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TThe arrival of oral therapies for the 
treatment of multiple sclerosis (MS) has 
represented a signi� cant medical breakthrough 
for the two million-plus people worldwide 
who have MS.1 Fingolimod was approved 
in 2010, followed by teri� unomide in 2012, 
and dimethyl fumarate (DMF) in 2013. 
These drugs have entered the MS treatment 
landscape, o� ering di� erent e�  cacy pro� les 
and improvements in therapeutic adherence.2

Despite these new treatments, however, 
curative therapies for MS remain elusive, 
and a signi� cant proportion of patients still 
experience clinical relapses and disability 
progression.3–5 “No evidence of disease 
activity” (NEDA), the emerging endpoint 
in the treatment of MS, remains an unmet 
need, and new therapeutic strategies are 
needed. Although combination therapies 
are the standard of practice in other chronic 
progressive diseases, to date no routinely used 
therapeutic combination protocol for MS exists. 

Based on promising e�  cacy and safety 
results from a Phase II study, ponesimod, a 
selective and rapidly reversible modulator 
of the sphingosine-1-phosphate receptor 
type 1 (S1P1), is currently in Phase III clinical 
trial stage for the treatment of relapsing MS 
(RMS).6 Ponesimod causes internalization of 
S1P1 receptors on lymphocytes, which results 
in blocking lymphocyte egress from lymphoid 
tissues into the circulation, thus reducing 
peripheral lymphocyte count in a dose-
dependent manner in animals and humans.6–8

Oral ponesimod reduces in� ammation and 
clinical disease parameters, leading to a 
maximal reduction of lymphocyte count over 
24 hours in autoimmune disease models.8 Upon 
ponesimod treatment, pathogenic lymphocytes 
are sequestered in peripheral lymphoid organs, 
thus preventing their in� ltration into the site 
of in� ammation (i.e., the central nervous 
system [CNS] in MS).9 However, this mechanism 
of action does not a� ect other white blood 
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ABSTRACT

Background: Despite the recent approval of new oral 
therapies for the treatment of multiple sclerosis (MS), a 
signi� cant percentage of patients are still not free from 
disease activity. In view of the complex pathogenesis and 
the relapsing and progressive nature of MS, combination 
therapy, a classical approach to treat many chronic 
diseases, could improve disease control over monotherapy. 
Ponesimod, a selective and rapidly reversible sphingosine-
1-phosphate receptor Type 1 (S1P1) modulator, currently 
in Phase III clinical trial stage in relapsing MS (RMS), 
and dimethyl fumarate (DMF) would potentially be an 
ideal combination due to their di� ering mechanisms 
of action and oral administration. Objective: The goal 
of the study was to evaluate the therapeutic e� ect of 
ponesimod monotherapy and investigate the potential 
additive, or synergistic, activity of ponesimod-DMF 
combination therapy in experimental autoimmune 
encephalomyelitis (EAE) animal models of MS. Methods:
E�  cacy was evaluated in the myelin oligodendrocyte 
glycoprotein (MOG)-induced EAE model in C57BL/6 mice 
(ponesimod monotherapy) and in the myelin basic protein 
(MBP)-induced EAE model in Lewis rats (monotherapies 
and combination therapy). The principal readout was the 
clinical score assessing paralysis. Additional readouts, such 
as histopathology, survival, and disease prevalence, were 
generated in parallel when applicable. Results: Ponesimod 
monotherapy in the mouse EAE model showed signi� cant 
e�  cacy in both preventative and therapeutic settings. In the 
rat EAE model, ponesimod demonstrated signi� cant dose-
dependent e�  cacy on clinical scores, while DMF showed 
only modest activity. Combination therapy synergistically 
reduced the severity and prevalence of disease. Only the 
combination treatment of ponesimod and DMF fully 
suppressed clinical disease activity by the end of the study. 
Conclusion: The results support the potential therapeutic 
bene� ts of combining ponesimod with DMF to improve 
disease activity control in patients with MS. Additionally, the 
results suggest that combining ponesimod with other oral 
agents that have di� erent mechanisms of action might also 
be therapeutically bene� cial to patients with MS. 
KEYWORDS: Experimental autoimmune 
encephalomyelitis (EAE), multiple sclerosis (MS), dimethyl 
fumarate (DMF), sphingosine-1-phosphate, combination 
therapy, disease activity
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cell types and should not impact antigen-
dependent T cell activation, expansion, 
and survival.10 In addition to the e� ect on 
lymphocyte tra�  cking, preclinical data has 
suggested that S1P receptor modulators might 
have a direct bene� cial e� ect on CNS resident 
cells, such as astrocytes, oligodendrocytes, 
and neurons.11,12 The relevance of targeting 
S1P receptors in MS has been well established 
with � ngolimod, a nonselective S1P modulator 
active on four S1P receptors (S1P1, 3–5) and 
the � rst oral treatment approved for RMS.13

Although the e� ect on lymphocyte egress 
out of the lymph nodes into the circulation 
is exclusively mediated by S1P1,14 the four 
other S1P receptors (S1P2–5) mediate a wide 
range of responses to S1P (e.g., e� ects on 
vasoconstriction,15 � brosis, and other functions 
on di� erent cells).16 With the exception of 
bradycardia, which is believed to be mediated 
via transient S1P1 activation,17 other common 
adverse e� ects observed with � ngolimod, 
such as dyspnea, might be due to o� -target 
e� ects via other S1P receptors. Ponesimod 
presents distinctive features compared to 
� ngolimod, including selectivity for S1P1, a 
shorter half-life, and consequently a faster 
lymphocyte count normalization upon 
treatment discontinuation (within less than 
a week) in comparison to � ngolimod (1–2 
months).18,19 Moreover, an optimized dose 
titration regimen for ponesimod treatment 
initiation was found to minimize the � rst-dose 
cardiac e� ects due to the modulation of S1P1 
receptor on cardiomyocytes.6 Ponesimod’s 
S1P1 selectivity and rapid lymphocyte count 
reversibility might therefore improve its overall 
safety and tolerability pro� le and make it 
an ideal combination partner with DMF or 
teri� unomide for treatment of MS. 

DMF (BG-12, Tec� dera) is an oral fumaric 
acid ester approved by the United States 
Food and Drug Administration (FDA) for the 
treatment of RMS in 2013. Phase III clinical 
studies on DMF demonstrated a signi� cant 
reduction in relapse rate and radiological 
signs of disease activity compared to 
placebo.4 Fumarates have been investigated 
as possible anti-in� ammatory substances 
since the 1950s.20 However, the underlying 
mechanism for the therapeutic e� ect of DMF 
in MS is not fully understood. Preclinical 
studies have demonstrated that DMF exhibits 
anti-in� ammatory properties by inhibiting 

the translocation of the transcription-factor 
NF-κB,21–24 a key inducer of pro-in� ammatory 
cytokines and inhibitor of T cell apoptosis. 
Other studies have reported the alteration of 
dendritic cell polarization, resulting in a shift in 
the polarization of T helper (Th) cells toward a 
Th2 rather than a Th1 or Th17 phenotype.25–28

Recently, research has shown that DMF 
inhibits aerobic glycolysis in activated myeloid 
and lymphoid cells, shifting the immune 
response from an immunostimulatory to an 
immunoregulatory environment.29 DMF has 
also demonstrated antioxidant properties,30

and the DMF metabolite, monomethyl 
fumarate (MMF),31 is able to cross the blood 
brain barrier (BBB), supporting a direct 
e� ect on CNS-resident cells.32 Reduction of 
clinical scores by DMF in mouse models of 
experimental autoimmune encephalomyelitis 
(EAE) was achieved in both preventive and 
therapeutic settings.32–34 DMF reduced 
in� ltration of macrophages/microglia into the 
spinal cord, increased the anti-in� ammatory 
cytokine IL-10 in the acute phase of the 
model,33 and induced neuroprotective e� ects, 
such as preservation of myelin and axons and 
reduced astrogliosis in the chronic phase of 
disease. In contrast to S1P1 modulators, DMF 
treatment did not a� ect T cell in� ltration into 
the spinal cord and brain.32

Due to the inherent complexity of MS and 
individualized treatment options that address 
particular pathophysiological pathways, 
we hypothesized that combining drugs 
with di� erent mechanisms of action would 
yield improved clinical scores in models 
of MS, such as EAE. The pathophysiology 
of EAE, which resembles MS in many 
ways, is characterized by an increased BBB 
permeability, an in� ammatory mononuclear 
cell in� ltration into the CNS (which results in 
the activation of resident glial cells), and the 
secretion of in� ammatory cytokines.6,33,35,36

These in� ammatory events lead to CNS 
demyelination and, consequently, paralysis. 
Although one single model cannot exactly 
mimic all of the aspects of the human disease, 
EAE has been shown to be a powerful model to 
determine e�  cacy and identify mechanisms of 
action of immunomodulatory therapies in MS, 
such as DMF and � ngolimod.32–34,37,38

Here, we address whether the oral S1P1 
receptor modulator ponesimod ameliorates 
disease in two di� erent EAE models and 

whether the combination of ponesimod with 
the neuroprotectant DMF leads to an enhanced 
control of rat EAE disease.

MATERIALS AND METHODS
Animals and treatment administration.

Female C57BL/6 mice weighing 20 to 22g 
were obtained from Monash Animal Services, 
Australia, or Harlan Netherlands. Studies 
performed at LaTrobe University in Australia 
were in accordance with the Australian 
National Health and Medical Research Council’s 
Code of Practice for the Care and Use of Animals 
for Scienti� c Purposes (1997), after approval by 
Monash University Animal Ethics Committee 
(Clayton/Melbourne, Australia). Mice were 
included in the experiments after the 
acclimatization period (7–10 days). 

Female Lewis rats weighing 180 to 200g 
at study initiation were purchased from 
Envigo Laboratory Rx, Israel Ltd. The rats were 
included in the study after an acclimatization 
period of at least � ve days. All animal 
experiments were carried out according to the 
United States National Institutes of Health/
Department of Health and Human Services’ 
Guide for the Care and Use of Laboratory Animals
(2011).  

All animals were group-housed under 
climate-controlled conditions with a 12-hour 
light/dark cycle, a standard temperature 
of 20±3°C, and appropriate environmental 
enrichment (cardboard, tissues, red 
polycarbonate houses, and seeds) in the cages. 
Mice and rats had access to food and drinking 
water ad libitum. 

Ponesimod was synthesized as previously 
described.39 The substance was stored at room 
temperature and protected from light. DMF 
was purchased from Sigma-Aldrich (St. Louis, 
Missouri). Both compounds had the same 
formulation: 0.5% methylcellulose (Sigma), 
0.5% Tween 80 (Sigma) in water. Compounds 
and vehicle were given orally once or twice a 
day to animals at a volume of 10mL/kg in rats 
and 5 or 8mL/kg in mice at doses indicated in 
the legends of Figures 1–7.

Myelin oligodendrocyte glycoprotein 
(MOG)-induced EAE in C57BL/6 mice.
Female C57BL/6 mice were immunized 
with 150μg of the encephalitogenic peptide 
MOG35-55 (MEVGWYRSPFSRVVHLYRNGK, from 
AusPepor GL Biochem), emulsi� ed 1:1 (0.1mL: 
0.1mL) in Complete Freund’s Adjuvant (CFA) 
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(Difco) containing 4mg/mL Mycobacterium 
tuberculosis (BD). On Day 0, the mixture was 
injected subcutaneously into each � ank of 
the abdomen. Immediately thereafter and 
again 48 hours later, each mouse was injected 
intravenously (IV) with 350ng of pertussis 
toxin (List Biological Laboratories) in 0.2mL 
of PBS. Ponesimod was administered orally at 
30mg/kg twice a day in a preventative mode, 
starting from Day 1 after immunization, or in 

a therapeutic mode starting after onset of the 
disease (Day 15). 

Mice were monitored daily, and the 
neurological impairment was quanti� ed 
on an arbitrary 0-to-5 scale de� ned as 
0=no detectable impairment; 1=� accid 
tail; 2=hind limb weakness; 3=hind limb 
paralysis; 4=hind limb paralysis and ascending 
paralysis; and 5=deceased or euthanized. 
Following the recommendations of the animal 

ethics committee, mice were euthanized 
after reaching a clinical score of 4 on two 
consecutive days.

Histology. At the completion of the 
experiments, mice were euthanized and 
the brain and spinal cord were carefully 
removed and immersed in 10% bu� ered 
neutral formalin (Sigma) for seven days. Fixed 
tissues were dehydrated in ethanol gradient 
prior to their immersion in xylene (Grale) 
and embedment in para�  n wax. Sections 
of 5μm thickness were cut on a microtome 
(Leica) from various regions of the spinal 
cord, cerebellum, and brain. Sections were 
stained with hematoxylin-eosin (HE), Luxol 
fast blue (LFB), and Bielschowsky for evidence 
of in� ammation, demyelination, and axonal 
damage, respectively.

Semiquantitative evaluation of 
histological lesions. Semiquantitative 
histological evaluation for in� ammation, 
demyelination, and axonal damage was 
performed and scored in a blinded fashion. 
From each mouse, 20 to 30 sections were 
examined. In� ammation scores were de� ned 
as follows: 0=no in� ammation; 1=cellular 
in� ltrates only in the perivascular areas 
and meninges; 2=mild cellular in� ltrate in 
parenchyma; 3=moderate cellular in� ltrate 
in parenchyma; and 4=severe and di� use 
cellular in� ltrate in parenchyma. Myelin 
breakdown was scored as follows: 0=no 
demyelination; 1=mild demyelination; 
2=moderate demyelination; and 3=severe 
demyelination. Axonal damage was assessed 
as follows: 0=normal appearance; 1=axon loss 
less than 25 percent; 2=axon loss between 25 
and 50 percent; 3=axon loss between 50 and 
75 percent; and 4=axon loss greater than 75 
percent.

Myelin basic protein (MBP)-induced 
EAE in Lewis rats. Female Lewis rats were 
immunized with 200µg myelin basic protein 
(MBP) (Sigma) in 100µl of phosphate bu� er 
saline (PBS) emulsi� ed in an equal volume 
of CFA (300µg of mycobacterium tuberculosis 
H37Ra). Brie� y, on Day 0, rats were injected 
subcutaneously in the right paw and 
intradermally in the base of the tail 100µL 
of the MBP/CFA emulsion per injection site. 
Rats were randomized into treatment groups 
and orally administered ponesimod (30, 
100mg/kg), DMF (40, 80, 120, 160mg/kg), or 
a combination of both compounds (100mg/

FIGURE 1. Ponesimod reduced experimental autoimmune encephalomyelitis (EAE) disease severity preventively and therapeutically. 
EAE was induced by immunization of female C57BL/6 mice with myelin oligodendrocyte glycoprotein (MOG)/Complete Freund’s 
Adjuvant (CFA). Ponesimod (30mg/kg) was administered by oral gavage, twice daily, from Day 1 (preventative treatment) or from 
Day 15 (therapeutic treatment) after EAE induction. Vehicle was administered by oral gavage, twice daily, from Day 1. A) Ponesimod 
administrated preventively or after disease onset reduced mean EAE clinical score. Scoring was performed by two independent examiners 
in a blinded manner: *p<0.05, **p<0.01, ***p<0.001 (Kruskal-Wallis test followed by Dunn’s multiple comparison); B) Both preventive 
and therapeutic treatment with ponesimod signi� cantly increased survival: **p<0.01, ****p<0.0001, ns = not signi� cant (Log-rank 
Mantel-Cox test).
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kg ponesimod and 120mg/kg DMF) once daily 
from Day 0 until Day 21. Rats were monitored 
daily for body weight and signs of paralysis, 
which were scored according to a 0-to-15-point 
scale. The clinical score was determined by 
summing the score obtained for the tail, from 
0=no signs; 1=half paralyzed tail; 2=fully 
paralyzed tail; and for each limb: from 0=no 
signs; 1=weak or altered gait; 2=paresis, 
3=fully paralyzed limb; 15=dead animal. 
Blood samples were collected on Day 20, 24 
hours after the last dosing of Day 19, and at 
euthanization on Day 21, one hour after the 
last dosing. Lymphocyte count was measured 
using ADVIA 120 blood analyzer (Siemens, 
Munich, Germany). No histological evaluation 
was performed at the end of the study because 
of the self-remitting nature of EAE disease in 
Lewis rats.

Statistical analysis. Statistical analysis 
was performed with GraphPad Prism software 
Version 7 (GraphPad Software, San Diego, 
California) using the tests speci� ed in the 
legends of 
Figures 1–7. Results are expressed as 
mean+standard error of the mean (SEM).

RESULTS
Ponesimod is e� ective both in a 

preventive and therapeutic setting in the 
MOG-induced EAE mouse model. The e� ect 
of preventative and therapeutic ponesimod 
on the clinical course of MOG-induced acute 
monophasic EAE was investigated in C57BL/6 
mice. Vehicle-treated mice developed 
fulminant disease with severe clinical signs, 
which resulted in the death of all animals 
before Day 24, as indicated by a score of 5 
(Figures 1A, 1B). Therapeutic treatment with 
ponesimod resulted in lower overall scores 
during the chronic phase, compared to vehicle, 
and a survival rate of 60 percent at the end 
of the study (Day 31). Preventive treatment 
resulted in a larger reduction of clinical scores 
and a 90-percent survival rate. (Figures 1A, 1B). 

In a follow-up study with reduced 
overall disease severity (Figure 2A), the 
e� ect of ponesimod on cellular in� ltration, 
demyelination, and axonal damage was 
evaluated in a preventive setting in the brain, 
spinal cord, and cerebellum (Figure 2B, 2C). In 
the vehicle-treated mice, onset of clinical signs 
was detected at Day 15 after immunization, 
reaching a maximal mean clinical score on Day 

20. In contrast, mice treated preventively with 
ponesimod (30mg/kg twice daily from Day 1) 
were almost completely protected from the 
onset and progression of EAE. Only one out of 
the 10 mice treated with ponesimod started to 
develop minimal disease signs, which began 

manifesting on Day 26 (Figure 2A). Histological 
evaluation of the brain, cerebellum, and spinal 
cord con� rmed the observed clinical scores in 
the respective groups. Compared to vehicle-
treated mice, CNS tissues from ponesimod-
treated mice revealed few if any in� ammatory 

FIGURE 2. Inhibition of mouse experimental autoimmune encephalomyelitis (EAE) development with preventive ponesimod 
treatment—EAE was induced by immunization of female C57BL/6 mice with myelin oligodendrocyte glycoprotein (MOG)/Complete 
Freund’s Adjuvant (CFA). Vehicle or ponesimod (30mg/kg) was administered by oral gavage, twice daily, from Day 1 after EAE induction. 
A) Ponesimod administrated preventively inhibited EAE development. Scoring was performed by two independent examiners in a blinded 
manner: *p<0.05, **p<0.01, ***p<0.001 (Kruskal-Wallis test followed by Dunn’s multiple comparison); B and C) Preventive ponesimod 
treatment signi� cantly reduced central nervous system (CNS) in� ammation, demyelination, and neuronal damage; B) Arbitrary scoring of 
histological � ndings in spinal cord, brain, and cerebellum of vehicle (black bars, n=8) and ponesimod-treated mice (white bars, n=9)—
Scoring was performed by two independent examiners in a blinded manner: **p<0.01, ***p<0.001 (Kruskal-Wallis test followed by 
Dunn’s multiple comparison); C) Representative images of CNS histology observed in a vehicle (left panel) and ponesimod-treated mouse 
(right panel)—H&E staining reveals in� ammatory in� ltrations into the spinal cord (upper row, black arrows); LFB staining of adjacent 
sections indicates demyelinated areas (middle row, black arrows); Bielschowsky silver impregnation staining of the same area speci� es 
axonal damage or loss (lower row, white arrows) (original magni� cation, 200x).
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cell in� ltrates, no signs of demyelination, and 
no apparent axonal damage or loss (Figures 2B, 
2C). Prophylactic and therapeutic treatment 
with ponesimod did not reduce the titer of 
anti-MOG speci� c antibodies elicited following 
the immunization.

Ponesimod is e� ective in a rat EAE 
model. The dose-dependent e�  cacy of 

ponesimod was investigated in the acute 
monophasic EAE model in female Lewis 
rats. The vehicle-treated group developed 
� rst clinical signs at Day 9, reached the 
peak mean score at Day 13, followed 
by spontaneous remission. Preventive 
treatment with ponesimod at 30 and 100mg/
kg delayed disease onset by one and two 

days, respectively. Only the highest dose of 
ponesimod signi� cantly reduced the mean 
maximal clinical score (4.3±0.5, Day 16) 
in comparison with vehicle-treated group 
(7.2±0.3, Day 13) (Figure 3A). Furthermore, 
ponesimod treatment signi� cantly reduced 
body weight loss in a dose-dependent manner, 
compared to vehicle-treated rats (Figure 3B). 

DMF slightly delays onset of disease 
in rat EAE. To de� ne the optimal dose of 
DMF when combined with ponesimod in the 
acute monophasic EAE model using female 
Lewis rats, four doses of DMF were tested 
(40, 80, 120, and 160mg/kg). Preventive DMF 
treatment was given orally (by gavage) once 
daily, starting at Day 0 of immunization. The 
vehicle group developed � rst clinical signs at 
Day 9 and reached the peak score at Day 13 
followed by characteristic remission. Treatment 
with DMF yielded a delay of disease onset 
by one (40, 80, and 120mg/kg) or two days 
(160mg/kg). Similarly, peak of disease was 
delayed by one (80 and 120mg/kg) or two 
days (160mg/kg). DMF reduced the clinical 
scores during the ascending phase of EAE in a 
dose-dependent manner; however, it did not 
reduce the severity and the overall extent of 
EAE (Figure 4). The highest dose of DMF was 
not tolerated, and one animal out of 12 died 
during the study.

Combined treatment of ponesimod 
with DMF is synergistic on clinical 
symptoms in a rat EAE model. Since the 
pharmacokinetic behavior of ponesimod 
in the rat is well described and highly 
reproducible,8 we used the Lewis rat model 
of EAE to study the e� ects of the combination 
of ponesimod with DMF. DMF at 120mg/kg 
was combined with ponesimod at 100mg/
kg to test additive, or synergistic, clinical 
e�  cacy in the acute monophasic EAE rat 
model. Starting from the day of immunization, 
rats were treated orally (by gavage) with 
vehicle, ponesimod monotherapy (100mg/
kg/day), DMF monotherapy (120mg/kg/day), 
or the combination of ponesimod with DMF. 
Combination therapy-treated rats exhibited 
signi� cantly lower average clinical scores than 
vehicle- or monotherapy-treated rats. From 
Day 16 post-induction, the clinical score bene� t 
of the combination was synergistic (Figure 5A). 
Only the combination treatment of ponesimod 
with DMF led to a full resolution of clinical 
signs at the end of the study period (Figure 

FIGURE 3. Ponesimod dose-dependently reduced experimental autoimmune encephalomyelitis (EAE) severity in an acute monophasic 
model in Lewis rats. EAE was induced by immunization of female Lewis rats with myelin basic protein (MBP)/Complete Freund’s Adjuvant 
(CFA). Vehicle, 30mg/kg, or 100mg/kg ponesimod was administered orally by gavage, once daily, from Day 0 immediately following EAE 
induction. Animals were weighed and scored daily. A) E� ect of ponesimod on EAE clinical scores, expressed as mean+standard error of the 
mean (SEM) (n=20 per group): ***p<0.001, ****p<0.0001 for comparison between vehicle and ponesimod 100mg/kg by Kruskal-Wallis 
test followed by Dunn’s multiple comparisons test; B) E� ect of ponesimod on body weight loss over the 21-day study period, expressed 
as mean+SEM (n=20 per group): **p<0.01, ****p<0.0001 for comparison between vehicle and ponesimod 100mg/kg; #p<0.05, 
##p<0.01, ###p<0.001, ####p<0.0001 for comparison between vehicle and ponesimod 30mg/kg by one way analysis of variance 
(ANOVA), followed by Sidak’s multiple comparisons test. These graphs are the pool of two independent experiments with similar results.
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5B). While DMF had no signi� cant impact on 
the extent of the disease, administration of 
ponesimod monotherapy reduced the clinical 
score area under the curve by 77.6 percent, 
compared to vehicle-treated rats (Figure 5C). 

Clinical signs of EAE were evident (de� ned 
as a clinical score of at least 1 in 100 percent 
of the rats from Day 14 to the end of the study 
in vehicle and DMF-treated rats, and from 
Day 15 to Day 16 in ponesimod-treated rats. 
In contrast, combined treatment reduced the 
maximal disease prevalence to 36.4 percent 
(Day 13). Combination of ponesimod with DMF 
also accelerated the recovery, so that by Day 
21, all the rats were symptom-free, compared 
to DMF and ponesimod monotherapy groups 
where 100 percent and 64 percent of the rats, 
respectively, had clinical signs (Figure 6).

Ponesimod induces the same 
blood lymphocyte count reduction in 
monotherapy and in combination with 
DMF in a rat EAE model. As previously shown 
in treatment-naïve rats,8 maximal lymphocyte 
count reduction also was achieved in EAE rats 
at 24 hours with 100mg/kg but not 30mg/kg 
ponesimod (data not shown). The repeated 
oral dosing of ponesimod resulted in a greater 
than 70-percent reduction of lymphocyte count 
one or 24 hours after the last administration. 
Combined treatment of ponesimod with DMF 
did not further reduce lymphocyte count since 
similar values were obtained in the ponesimod 
monotherapy group (Figure 7).

DISCUSSION
In response to the rapid therapeutic progress 

in MS, treatment expectations have evolved, 
and the emerging goal for clinicians is to 
achieve NEDA in patients. MS is a complex 
disease, and the currently approved disease 
modifying therapies (DMTs), including 
the most aggressive MS treatments, have 
limited e�  cacy in preventing disability 
progression.4,40–42 In this context, combination 
therapies, which are the standard of practice 
in many chronic progressive diseases, are 
conceptually attractive. However, to date in 
clinical practice, there is no routinely used 
combination therapy in MS, and the largest and 
longest combination study in MS, the CombiRx 
study, which compared the combination of 
interferon β-1a and glatiramer acetate to 
both agents alone, did not reveal a signi� cant 
advantage of the combination.43 Nevertheless, 

FIGURE 4. Preventive e� ect of dimethyl fumarate (DMF) on clinical scores in an acute monophasic model of EAE in Lewis rats—
Experimental autoimmune encephalomyelitis (EAE) was induced by immunization of female Lewis rats with myelin basic protein (MBP)/
Complete Freund’s Adjuvant (CFA). Vehicle, DMF at 40, 80, 120, or 160mg/kg was administered orally by gavage, once daily, from Day 0 
immediately following EAE induction. Animals were scored daily by an independent examiner in a blinded manner. Results are expressed as 
mean clinical score+standard error of the mean (SEM) (n=11-14 per group): * p<0.05, ** p<0.01, **** p<0.0001 DMF 160mg/kg vs. 
vehicle using a Kruskal-Wallis test followed by Dunn’s multiple comparisons test.

FIGURE 5. Combination of ponesimod with dimethyl fumarate (DMF) conferred synergistic e� ect on clinical scores in an acute monophasic 
experimental autoimmune encephalomyelitis (EAE) model in Lewis rats. Treatment with vehicle, DMF (120mg/kg), ponesimod (100mg/
kg), or DMF and ponesimod combination was given orally by gavage, once daily, starting on Day 0 of immunization of rats with myelin basic 
protein (MBP)/Complete Freund’s Adjuvant (CFA). Animals were scored daily by an independent examiner in a blinded manner. A) Mean clinical 
score+standard error of the mean (SEM) of EAE rats for each treatment group (n=11 per group), *p<0.05, **p<0.01 ponesimod vs. 
combination group, using a Mann-Whitney test; B) Mean of the end clinical score+SEM of EAE rats.,*p<0.05, ****p<0.0001 vs. vehicle using 
a Kruskal-Wallis test followed by Dunn’s multiple comparisons test; ##p<0.01, ####p<0.0001 vs. combination group using a Mann-Whitney 
test; C) Mean of the area under the curve+SEM of the clinical score of EAE rats, *p<0.05, ****p<0.0001 vs. vehicle using a Kruskal-Wallis test 
followed by Dunn’s multiple comparisons test, ##p<0.01, ####p<0.0001 vs. combination group, using a Mann-Whitney test
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experience with combination therapy in MS 
is still limited, and the availability of new 
oral treatments with di� erent mechanisms 
of action provides opportunities to explore 
novel combination therapies for patients in 
whom monotherapy is only of limited value. 
Importantly, before starting such combination 
trials, any potential risk of negative interaction 
between the combination partners resulting in 
a reduced e�  cacy or aggravated disease must 
be minimized through preclinical PK/PD animal 

studies. Such combination trials must be 
carefully designed to select patient populations 
that will bene� t most from the combination 
therapy without increased toxicity. Our study 
of the combination of ponesimod and DMF 
in MS models demonstrated for the � rst time 
its marked e�  cacy and its potential to reach 
NEDA. EAE is a well-recognized animal model 
for MS.38 All FDA-approved therapies for MS 
have shown e�  cacy in rodent EAE, giving 
a strong rationale to test the selective and 

rapidly reversible S1P1 modulator ponesimod 
and its combination with DMF using this 
model. 

In the present study, ponesimod was 
e� ective preventively and therapeutically 
in reducing the overall clinical severity of 
the mouse EAE disease. Amelioration of EAE 
with ponesimod treatment was highlighted 
by improved histological outcomes. 
Ponesimod-treated mice showed reduced 
in� ammatory cell in� ltrates in the CNS, no 
signs of demyelination, and no apparent 
axonal damage or loss, compared to vehicle-
treated mice. Ponesimod was further assessed 
in rats where the dose-dependent e� ect of 
ponesimod on total lymphocyte count has 
been well described8 and is highly reproducible 
among strains. The EAE model in the Lewis rat 
is the most commonly used MS model showing 
a monophasic disease course, with ascending 
and remitting phases, which mimic a relapse 
in RMS.44 Fingolimod was tested in this rat 
model and was shown to reduce both disease 
incidence and clinical score, most likely via 
inhibition of T-cell in� ltration into the CNS.37

Similarly, preventative administration of 
ponesimod demonstrated a dose-dependent 
response on clinical outcomes. While the 
lowest dose had a moderate e� ect, mainly 
reducing body weight loss associated with 
EAE, the highest dose of ponesimod led to a 
24-hour reduction of lymphocyte count and 
reduced the severity and the overall extent of 
the disease. Consistent with these preclinical 
EAE models, a large Phase II clinical trial 
evaluating safety and tolerability of ponesimod 
in patients with RMS was completed, 
demonstrating a dose-dependent therapeutic 
e� ect with acceptable safety and tolerability.45

Moreover, in a long-term extension of the 
Phase II study, ponesimod treatment showed 
a trend of dose-dependent decrease in 
disability accumulation and in brain volume 
loss.46 The evidence demonstrating the fast 
reversibility of lymphocyte count reduction 
and preservation of e� ector T cell function by 
ponesimod strongly support its e� ectiveness 
as an immunomodulatory drug for use in 
combination with another approved oral 
DMT. There has been considerable experience 
with DMF, an oral DMT approved in 2013 for 
RMS. Although the use of oral DMF yields 
signi� cant bene� t for the patient, it is only 
partially e� ective, with less than 25 percent 

FIGURE 6. Combination of ponesimod with dimethyl fumarate (DMF) synergistically reduced disease prevalence in an acute 
monophasic experimental autoimmune encephalomyelitis (EAE) model in Lewis rats. Treatment with vehicle, DMF (120mg/
kg), ponesimod (100mg/kg), or DMF and ponesimod combination was given orally by gavage, once daily, starting on Day 0 of 
immunization of rats with myelin basic protein (MBP)/Complete Freund’s Adjuvant (CFA). Animals were scored daily by an independent 
examiner in a blinded manner. Disease prevalence represents the percentage of rats having a clinical score ≥1 per day in all 
experimental groups (n=11 per group).

FIGURE 7. Combination therapy does not further reduce lymphocyte count over ponesimod monotherapy in an acute monophasic 
experimental autoimmune encephalomyelitis (EAE) model in Lewis rats. Treatment with vehicle, dimethyl fumarate (DMF) (120mg/
kg), ponesimod (100mg/kg), or DMF and ponesimod combination was given orally by gavage, once daily, starting on Day 0 of 
immunization of rats with myelin basic protein (MBP)/Complete Freund’s Adjuvant (CFA). Blood samples were collected on Day 20, 
24 hours after the last dosing of Day 19, and at sacri� ce on Day 21, one hour after the last dosing. Lymphocyte count was measured 
using ADVIA 120 blood analyzer (Siemens, Munich, Germany). A) Lymphocyte count, one hour after the last treatment administration: 
***p<0.001, ****p<0.0001 vs. vehicle using a Kruskal-Wallis test followed by Dunn’s multiple comparisons test; B) Lymphocyte 
count, 24 hours after the last treatment administration: ***p<0.001 vs. vehicle using a Kruskal-Wallis test followed by Dunn’s multiple 
comparisons test; results expressed as mean+standard error of the mean (SEM)
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of patients reaching NEDA.47 Nevertheless, the 
availability of partly e� ective therapeutics with 
mechanisms of action di� erent than those of 
ponesimod provides the opportunity to target 
multiple factors of MS immunopathology when 
tested in combination, potentially leading to 
better suppression of disease activity.

Before evaluating the potential synergistic 
e� ect of combining ponesimod and DMF, we 
� rst performed a dose response of DMF in the 
EAE model in Lewis rats. Monotherapy of DMF 
at the maximal tolerated dose (120mg/kg) 
showed limited e� ect and was less e� ective 
than ponesimod, which might be due to the 
short-term treatment and the self-remitting 
nature of this rat EAE disease model. Indeed, 
the underlying complex mechanisms for the 
therapeutic e�  cacy of DMF, such as inhibition 
of the translocation of NF-kB and upregulation 
of cytoprotective genes, might need more time 
to achieve signi� cant clinical bene� t.

Combination of ponesimod and DMF showed 
synergistic e� ect and ameliorated EAE disease. 
Speci� cally, combination therapy delayed 
disease onset and reduced overall clinical 
scores and disease duration. Furthermore, close 
to 70 percent of the combination-treated rats 
were free from clinical signs during the entire 
study period, while 100 percent of the rats in 
the monotherapy-treated groups exhibited 
signs of paralysis at the acute phase of 
disease. Importantly, only the combination of 
ponesimod and DMF led to the full resolution 
of clinical signs at the end of the study. The 
combination treatment was well tolerated in 
rats, and there was no observed antagonistic 
interaction between DMF and ponesimod, 
as previously described with certain 
immunomodulatory agents, such as glatiramer 
acetate with Type I interferon.48

When considering the combination of 
di� erent drugs, it is important to minimize 
risk of overlapping or increased toxicity. 
The sustained blood lymphocyte count 
reduction with ponesimod is a well-described 
pharmacological e� ect due to its mechanism 
of action.9 Several studies have shown that 
ponesimod, similar to � ngolimod, has a 
predominant e� ect on naïve T cells and central 
memory CD4+ T cells, but spares e� ector T 
cells, especially CD8+ e� ector T cells.49,50 In 
contrast, DMF was shown to induce dose-
dependent apoptosis of human T cells with a 
preferential e� ect on CD8+ T cells.51 However, 

lymphopenia develops in less than � ve percent 
of DMF-treated patients with MS, which is 
generally mild and appears after few months, 
reaching a nadir within 12 months.4,52 In the 
present study, DMF monotherapy did not induce 
lymphopenia, nor did the combined treatment 
further reduce the lymphocyte count. Compared 
to ponesimod alone, the synergistic e� ect 
observed on EAE severity in the combination 
group cannot be attributed to eliciting a 
stronger lymphocyte count reduction but rather 
through acting on di� erent e� ector arms of 
EAE pathology. On the other hand, since in the 
present study DMF did not cause lymphopenia, 
it does not allow us to draw conclusions on the 
risk of combining both drugs regarding potential 
profound immunosuppression.

CONCLUSION
Our study demonstrated for the � rst time 

that ponesimod monotherapy is e�  cacious in 
mouse and rat EAE models, when combined 
with DMF, provides synergistic protection and 
complete resolution of disease in rat EAE. Both 
drugs have distinct immunomodulatory and 
neuroprotective properties that appear to act in 
a complementary manner, resulting in increased 
e�  cacy. While the precise mechanism and 
individual drug contribution in the combination 
setting is not fully understood, this combination 
has the potential to increase the proportion 
of patients achieving NEDA status in MS and 
supports the ongoing Phase III combination 
trial in MS (ClinicalTrial.gov Identi� er: 
NCT02907177). Although both ponesimod 
and DMF can reduce lymphocyte count in 
humans, the mechanisms of action are di� erent 
and are not expected to lead to a profound 
immunosuppression. In case of opportunistic 
infections or adverse events, ponesimod 
treatment can be safely interrupted while still 
administering DMF, and lymphocyte recovery 
can be expected within a few days, thus 
allowing for a safe combination.18,19 In addition, 
these encouraging preclinical data open the 
way to test ponesimod in combination with 
other oral drugs approved for the treatment of 
RMS, such as teri� unomide, where the di� erent 
mechanisms of action of each agent might 
provide synergistic activity.
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