plasma cell counts
in the spleen (n = 4) were determined. To evaluate the thera-
peutic effect, MRL/lpr mice at 14 or 16 weeks of age with a
proteinuria score of 2 were pooled, randomized by body
weight, and divided into 5 groups (n = 16 each). MT-1303
(0.1 or 0.3mg/kg), FK506 (1 or 3mg/kg), or vehicle was
administered for 6 weeks, and the effect on the progression
of lupus nephritis was assessed.

2.3.2. NZBWF1 Study. NZBWF1 mice at 30 weeks of age
without proteinuria (score of 0 or 1) were divided into 5
groups (n = 12 each). MT-1303 (0.1 or 0.3mg/kg), FK506
(1 or 0.3mg/kg), or vehicle was administered for 10 weeks,
and the effects on the development of lupus nephritis were
evaluated. Histological evaluation of the kidneys was con-
ducted in half of the mice in each group (n = 6 each) except
for the FK506 3mg/kg group after the final administration.
Additionally, MT-1303 (0.3mg/kg) or vehicle was adminis-
tered to NZBWF1 mice at 28 weeks of age for 13 weeks,
and infiltration of lymphocytes into the kidneys, plasma cell
counts in the spleen, and levels of anti-dsDNA Ab in serum
were determined (n = 8 each).

2.4. Evaluation of Lupus Nephritis. The severity of renal dis-
ease was monitored by measuring proteinuria. Proteinuria
was assessed once a week using Ames urinalysis strips
(Albustix®; Siemens Healthcare Diagnostics, Tarrytown,
NY, USA) and scored on a scale of 0–4 based on urinary
protein concentrations, as follows: 0, <30mg/dL; 1, 30–
100mg/dL; 2, 100–300mg/dL; 3, 300–1000mg/dL; and 4,
>1000mg/dL. In the NZBWF1 study, for more precise and
objective evaluation, urinary protein concentrations were
measured with a microplate spectrophotometer (SpectraMax
190; Molecular Devices, Sunnyvale, CA, USA) using the Coo-
massie Plus (Bradford) Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA) and scored on a scale of 0–4. A protein-
uria score of 2 and above was defined as positive for protein-
uria. Animals that were euthanized or died due to lupus
nephritis progression were assigned a subsequent urinary
protein concentration of 10mg/mL, the maximum value.

2.5. Histology and Immunohistochemical Staining. Kidney
tissue was fixed in 10% buffered formalin, embedded in
paraffin, cut into 3μm thick sections and stained with hema-
toxylin and eosin (HE) and periodic acid-Schiff (PAS).
Kidney sections were evaluated and scored for multiple mor-
phological features of lupus nephritis (mesangial expansion,
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glomerular sclerosis, interstitial infiltrates, and perivascular
infiltrates) by an independent pathologist. Kidney sections
were scored using a 4-point scale: 0, no change; 1, mild; 2,
moderate; and 3, severe, and the average score was calculated
per animal per group.

For immunohistochemical staining, kidney tissue was
fixed in zinc fixative, embedded in paraffin, and cut into
3μm thick sections. The sections were incubated with rat
anti-mouse CD3 mAb (555273) followed by secondary
mAb conjugated to amino acid polymer and peroxidase (His-
tofine®, Nichirei Biosciences, Tokyo, Japan). The colorimet-
ric reaction was performed using diaminobenzidine in the
presence of hydrogen peroxide, and sections were counter-
stained with hematoxylin.

2.6. Lymphocyte Analyses. Using the IMMUNOPREP™
Reagent System (Beckman Coulter, Brea, CA, USA), 0.1mL
of peripheral blood was hemolyzed and fixed. The number
of lymphocytes, T cells, B cells, CD3/B220 double-positive
T cells, CD4 T cells, and CD8 T cells was measured using a
Cytomics™ FC500 flow cytometer (Beckman Coulter) with
Flow-Count™ (Beckman Coulter) as the internal standard.
Single-cell suspensions were prepared from the spleen.
Red blood cells were lysed, cell suspensions were reconsti-
tuted in phosphate-buffered saline, and the number of
plasma cells (CD138+B220low) was measured using a flow
cytometer [26]. Kidneys were minced and digested for
30min at 37°C with 400U/mL collagenase IV (Worthing-
ton Biochemical, Lakewood, NJ, USA). The kidney cell
suspensions were subjected to a Lympholyte M gradient
(Cedarlane, Burlington, Ontario, Canada) and spun at
2300 rpm for 20min. The number of lymphocytes, T cells,
B cells, CD4 T cells, CD8 T cells, CD3+CD4-CD8-, and
double-negative (DN) T cells was measured.

2.7. Anti-dsDNA Antibody. Serum levels of the anti-dsDNA
antibody were measured using a mouse anti-dsDNA ELISA
kit (Shibayagi, Gunma, Japan).

2.8. Statistical Analyses. The results are expressed as the
mean ± S:E:M: Statistical differences were analyzed using
Student’s t-test, Williams test, or Shirley-Williams test. Sta-
tistical differences in proteinuria incidence were calculated
using Fisher’s exact test with Hommel’s multiple comparison
test by comparing with the control. Differences between
groups were considered significant at p < 0:05.

3. Results

3.1. MT-1303 Strongly Inhibits the Development of Lupus
Nephritis in MRL/lpr Mice. To determine the effects of MT-
1303 on the development of lupus nephritis, MRL/lpr mice
at 8 weeks of age were administered vehicle or MT-1303 (oral
doses of 0.1, 0.3, and 1mg/kg) daily for 18 weeks. The time
course of changes in proteinuria scores are shown in
Figure 1(a). In the vehicle-treated control group, mean pro-
teinuria scores increased with time from 13 weeks of age,
and all mice developed lupus nephritis at 21 weeks of age.
In contrast, proteinuria scores in all MT-1303-treated groups
were significantly lower than those in the control group, and

no mice treated with MT-1303 at doses greater than
0.3mg/kg developed lupus nephritis during the study period.
Immunohistochemical staining with anti-CD3 mAb revealed
that T cells had infiltrated the kidneys of vehicle-treated con-
trol mice at 26 weeks, particularly the periglomeruli area
(Figure 1(b)). However, administration of MT-1303 mark-
edly reduced this infiltration of T cells into the kidneys
(Figure 1(c)). Moreover, in all MT-1303-treated groups, the
weight of the axillary lymph nodes and spleen was signifi-
cantly lower than that in the control group on the day after
the final administration (Figures 1(d) and 1(e)), indicating
that MT-1303 also inhibited the development of lymphade-
nopathy and splenomegaly. To confirm the effects of MT-
1303, the number of peripheral blood lymphocytes was mea-
sured the day after the final administration (Figures 1(f) and
1(h)). In all MT-1303-treated groups, the number of T cells,
CD4 T cells, B cells, and MRL/lpr-mouse-specific abnormal
T cells was markedly lower than that in the control group.

3.2. MT-1303 Suppresses the Production of Anti-dsDNA IgG
and Plasma Cells.MT-1303 at 0.1 or 0.3mg/kg was adminis-
tered to 8-week-old MRL/lpr mice for 10 weeks, and serum
levels of anti-dsDNA IgG and the number of plasma cells
were determined. Treatment with MT-1303 dose-
dependently suppressed the increase in levels of anti-
dsDNA IgG, with levels in the 0.3mg/kg MT-1303 group
decreasing significantly to around 40% of that in the control
group (Figure 2(a)). The number of plasma cells in the spleen
was dose-dependently and significantly lower than that in the
control group (Figure 2(b)).

3.3. MT-1303 Has Therapeutic Effects on Lupus Nephritis in
MRL/lpr Mice. Next, we directly compared the therapeutic
effects of MT-1303 and FK506 on lupus nephritis in MRL/lpr
mice. MT-1303 (0.1 and 0.3mg/kg) or FK506 (1 and
3mg/kg) was orally administered to MRL/lpr mice with
established lupus nephritis for 6 weeks. The time course of
changes in proteinuria scores and incidence of proteinuria
are shown in Figures 3(a) and 3(b) and 3(c) and 3(d), respec-
tively. In the control group, the mean proteinuria score grad-
ually increased, confirming the progression of lupus
nephritis. In contrast, from 2 weeks after the initiation of
administration, mean proteinuria scores in all MT-1303-
treated groups were significantly lower than those in the con-
trol group. In addition, the incidence of lupus nephritis,
which was 100% at the initiation of administration, decreased
to 56.3% and 37.5% at 6 weeks after administration of 0.1 and
0.3mg/kg MT-1303, respectively. Additionally, treatment
with FK506 significantly inhibited the progression of lupus
nephritis, and the therapeutic efficacy of MT-1303 was com-
parable with that of FK506. Histological analysis of kidney
sections showed glomerular lesion, proliferation of mesangial
cells, and infiltration of T cells in the control group, while the
severity of these lesions was reduced following treatment
with MT-1303 (Figures 3(e)–3(h)).

3.4. MT-1303 Prevents Progression of Lupus Nephritis in
NZBWF1 Mice. Thirty-week-old female NZBWF1 mice,
divided into 5 groups according to their proteinuria scores
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Figure 1: Continued.
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and body weight, were orally treated with vehicle, MT-1303
(0.1 and 0.3mg/kg), or FK506 (1 and 3mg/kg) daily for 10
weeks until 40 weeks of age, and the effects of these drugs
on lupus nephritis were evaluated. Survival rates during the
study are shown in Figures 4(a) and 4(b). The number of ani-
mals that were euthanized or died due to worsening condi-

tions from lupus nephritis progression during the
observation period was 3, 1, 0, 2, and 3 in the vehicle control,
MT-1303 0.1mg/kg-treated, MT-1303 0.3mg/kg-treated,
FK506 1mg/kg-treated, and FK506 3mg/kg-treated groups,
respectively. In the vehicle-treated control group, mean pro-
teinuria scores increased with time and the score was
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Figure 1: Prophylactic effect of MT-1303 on the development of proteinuria in MRL/lprmice. MT-1303 was administered to MRL/lprmice
for 18 weeks from 8 weeks of age. (a) Proteinuria was assessed once a week using Ames urinalysis strips and was scored on a scale of 0–4 based
on urinary protein concentrations as described in Materials and Methods. Each symbol represents the mean ± S:E:M: score of 12 animals.
Statistical significance was calculated using the Shirley-Williams test by comparison with the vehicle-treated control group (∗p < 0:05,
∗∗p < 0:01). (b, c) Kidney sections from vehicle- (b) or MT-1303 0.3mg/kg- (c) treated mice were labeled with anti-mouse CD3 mAb.
(d, e) The axillary lymph nodes (d) and spleen (e) were weighed on the day after final administration. Results are expressed as the mean ±
S:E:M: of 8 mice. (f–h) The number of T cells (d), B cells (e), and abnormal T cells (CD3+B220+) (f) was measured by flow cytometry.
Results are expressed as the mean ± S:E:M: of 4 mice. (d–h) Statistical differences were calculated using the Williams test by comparison
with the control (∗p < 0:05, ∗∗p < 0:01).
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Figure 2: Effect of MT-1303 on anti-DNA antibody levels and plasma cells in MRL/lpr mice. MT-1303 was orally administered to MRL/lpr
mice daily from 8 to 18 weeks of age. The serum and spleen were obtained the day after the final administration, and serum anti-dsDNA
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significantly higher at the end of treatment than at the start of
treatment, indicating that lupus nephritis had progressed
(Figures 4(b) and 4(c)). Mean proteinuria scores in the
MT-1303-treated groups remained lower than those in the
control group and were significantly lower at the end of
administration in all MT-1303-treated groups than in the
control group. In contrast, no significant difference in pro-
teinuria scores was observed between the FK506-treated
and control groups. In addition, urinary neutrophil
gelatinase-associated lipocalin (NGAL), which is reported
to be elevated in both acute and chronic kidney disease
[27], was measured, and urinary NGAL level increased over
time in the control group. On the other hand, urinary NGAL
levels remained lower in the MT-1303 groups than in the
control group (Figure S1).

Histological analysis of kidney sections was performed in
half of the mice in each group except for the FK506 3mg/kg
group (Table 1). In MT-1303-treated groups, the severity of
several histological changes including mesangial expansion,
glomerular sclerosis, and interstitial infiltrates was lower than
that in the control group, with MT-1303 at 0.3mg/kg signif-
icantly reducing the severity of mesangial expansion and glo-
merular sclerosis. However, no significant changes were

noted in perivascular infiltrates in MT-1303-treated groups.
In the FK506 0.1mg/kg group, while the scores for mesangial
expansion and glomerular sclerosis were lower than those in
the control group, there were no significant differences
between the groups. These results indicate that MT-1303 sig-
nificantly suppresses lupus nephritis progression in
NZBWF1 mice and that MT-1303 is more potent than
FK506.

3.5. MT-1303 Reduces Infiltration of T Cells into the Kidneys
of NZBWF1 Mice. To elucidate the effects of MT-1303 on
infiltration of T cells into the kidneys in NZBWF1 mice, kid-
neys were obtained from NZBWF1 mice administered with
MT-1303 (0.3mg/kg) or vehicle for 13 weeks until 41 weeks
of age, and the lymphocytes that infiltrated into the kidneys
were analyzed by flow cytometry. In the vehicle-treated con-
trol group, infiltration of lymphocytes including T cells and B
cells into the kidneys was detected at 41 weeks (Figures 5(a)–
5(f)). Meanwhile, treatment with MT-1303 significantly
reduced the number of infiltrating T cells, CD4 T cells,
CD8 T cells, and CD4-CD8- double-negative (DN) T cells.
Further, CD4 T cell and CD8 T cell counts decreased to less
than 20% of those in the control group. Additionally, B cell
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comparison test by comparison with the control (∗p < 0:05, ∗∗p < 0:01). (e–h) Kidney sections from vehicle- (e, g) or MT-1303 0.3mg/kg-
(f, h) treated mice were stained with anti-mouse CD3 mAb (e, f) or HE (g, h).
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counts in the MT-1303-treated group were lower than those
in the control group, although there was no significant differ-
ence between the groups.

In addition, we compared plasma cell counts in the
spleen and serum levels of anti-dsDNA IgG in NZBWF1
mice after treatment for 13 weeks. The number of B cells
and plasma cells in the spleen was significantly lower than
that in the control group (Figures 6(a) and 6(b)); however,
there was no significant difference in antibody levels between
control and MT-1303-treated mice (data not shown).

4. Discussion

In the present study, oral administration of MT-1303 at 0.1
and 0.3mg/kg was efficacious in MRL/lpr and NZBWF1
mice, two well-known murine SLE models that spontane-
ously develop lupus nephritis. MT-1303 not only inhibited
the development of lupus nephritis when administered
before onset but also improved the symptoms of lupus
nephritis when administered after onset. Its efficacy in these
models was superior or comparable to that of FK506, an
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Figure 4: Effects of MT-1303 and FK506 on the development of proteinuria in NZBWF1mice. MT-1303 and FK506 were orally administered
to NZBWF1 mice daily from 30 to 40 weeks of age. (a) Percent survival in each group was shown over the study period. (b, c) Urinary
protein concentrations were measured using the Bradford method once a week and scored on a scale of 0–4. Results are expressed as
the mean ± S:E:M: of 12 mice. Statistical differences were calculated using the Shirley-Williams test by comparison with the control
(∗p < 0:05).

Table 1: Effect of MT-1303 and FK506 on histological scores in the kidneys.

Treatment
Histological score (mean ± S:E:M:)

Mesangial expansion Glomerular sclerosis Interstitial infiltrates Perivascular infiltrates

Control 1:8 ± 0:5 1:3 ± 0:4 0:2 ± 0:2 1:0 ± 0:3
MT-1303 0.1mg/kg 1:0 ± 0:5 0:7 ± 0:3 0:2 ± 0:2 1:2 ± 0:3
MT-1303 0.3mg/kg 0:3 ± 0:3∗ 0:2 ± 0:2∗ 0:0 ± 0:0 1:5 ± 0:2
FK506 1mg/kg 1:0 ± 0:5 0:8 ± 0:5 0:2 ± 0:2 1:3 ± 0:2
n = 6, Shirley-Williams test (∗p < 0:025, control group vs. MT-1303 groups), Wilcoxon test (control group vs. FK506 group).
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already used treatment for lupus nephritis. Histological anal-
ysis additionally revealed that MT-1303 administration
inhibited infiltration of T cells into the kidneys, mesangial
expansion, and glomerular sclerosis.

Based on flow cytometric analysis, the number of T cells
that infiltrated the kidneys increased in parallel with the pro-
gression of lupus nephritis in aged NZBWF1 mice. Immuno-
histochemical staining revealed T cell infiltration into the
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Figure 5: Effect of MT-1303 on the number of lymphocytes, T cells, B cells, CD4 T cells, and CD8 T cells in the kidneys of NZBWF1 mice.
MT-1303 at 0.3mg/kg was orally administered to NZBWF1mice for 13 weeks from 28 weeks of age. The day after the final administration, the
number of lymphocytes (a), T cells (b), B cells (c), CD4 T cells (d), CD8 T cells (e), and double-negative (DN) T cells (f) was determined by
flow cytometry. Each column represents the mean ± S:E:M: cell count of 8 mice in each group. Statistical differences were calculated using
Student’s t-test (∗p < 0:05, ∗∗p < 0:01).
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Figure 6: Effect of MT-1303 on the number of B cells and plasma cells in the spleen of NZBWF1 mice. MT-1303 at 0.3mg/kg was orally
administered to NZBWF1 mice for 13 weeks from 28 weeks of age. The spleen was obtained the day after the final administration. The
number of B cells (a) and plasma cells (b) in the spleen was determined by flow cytometry. Results are expressed as the mean ± S:E:M: of
8 mice. Statistical differences were calculated using Student’s t-test (∗p < 0:05).
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periglomeruli area in addition to the tubulointerstitium in
MRL/lpr mice with lupus nephritis. Treatment with MT-
1303 decreased the number of T cells infiltrating the kidneys
and the number of lymphocytes in the blood. Th1 and Th17
cells reportedly mediate glomerulonephritis in MRL/lpr
mice, and a deficiency in the chemokine receptor CXCR3 sig-
nificantly improves morphology and function of nephritic
kidneys via interference with the trafficking of both Th1
and Th17 cells into the inflamed kidneys [28]. In addition,
DN T cells and CD4 T cells have been reported to infiltrate
the kidneys of patients with lupus nephritis and produce
the inflammatory cytokines interleukin-17 and interferon-γ
[29]. We have reported that fingolimod, the first S1P1 recep-
tor modulator, reduces infiltration of myelin antigen-specific
Th17 and Th1 cells into the spinal cord [15]. Further, we
have also confirmed that MT-1303 inhibits infiltration of
colitogenic Th1 and Th17 cells into the colon in a mouse
IBD model [30]. These results suggest that MT-1303
decreases infiltration of autoreactive Th1, Th17, and DN T
cells into the kidneys by reducing the number of circulating
lymphocytes in the blood, thereby eliciting a marked thera-
peutic effect on the progression of lupus nephritis in two
SLE models.

In the mouse antibody response, fingolimod reportedly
reduces the production of high-affinity, class-switched
antibodies without affecting T cell-independent antibody
production by reducing the formation of the germinal cen-
ter in the T cell-dependent antibody formation system
[18]. Additionally, treatment with fingolimod reduces the
specific antibody production reaction against vaccination
of anticipated novel antigens or recall antigens in MS
patients [31]. In the present study, the effects of MT-
1303 on blood anti-dsDNA antibody levels were contradic-
tory. Administration of MT-1303 suppressed the increase
in the number of plasma cells in the spleen of both
strains, but the increase in anti-dsDNA antibody levels in
the blood was suppressed only in MRL mice. However,
these results are consistent with those observed with other
S1P1 receptor modulators in MRL/lpr and NZBWF1 mice
[19–22]. A multicenter, open-label phase Ib trial in
patients with SLE has been conducted to evaluate the
safety, pharmacodynamics, and exploratory efficacy of
MT-1303, with 17 subjects administered with a low or
high dose of MT-1303 for 24 weeks (ClinicalTrials.gov
NCT02307643). Currently, this study has been completed,
and the results are now undergoing finalization. Since the
changes of biological markers in this clinical trial have
been monitored, the results will reveal the effect of MT-
1303 on anti-dsDNA antibody levels in SLE patients.

S1P1 receptor modulators have been developed for sev-
eral autoimmune diseases, including MS, and MT-1303 has
been evaluated in clinical trials for MS, psoriasis, Crohn’s dis-
ease, and SLE. In a phase II study in more than 400 patients
with RRMS, MT-1303 showed superior efficacy over the pla-
cebo control [3]. In inflammatory bowel disease (IBD),
including ulcerative colitis (UC) and Crohn’s disease (CD),
there is some clinical evidence supporting the use of the
S1P1 receptor modulators [17], and IBD is the next promis-
ing area of investigation after MS. Although the results of

the phase II study of MT-1303 in CD patients were not as
expected [32], we are developing MT-1303 for UC. In psori-
asis, anti-IL-17 antibodies and the anti-IL-23p19 antibody
are highly effective [33, 34], but the results of the phase II trial
of MT-1303 were inferior to the effects of these antibodies
(EudraCT number 2012-005750-27). On the other hand,
although B cell-targeted belimumab is the only approved bio-
logical agent for SLE, its efficacy is limited [12], and a more
effective agent with a novel mechanism of action is required.
We expect that MT-1303, which affects trafficking of T and B
cells, may have potential as a therapeutic agent for SLE; as
noted above, a clinical trial for this condition has been com-
pleted and the results are now undergoing finalization.

Another S1P1 receptor modulator, cenerimod, has been
evaluated in a phase II clinical trial in 64 patients with SLE
(ClinicalTrials.gov NCT02472795). Although the results of
this study have not yet been reported, a phase IIb study in
500 patients with active SLE (ClinicalTrials.gov
NCT02472795) has been initiated. In the phase I clinical
study of cenerimod, it was reported that heart rate decreased
in healthy subjects after the initial administration from the
lowest dose used in the SLE clinical trials [35]. MT-1303
has been reported to have no clinically significant bradyar-
rhythmia after the first dose at the anticipating clinical dose
[2, 3], suggesting that MT-1303 may be superior to ceneri-
mod in terms of cardiac effects, which is a concern with
S1P1 receptor modulators.

5. Conclusions

Overall, this study demonstrates that MT-1303 shows
superior or comparable therapeutic efficacy to FK506 in
two SLE animal models. Moreover, it is likely that MT-
1303 sequesters lymphocytes in secondary lymphoid tis-
sues and the thymus and, thereby, not only inhibits infil-
tration of autoreactive T cells into inflammation sites but
also affects the activation of autoreactive B cells and their
differentiation to plasma cells by reducing the interaction
between autoreactive T cells and B cells. Our nonclinical
findings suggest that MT-1303 has the potential to be used
as a therapeutic agent for patients suffering from SLE,
including lupus nephritis.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

We thank Ms. Yasuko Ogawa, Mitsubishi Tanabe Pharma
Corp., for her excellent technical assistance and Mr. Kei
Sakata, Mitsubishi Tanabe Pharma Corp., for providing
preparation of the figures.

9Journal of Immunology Research

https://clinicaltrials.gov/ct2/show/NCT02307643
https://clinicaltrials.gov/ct2/show/NCT02472795
https://clinicaltrials.gov/ct2/show/NCT02472795


Supplementary Materials

Supplementary Figure 1: effects of MT-1303 and FK506 on
urinary levels of NGAL in NZBWF1 mice. (Supplementary
Materials)

References

[1] K. Sugahara, Y. Maeda, K. Shimano et al., “Amiselimod, a
novel sphingosine 1-phosphate receptor-1 modulator, has
potent therapeutic efficacy for autoimmune diseases, with
low bradycardia risk,” British Journal of Pharmacology,
vol. 174, no. 1, pp. 15–27, 2017.

[2] T. Harada, D. Wilbraham, G. de La Borderie, S. Inoue, J. Bush,
and A. J. Camm, “Cardiac effects of amiselimod compared
with fingolimod and placebo: results of a randomised, paral-
lel‐group, phase I study in healthy subjects,” British Journal
of Clinical Pharmacology, vol. 83, no. 5, pp. 1011–1027, 2017.

[3] L. Kappos, D. L. Arnold, A. Bar-Or et al., “Safety and efficacy of
amiselimod in relapsing multiple sclerosis (MOMENTUM): a
randomised, double-blind, placebo-controlled phase 2 trial,”
The Lancet Neurology, vol. 15, no. 11, pp. 1148–1159, 2016.

[4] Q. Gong, Q. Ou, S. Ye et al., “Importance of cellular microen-
vironment and circulatory dynamics in B cell immunother-
apy,” The Journal of Immunology, vol. 174, no. 2, pp. 817–
826, 2005.

[5] G. J. Tobón, J. H. Izquierdo, and C. A. Cañas, “B Lymphocytes:
Development, Tolerance, and Their Role in Autoimmunity–
Focus on Systemic Lupus Erythematosus,” Autoimmune Dis-
eases, vol. 2013, Article ID 827254, 17 pages, 2013.

[6] V. R. Moulton and G. C. Tsokos, “Abnormalities of T cell sig-
naling in systemic lupus erythematosus,” Arthritis Research &
Therapy, vol. 13, no. 2, article 207, 2011.

[7] L. Schrieber, A. D. Steinberg, Y. J. Rosenberg, E. E. Csehi, S. A.
Paull, and T. J. Santoro, “Aberrant lymphocyte trafficking in
murine systemic lupus erythematosus,” Rheumatology Inter-
national, vol. 6, no. 5, pp. 215–219, 1986.

[8] A. Rahman and D. A. Isenberg, “Systemic lupus erythemato-
sus,” The New England Journal of Medicine, vol. 358, no. 9,
pp. 929–939, 2008.

[9] I. N. Bruce, A. G. O’Keeffe, V. Farewell et al., “Factors associ-
ated with damage accrual in patients with systemic lupus ery-
thematosus: results from the Systemic Lupus International
Collaborating Clinics (SLICC) Inception Cohort,” Annals of
the Rheumatic Diseases, vol. 74, no. 9, pp. 1706–1713, 2015.

[10] R. F. van Vollenhoven, M. Mosca, G. Bertsias et al., “Treat-to-
target in systemic lupus erythematosus: recommendations
from an international task force,” Annals of the Rheumatic Dis-
eases, vol. 73, no. 6, pp. 958–967, 2014.

[11] D. D. Gladman, M. B. Urowitz, P. Rahman, D. Ibañez, and L. S.
Tam, “Accrual of organ damage over time in patients with sys-
temic lupus erythematosus,” The Journal of Rheumatology,
vol. 30, no. 9, pp. 1955–1959, 2003.

[12] S. V. Navarra, R. M. Guzmán, A. E. Gallacher et al., “Efficacy
and safety of belimumab in patients with active systemic lupus
erythematosus: a randomised, placebo-controlled, phase 3
trial,” The Lancet, vol. 377, no. 9767, pp. 721–731, 2011.

[13] T. Dörner and P. E. Lipsky, “Beyond pan-B-cell-directed ther-
apy – new avenues and insights into the pathogenesis of SLE,”
Nature Reviews Rheumatology, vol. 12, no. 11, pp. 645–657,
2016.

[14] T. Katsuyama, G. C. Tsokos, and V. R. Moulton, “Aberrant T
cell signaling and subsets in systemic lupus erythematosus,”
Frontiers in Immunology, vol. 9, article 1088, 2018.

[15] K. Chiba, H. Kataoka, N. Seki et al., “Fingolimod (FTY720),
sphingosine 1-phosphate receptor modulator, shows superior
efficacy as compared with interferon-β in mouse experimental
autoimmune encephalomyelitis,” International Immunophar-
macology, vol. 11, no. 3, pp. 366–372, 2011.

[16] J. A. Cohen, F. Barkhof, G. Comi et al., “Oral fingolimod or
intramuscular interferon for relapsing multiple sclerosis,”
The New England Journal of Medicine, vol. 362, no. 5,
pp. 402–415, 2010.

[17] W. J. Sandborn, B. G. Feagan, D. C. Wolf et al., “Ozanimod
induction and maintenance treatment for ulcerative colitis,”
The New England Journal of Medicine, vol. 374, no. 18,
pp. 1754–1762, 2016.

[18] S. Han, X. Zhang, G.Wang et al., “FTY720 suppresses humoral
immunity by inhibiting germinal center reaction,” Blood,
vol. 104, no. 13, pp. 4129–4133, 2004.

[19] H. Okazaki, D. Hirata, T. Kamimura et al., “Effects of FTY720
in MRL-lpr/lpr mice: therapeutic potential in systemic lupus
erythematosus,” The Journal of Rheumatology, vol. 29, no. 4,
pp. 707–716, 2002.

[20] G. Alperovich, I. Rama, N. Lloberas et al., “New immunosup-
presor strategies in the treatment of murine lupus nephritis,”
Lupus, vol. 16, no. 1, pp. 18–24, 2007.

[21] S. E. Wenderfer, S. M. Stepkowski, and M. C. Braun,
“Increased survival and reduced renal injury in MRL/lpr mice
treated with a novel sphingosine-1-phosphate receptor ago-
nist,” Kidney International, vol. 74, no. 10, pp. 1319–1326,
2008.

[22] K. R. Taylor Meadows, M. W. Steinberg, B. Clemons et al.,
“Ozanimod (RPC1063), a selective S1PR1 and S1PR5 modula-
tor, reduces chronic inflammation and alleviates kidney
pathology in murine systemic lupus erythematosus,” PLoS
One, vol. 13, no. 4, article e0193236, 2018.

[23] S. Ando, H. Amano, E. Amano et al., “FTY720 exerts a survival
advantage through the prevention of end-stage glomerular
inflammation in lupus-prone BXSB mice,” Biochemical and
Biophysical Research Communications, vol. 394, no. 3,
pp. 804–810, 2010.

[24] B. S. Andrews, R. A. Eisenberg, A. N. Theofilopoulos et al.,
“Spontaneous murine lupus-like syndromes. Clinical and
immunopathological manifestations in several strains,” Jour-
nal of Experimental Medicine, vol. 148, no. 5, pp. 1198–1215,
1978.

[25] J. B. Howie and B. J. Helyer, “The immunology and pathology
of NZB mice,” Advances in Immunology, vol. 9, pp. 215–266,
1968.

[26] A. Cortini, U. Ellinghaus, T. H. Malik, D. S. Cunninghame
Graham, M. Botto, and T. J. Vyse, “B cell OX40L supports T
follicular helper cell development and contributes to SLE path-
ogenesis,” Annals of the Rheumatic Diseases, vol. 76, no. 12,
pp. 2095–2103, 2017.

[27] C. C. Yang, S. C. Hsieh, K. J. Li et al., “Urinary neutrophil
gelatinase-associated lipocalin is a potential biomarker for
renal damage in patients with systemic lupus erythematosus,”
Journal of Biomedicine and Biotechnology, vol. 2012, Article ID
759313, 11 pages, 2012.

[28] O. M. Steinmetz, J. E. Turner, H. J. Paust et al., “CXCR3 medi-
ates renal Th1 and Th17 immune response in murine lupus

10 Journal of Immunology Research

http://downloads.hindawi.com/journals/jir/2019/5821589.f1.docx
http://downloads.hindawi.com/journals/jir/2019/5821589.f1.docx


nephritis,” The Journal of Immunology, vol. 183, no. 7,
pp. 4693–4704, 2009.

[29] J. C. Crispín, M. Oukka, G. Bayliss et al., “Expanded double
negative T cells in patients with systemic lupus erythematosus
produce IL-17 and infiltrate the kidneys,” The Journal of
Immunology, vol. 181, no. 12, pp. 8761–8766, 2008.

[30] K. Shimano, Y. Maeda, H. Kataoka et al., “Amiselimod (MT-
1303), a novel sphingosine 1-phosphate receptor-1 functional
antagonist, inhibits progress of chronic colitis induced by
transfer of CD4+CD45RBhigh T cells,” PLOS ONE, vol. 14,
no. 12, article e0226154, 2019.

[31] L. Kappos, M. Mehling, R. Arroyo et al., “Randomized trial of
vaccination in fingolimod-treated patients with multiple scle-
rosis,” Neurology, vol. 84, no. 9, pp. 872–879, 2015.

[32] G. D’Haens, S. Danese, M. Davies, M. Watanabe, and T. Hibi,
“DOP48 Amiselimod, a selective S1P receptor modulator in
Crohn’s disease patients: a proof-of-concept study,” Journal
of Crohn's and Colitis, vol. 13, Supplement 1, pp. S055–S056,
2019.

[33] R. G. Langley, B. E. Elewski, M. Lebwohl et al., “Secukinumab
in plaque psoriasis–results of two phase 3 trials,” The New
England Journal of Medicine, vol. 371, no. 4, pp. 326–338,
2014.

[34] K. Reich, A. W. Armstrong, R. G. Langley et al., “Guselkumab
versus secukinumab for the treatment of moderate-to-severe
psoriasis (ECLIPSE): results from a phase 3, randomised con-
trolled trial,” The Lancet, vol. 394, no. 10201, pp. 831–839,
2019.

[35] P. E. Juif, D. Baldoni, M. Reyes et al., “Pharmacokinetics, phar-
macodynamics, tolerability, and food effect of cenerimod, a
selective S1P1 receptor modulator in healthy subjects,” Inter-
national Journal of Molecular Sciences, vol. 18, no. 12,
p. E2636, 2017.

11Journal of Immunology Research


	Amiselimod (MT-1303), a Novel Sphingosine 1-Phosphate Receptor-1 Modulator, Potently Inhibits the Progression of Lupus Nephritis in Two Murine SLE Models
	1. Introduction
	2. Materials and Methods
	2.1. Mice
	2.2. Agents and Antibodies
	2.3. Study Design
	2.3.1. MRL/lpr Study
	2.3.2. NZBWF1 Study

	2.4. Evaluation of Lupus Nephritis
	2.5. Histology and Immunohistochemical Staining
	2.6. Lymphocyte Analyses
	2.7. Anti-dsDNA Antibody
	2.8. Statistical Analyses

	3. Results
	3.1. MT-1303 Strongly Inhibits the Development of Lupus Nephritis in MRL/lpr Mice
	3.2. MT-1303 Suppresses the Production of Anti-dsDNA IgG and Plasma Cells
	3.3. MT-1303 Has Therapeutic Effects on Lupus Nephritis in MRL/lpr Mice
	3.4. MT-1303 Prevents Progression of Lupus Nephritis in NZBWF1 Mice
	3.5. MT-1303 Reduces Infiltration of T Cells into the Kidneys of NZBWF1 Mice

	4. Discussion
	5. Conclusions
	Data Availability
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials

