
E�cacy of va�demstat in experimental autoimmune
encephalomyelitis highlights the
KDM1A/RCOR1/HDAC epigenetic axis in multiple
sclerosis
Fernando Cavalcanti 

Oryzon Genomics, S.A.
Elena Gonzalez-Rey 

Institute of Parasitology and Biomedicine Lopez-Neyra, IPBLN-CSIC https://orcid.org/0000-0003-3917-
9020
Mario Delgado 

Institute of Parasitology and Biomedicine Lopez-Neyra, IPBLN-CSIC
Leyre Mestre 

Department of Functional and Systems Neurobiology, Cajal Institute (CSIC) https://orcid.org/0000-
0001-6970-2316
Carmen Guaza 

Department of Functional and Systems Neurobiology, Cajal Institute (CSIC) https://orcid.org/0000-
0003-3240-9807
Michele MP Lu�no 

Oryzon Genomics, S.A. https://orcid.org/0000-0002-0854-9255
Jordi Xaus 

Oryzon Genomics, S.A.
Cristina Mascaró 

Oryzon Genomics, S.A. https://orcid.org/0000-0003-0478-9152
Serena Lunardi 

Oryzon Genomics , S.A. https://orcid.org/0000-0001-6105-4430
Natalia Sacilotto 

Oryzon Genomics, S.A. https://orcid.org/0000-0002-2027-4354
Paola Dessanti 

Oryzon Genomics, S.A.
David Rotllant 

Oryzon Genomics, S.A. https://orcid.org/0000-0002-1186-4918
Xavier Navarro 

Departament de Biologia Cel.lular, Fisiologia i Immunologia, Institut de Neurociències, Universitat
Autònoma de Barcelona, and Centro de Investigación Biomédica en Red sobre Enfermedades

https://doi.org/10.21203/rs.3.rs-114482/v3
https://orcid.org/0000-0003-3917-9020
https://orcid.org/0000-0001-6970-2316
https://orcid.org/0000-0003-3240-9807
https://orcid.org/0000-0002-0854-9255
https://orcid.org/0000-0003-0478-9152
https://orcid.org/0000-0001-6105-4430
https://orcid.org/0000-0002-2027-4354
https://orcid.org/0000-0002-1186-4918


Neurodegenerativas (CIBERNED) https://orcid.org/0000-0001-9849-902X
Mireia Herrando-Grabulosa 

Departament de Biologia Cel.lular, Fisiologia i Immunologia, Institut de Neurociències, Universitat
Autònoma de Barcelona, and Centro de Investigación Biomédica en Red sobre Enfermedades
Neurodegenerativas (CIBERNED) https://orcid.org/0000-0002-6685-3220
Carlos Buesa 

Oryzon Genomics, S.A. https://orcid.org/0000-0001-6293-2514
Tamara Maes  (  tmaes@oryzon.com )

Oryzon Genomics, S.A. https://orcid.org/0000-0001-5104-6867

Research Article

Keywords: Epigenetics, KDM1A, va�demstat, multiple sclerosis

Posted Date: January 20th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-114482/v3

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://orcid.org/0000-0001-9849-902X
https://orcid.org/0000-0002-6685-3220
https://orcid.org/0000-0001-6293-2514
mailto:tmaes@oryzon.com
https://orcid.org/0000-0001-5104-6867
https://doi.org/10.21203/rs.3.rs-114482/v3
https://creativecommons.org/licenses/by/4.0/


1 
 

Title: Efficacy of vafidemstat in experimental autoimmune encephalomyelitis 

highlights the KDM1A/RCOR1/HDAC epigenetic axis in multiple sclerosis  

Authors: Fernando Cavalcanti1, Elena Gonzalez-Rey2, Mario Delgado2, Leyre 

Mestre3, Carmen Guaza3, Michele MP Lufino1, Jordi Xaus1, Cristina Mascaró1, 

Serena Lunardi1, Natalia Sacilotto1, Paola Dessanti1, David Rotllant1, Xavier 

Navarro4, Mireia Herrando-Grabulosa4, Carlos Buesa1 and Tamara Maes1 

1 Oryzon Genomics, S.A. Carrer Sant Ferran 74, 08940 Cornellà de Llobregat, Spain. 

2 Institute of Parasitology and Biomedicine Lopez-Neyra, IPBLN-CSIC, Granada, Spain. 

3 Department of Functional and Systems Neurobiology, Cajal Institute (CSIC), Madrid, Spain. 

4 Departament de Biologia Cel.lular, Fisiologia i Immunologia, Institut de Neurociències, 

Universitat Autònoma de Barcelona, and Centro de Investigación Biomédica en Red sobre 

Enfermedades Neurodegenerativas (CIBERNED), Bellaterra, Spain. 

 

Running title: vafidemstat epigenetic immune modulation 

Corresponding author  

Tamara Maes 

Address: Oryzon Genomics, S.A. Carrer Sant Ferran 74, 08940 Cornellà de Llobregat, 

Spain 

Telephone number: +34 665602247    Fax number: +34 933774028 

Email: tmaes@oryzon.com 

 

 

  



2 
 

Abstract 

Background 

Vafidemstat (ORY-2001) is a clinical stage inhibitor of the Lysine Specific Demethylase 

KDM1A in development for treatment of neurodegenerative and psychiatric diseases. 

KDM1A demethylates H3K4me1/2 and together with the histone deacetylases HDAC1/2, 

it forms part of co-repressor complexes recruited by zinc finger factors to control 

transcription. The exact role of KDM1A in neuroinflammation remained to be explored.   

Methods 

Compounds were administered p.o. gavage to mice with MOG35-55 induced 

experimental autoimmune encephalomyelitis or mice infected with Theiler’s murine 

encephalomyelitis virus. Immune cell infiltration was analyzed by immunohistochemistry. 

Cytokine and chemokine levels were analyzed by ELISA. Genome wide gene expression 

in spinal cord and brain were analyzed by two-color microarray analysis and qRT-PCR.  

Results 

ORY-2001 improved the clinical score in mouse experimental autoimmune 

encephalomyelitis and in mice infected with the Theiler’s murine encephalomyelitis virus. 

The compound reduced lymphocyte egress and infiltration of immune cells in the spinal 

cord and prevented demyelination. ORY-2001 was more effective and/or faster acting 

than a sphingosine 1-phosphate receptor antagonist in the effector phase of the disease 

and reduced the induction of the inflammatory gene expression signature in the central 

nervous system more potently. Gene expression changes and axonal protection in 

animals, and protection against glutamate excitoxicity in spinal cord explants support 

that ORY-2001 has neuroprotective qualities.  

Conclusions 

ORY-2001 exerts therapeutic activity in two mouse models of multiple sclerosis. The 

anti-inflammatory properties of ORY-2001 are being tested in a Phase IIa clinical trial in 

patients with relapse remitting and secondary progressive multiple sclerosis, and in 

severely ill COVID-19 patients at risk for acute respiratory distress syndrome. 
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Graphical Abstract 
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Background 

Multiple sclerosis (MS) is a neurodegenerative disease characterized by an autoimmune 

response against myelin sheaths made by oligodendrocytes that surround central axons, 

thus resulting in demyelination and failure of impulse conduction, progressive axonal 

loss, and profound dysfunctions of the central nervous system (CNS). In addition to 

physical disability, it has become clear that cognition and behavioral problems such as 

aggression and others are also common in MS patients [1, 2, 3]. The etiology of the 

disease is unknown, but an epigenetic component appears to influence the onset and 

progression of the disease [4, 5].  

Vafidemstat (ORY-2001) was identified as an inhibitor of the histone H3K4me1/2 

demethylase 1 (KDM1A, LSD1) and Monoamine Oxidase B (MAO-B). KDM1A is located 

in the nucleus and demethylates histone H3K4me1/2. Together with the histone 

deacetylases HDAC1/2, KDM1A forms part of co-repressor complexes recruited by zinc 

finger factors to exert epigenetic control of transcription [6, 7]. MAO-B metabolizes 

primary amines like dopamine and plays an important role in the control of 
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neurotransmitters level [8]. ORY-2001 is an orally bioavailable, brain penetrant 

compound that rescues cognition and behavioral alterations such as aggression in 

SAMP8 mice, a model for Alzheimer’s disease (AD); and reverts social withdrawal in a 

rat rearing isolation model. Inhibition of KDM1A was key for in vivo efficacy. ORY-2001 

upregulates genes important for synaptic plasticity and cognition and reduces the 

inflammation signature in the hippocampus of SAMP8 mice, including S100A9 and T-

cell receptor b genes [9]. Upregulation of S100A9 has been described both in MS [10] 

and in Experimental Autoimmune Encephalomyelitis (EAE) mice. Furthermore, 

compounds that disrupt binding of S100A9 to the Toll-Like Receptor 4 (TLR4) were 

shown to inhibit acute EAE in mice [11], illustrating the relevance of this biomarker to 

MS. Therefore, we decided to test ORY-2001 in preclinical models for multiple sclerosis.  

 
 

Methods 

Reagents and Resources 

Details of all reagents and resources used in this manuscript are included in Table A1 in 

Additional File 1. 

Experimental immune encephalomyelitis (EAE) 

Animal housing and care: Female C57BL/6 mice (8 weeks old, 25-30gr) obtained from 

Harlan Interfauna Iberica were housed in cages in specific pathogen free conditions with 

a temperature range between 18-22ºC and 30-70% relative humidity range. The 

light/dark cycle was maintained at 12:12 hours (lighting switch on at 7:00 a.m.). All the 

animals were maintained with 2914 Irradiated Teklad Global 14% Protein Rodent 

Maintenance Diet (Harlan) provided ad libitum. Autoclaved tap water was provided ad 

libitum. Mice remained in quarantine for one week prior to the initiation of the 

experiments.  

Induction of chronic EAE: To induce chronic EAE, C57BL/6 mice were immunized s.c. 

with 100 µg of the myelin oligodendrocyte glycoprotein fragment MOG35–55 emulsified 
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in complete Freund adjuvant containing 4 mg/ml Mycobacterium tuberculosis H37 RA. 

Mice also received i.p. injections of 200 ng of pertussis toxin on days 0 and 2 [12].  

Randomization and blinding: After induction of chronic EAE and before initiation of 

treatment, animals were randomly distributed across experimental groups. The research 

group was blind to the identity of the compounds received for treatment. Mice were 

scored for daily signs of EAE by two technicians that were blind to treatment. 

Histopathological analysis was performed by two independent investigators that were 

blind to treatment. 

Treatment of EAE mice: Animals were treated with ORY-2001 (IC50 KDM1A = 101 ± 40 

nM; IC50 MAO-B = 73 ± 34 nM), ORY-LSD1 (IC50 KDM1A = 10 ± 3 nM ; IC50 MAO-B > 

100 μM), rasagiline (Waterstone, Cat# WS104114) (IC50 KDM1A > 100 μM; IC50 MAO-B 

= 69 ± 0.5 nM ) or FTY720 (Cayman Chemical, Cat# 10006292). 

Initial assessment: Treatment consisted in the administration of ORY-2001 (at 3 and 1 

mg/kg) by oral gavage starting after the onset of the disease (day 12 post-immunization), 

once a day, for five consecutive days from day 12 to day 16 postimmunization and from 

day 19 to day 23 postimmunization. Control mice were orally treated with vehicle [2% v/v 

Tween-80 + 98% HPβCD (13% w/v)] following the same regime of administration than 

ORY-2001 treatment.  

Dose finding and comparison: Treatment consisted in the administration of ORY-2001 

(3; 1; 0.5 and 0.05 mg/kg), ORY-LSD1 (0.18, 0.09 and 0.06 mg/kg) or rasagiline (3 

mg/kg) by oral gavage starting after the onset of the disease (day 12 post-immunization). 

The dose range used for each compound was function of the potency of LSD1 inhibition 

of each compound. Compounds were administered once daily in two cycles, from day 

12 to 16 and from day 19 to 23 post-immunization. Control mice were treated with vehicle 

[2% v/v Tween-80 + 98% HPβCD (13% w/v)] following the same administration regime. 

Animals were scored for EAE symptoms until day 51 post-immunization.  
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Mechanisms of action in EAE (sub-chronic phase): Treatment consisted in the 

administration of ORY-2001 (0.5 mg/kg) and ORY-LSD1 (0.18 mg/kg) by oral gavage 

starting after the onset of the disease, once a day, five consecutive days from day 12 to 

16 and from day 19 to 23 post-immunization. Control mice were treated orally with 

vehicle [2% v/v Tween-80 + 98% HPβCD (13% w/v)] following the same administration 

regime. Samples were collected on day 26 post-immunization, 3 days after last dose.  

Mechanisms of action in EAE (effector phase): ORY-2001 (0.5 mg/kg) or FTY720 (1 

mg/kg) were administered for five consecutive days after onset of the disease from day 

12 to day 16 post-immunization, the expected time required for the control group to reach 

the maximal clinical score as determined in previous experiments. Control mice were 

orally treated with vehicle [2% v/v Tween-80 + 98% HPβCD (13% w/v)] following the 

same administration regime. Samples were collected on day 17 post-immunization.  

Symptomatology: Mice were scored daily for signs of EAE according to the following 

clinical scoring system: 0, no clinical signs; 0.5, partial loss of tail tonicity; 1, complete 

loss of tail tonicity; 2, flaccid tail and abnormal gait; 3, hind leg paralysis; 4, hind leg 

paralysis with hind body paresis; 5, hind and fore leg paralysis; and 6, death. 

EAE mice tissue collection and cell isolation: At day 17 or 26 post-immunization, mice 

were euthanized by intracardiac perfusion after pentobarbital anesthesia (Doletal). 

Blood samples, spleen, draining lymph nodes (DLNs: cervical, inguinal and axillary), 

brain, and spinal cord were removed. Serum samples were used for auto-antibody 

determination. Single-cell suspensions were obtained from spleen or pooled DLNs and 

used for determination of auto-reactive and inflammatory responses. Brain and spinal 

segments of the cervical and lumbar regions were prepared separately and processed 

for RNA isolation, protein extraction, and histopathological analysis. 

Sprague-Dawley pups for spinal cord organotypic cultures 

Animal care: Pups were obtained from the UAB Servei d’Estabulari breeding colony. 

Sprague–Dawley dams and pups were kept under standard conditions of light (12h/12h 
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cycle, light ON at 8:00 am) and temperature (21 ± 2 ºC) and dams were given food and 

water ad libitum. 

Procedure: Spinal cords were obtained from lumbar spinal cords of 8-day-old Sprague-

Dawley rat pups (P8). Pups were euthanized by pentobarbital overdose and the lumbar 

spinal cords collected under sterile conditions and placed in ice-cold high glucose 

containing (6.4 mg/ml) Gey’s Balanced Salt Solution (GBSS). Meninges and roots were 

removed, and the spinal cord was transversely sectioned into 350 µm slices with a 

McIlwain Tissue Chopper.  

Theiler’s murine encephalomyelitis virus induced encephalomyelitis (TMEV). 

TMEV-IDD susceptible SJL/J female mice of 30 days old supplied by Charles Rivers 

were randomly assigned to standard cages (6 mice per cage) and maintained at our in-

house colony (Cajal Institute, Madrid, Spain) under standard conditions with water and 

food ad libitum and controlled conditions of temperature (22 ± 2 ° C) and humidity (49 ± 

2%) with a daily cycle of 12 hours of light/12 hours of darkness.  

Infection of mice with TMEV: Following 12 days from mice arrival, 6 weeks old mice were 

infected in the cerebral parenchyma with 2x106 plaque forming units (pfu) of the Daniel’s 

strain of TMEV in 30 µl of DMEM supplemented with 5% fetal bovine serum. For the 

infection, mice were anesthetized with isoflurane (IsoFlo). The injection takes place in 

the right hemisphere of the brain cortex using a Hamilton syringe coupled to a pipette tip 

in such a way that it allows an exposure of the needle of about 2-3 mm and thus the virus 

is injected always at the same depth. Sham animals are subjected to the same protocol, 

but they only received 30 µl of DMEM supplemented with 5% fetal bovine serum [13]. 

Treatment of TMEV infected mice: Treatment consisted in the administration of ORY-

2001 by oral gavage at the dose of 0.3 mg/kg and 1.0 mg/kg, p.o. starting at the onset 

of the disease (day 72 post-infection), once a day for five consecutive days from day 72 

to day 76 and from day 79 to day 83 post-infection. Control mice were treated with vehicle 

[2% v/v Tween-80 + 98% HPβCD (13% w/v)] following the same administration regime 
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(Figure 9A). Mice symptomatology and motor behavior was analyzed by trained 

observers blind to treatment and experimental group. 

Weight of mice: The animals were weighed every week from the onset of infection. 

Symptomatology: Animals were scored using the evaluation criterion developed by 

Moses Rodriguez (Mayo Clinic), source of the Daniel’s strain of TMEV to assess General 

Appearance: Score 1 = Shaggy and scruffy hair; 2 = scruffy appearance and hunched 

back; 3 = no spontaneous movement, reduced induced activity; and Gait: Score 1 = mild 

ataxia with inconsistent waddling gait; 2 = moderate ataxia with consistent waddling gait; 

3 = severe ataxia with reduced righting response; 4 = spastic paresis of hind legs. 

Motor Function. The animal’s motor function was assessed in the Activity Cage (Activity 

Monitor System Omnitech Electronics, Inc., Columbus, OH, EEUU); which consists of a 

four-compartment metacrylate cage, surrounded by sensors in such a way that it 

registers the movements of the mouse in both vertical and horizontal position and 

ambulation. The test consists in introducing the mice into two compartments of the cage 

placed diagonally so as not to interfere with the sensors of the other mouse. During two 

five-minute cycles (0-5 min, 5-10 min), horizontal activity (HACTV) or vertical activity 

(VACTV) are recorded. The first cycle evaluates the spontaneous activity to a new 

environment, the second measures the activity of the animal once habituated to the new 

environment. This task was performed on days 60, 70, 78 and 86 post-infection. 

Rotarod: The rotarod (Ugo Basile, Milan, Italia) consists of a rotating cylinder (roll) 

suspended above a cage floor turning at constant speed or acceleration. The system is 

completed with a stopwatch for each compartment that stops when the mouse falls from 

the roll to a lever on the bottom of the device. One week prior to the test, mice were 

trained and familiarized with test for one minute at constant speed. The length of time 

that mice stay on the rotating roll is a measure of their balance and motor coordination. 

The test consists in measuring the time that mice remain on the roll with constant 

acceleration for a maximum time of five minutes. Mice that developed strategies to stay 
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on the roll (p.e. seeking support on the wall) were excluded from evaluation. The rotarod 

test was performed on day 72, 78 and 86 post-infection. 

Tissue collection: Mice were anesthetized on day 86 after infection by intraperitoneal 

pentobarbital administration (Dolethal; 50mg/kg body weight) and perfused transcardially 

with saline (0.9%NaCl in H2O MilliQ). Spinal cord was obtained by extrusion with saline, 

fixed overnight in 4% paraformaldehyde in 0.1M PB, cryoprotected with a 15% and later 

30% solution of sucrose in PBS and frozen at -80ºC until used.  

Cell lines 

Human neuroblastoma SH-SY5Y cells (Cat# CRL-2266) were seeded in 6-well plates in 

DMEM/F12 1:1 (Sigma), supplemented with 2mM glutamine and 10% FBS (Sigma) and 

incubated at 37ºC and 5% CO2 in a humid atmosphere.  

Methods details 

Additional methods details can be found in Additional File 2. 

STATISTICS 

EAE scoring 

All data are expressed as the mean ± SEM. N and n reflect the number of biological and 

technical replicas, respectively. Two-way ANOVA (with appropriate post tests) was used 

to identity statistical differences between EAE scores over each day of the experiment 

for the vehicle and compound treated EAE mice. The rest of the experiments were 

statistically analyzed by t-test and by the non-parametric Mann-Whitney test and we 

evaluated if the normalizing transformations were effective by comparing results 

between parametric and non-parametric analysis. We used Mann-Whitney test when we 

found different results. We considered significance at p < 0.05. All statistical analyses 

were performed using the Graph-Pad Prism software.  

TMEV scoring 

Statistical analysis. N and n reflect the number of biological and technical replicas, 

respectively. Dixon’s exclusion criteria were applied to raw data. The data suited a 
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normal distribution; a one-way ANOVA test was performed followed by Tukey's multiple 

comparisons test. 

Analysis of the EAE autoreactive response and flow cytometry studies 

All data are expressed as the mean ± SEM. N and n reflect the number of biological and 

technical replicas, respectively. The EAE autoreactive response were statistically 

analyzed by one-way ANOVA followed by Tukey’s multiple comparison test or non-

parametric Mann-Whitney test. We considered significance at p < 0.05. All statistical 

analyses were performed using the Graph-Pad Prism software.  

Microarray data analysis 

Data were normalized by modified nonlinear Q-splines normalization method and 

Log2(Sample/Vehicle) values calculated without background correction (which permits 

robust selection of differentially expressed genes yet may lead to sub-estimation of the 

magnitude of change for genes expressed near the detection limit). Differential 

expression was assessed with the proprietary Polyphemus software using robust 

statistics on the average technical replicates (3 replicates/gene oligo datapoint) after 

removing eventual outlier points (caused by dust or array imperfections). Polyphemous 

automatically defines the criteria for outlier elimination by assessing the intra-array 

technical variability using the signal distribution of controls probes (a large number of 

replicates present on the array). N and n reflect the number of biological and technical 

replicas, respectively. The p values were calculated after outlier elimination based on the 

absolute value of the regularized t-statistics, which uses a Bayesian framework to derive 

the algorithm, using internal replicated controls to assess the minimum technical 

variability of the process.  

Correlation between gene expression changes induced by different treatments was 

analysed calculating the Pearson correlation coefficient r using the Log2(Treatment/Veh) 

values for all genes expressed above background level (n). The t values for the student’s 

t test were calculated as: r x (df)1/2 x (1 – r2)-1/2; with the degrees of freedom df = n - 2. 

The p values were calculated as 2 x tcd(t,df) using the t distribution function with the 
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Keisan Online Calculator service (https://keisan.casio.com/calculator). The analysis is 

highly sensitive and efficiently detects small systematic biases in the data measurement 

system, p.e. a difference in labeling efficiency in the Cy3 and Cy5 channel. Nevertheless, 

the p values for the correlations between the Log2(Treatment/Veh) values for each 

treatment were much lower than the p values for the correlations between the 

Log2(Treatment/Veh) and Log2(Veh/Veh) values (Table A2 in Additional File 1).   

qRT-PCR data analysis 

Mean Cp values for each datapoint were calculated after outlier elimination using Grubbs 

test (applied if the standard deviation of three technical PCR replicates was higher than 

Cp 0.25). -∆∆Cp (or analogous –∆∆Ct) values relative to Vehicle were calculated as 

follows:  

-([Cp gene - Cp endogenous]Treatment-average{[Cp gene - Cp endogenous]vehicle}).  

Vehicle and ORY-2001 were compared by unpaired t-test. Welch’s correction was 

applied when the two distributions showed unequal variances.  

Biochemical assay data analysis 

Data were analyzed using the computer software GraphPad Prism (GraphPad Software, 

San Diego, CA). N and n reflect the number of biological and technical replicas, 

respectively. The fluorescence signal relative to the background (assay mixture in the 

absence of the enzyme) was subtracted from each fluorescent intensity data. Activity in 

the presence of compound was expressed as a percentage of fluorescence intensity in 

the absence of the compound.  

Spinal cord explant data analysis 

Motoneuron preservation data are presented as mean ± SEM. N and n reflect the number 

of biological and technical replicas, respectively. Statistical significance was determined 

by one-way ANOVA followed by Dunnett’s post hoc test, with p<0.05 considered 

statistically significant using the PC software GraphPad Prism (GraphPad Software, San 

Diego, CA). 

STUDY APPROVALS 
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Studies using the EAE model were performed in accordance with the institutional 

guidelines for the care and use of laboratory animals (European Communities Council 

Directive 2010/63/EU) and approved sequentially by the Ethical Committee for Animal 

Experimentation at the IPBLN (protocol number CEEA-IPBLN-2016/12), by the Ethical 

Committee for Animal Experimentation at the CSIC (superior authorized body, protocol 

number 637/2017), and validated by the Ethical Committee for Animal Experimentation 

of the Junta de Andalucia with protocol number 13/04/2018/049.  

The experimental procedure for spinal cord organotypic cultures and chronic 

excitotoxicity treatment using Sprague-Dawley pups was performed in accordance with 

the European Communities Council Directive 2010/63/EU and approved by the Ethics 

Committee of Universitat Autònoma de Barcelona, under procedure CEEAH1963M. 

Studies using the TMEV model were performed in accordance with EU (Directive 

2010/63/EU) and National (Royal Decree 53/2013 BOE No. 34 and Comunidad de 

Madrid (ES 280790000184) guidelines, and the Ethics Committee on animal 

experimentation at the CSIC approved all the procedures described in this study under 

protocol number: 2013/03 CEEA-IC. 

 

Results 

ORY-2001 in murine experimental autoimmune encephalomyelitis:  

Dose range, therapeutic window, and contribution of KDM1A and MAO-B inhibition 

In a first set of experiments, mice were immunized with MOG35-55 following a standard 

protocol. Following onset of symptoms on day 12, animals were treated during two weeks 

with ORY-2001 at 1 and 3 mg/kg (Figure A1, A in Additional File 3) or at 0.05, 0.5 and 1 

mg/kg (Figure 1A) administered by oral gavage. The clinical score was monitored over 

time and animals were sacrificed on day 52 after immunization. ORY-2001 greatly 

inhibited the development of EAE symptoms, reflected in the cumulative disease score 

(Figure A1, B and C in Additional File 3) and reduced both the disease incidence and 

severity. The reduction of the clinical score became clear after a couple of days of 
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treatment and was sustained for prolonged time after treatment interruption in all groups 

with exception of the dose at 0.05 mg/kg, which relapsed around day 44. ORY-2001 

treatment was effective at doses that did not significantly impact the total number of 

circulating lymphocytes (Table A3, in Additional File 1). This therapeutic window (once 

the difference in exposure by oral gavage versus drinking water is accounted for) is 

similar to that observed for the beneficial effects of ORY-2001 on cognition in SAMP8 

mice [9]. To dissect the relative contribution of the KDM1A vs MAO-B inhibitory 

component, we then compared the therapeutic efficacy of ORY-2001 with that of the 

selective KDM1A inhibitor ORY-LSD1 (0.06 or 0.18 mg/kg in Figure A1D in Additional 

File 3 and 0.09 and 0.18 mg/kg in Figure 1B) and with the selective MAO-B inhibitor 

rasagiline (3 mg/kg, Figure 1C). ORY-LSD1 provided a significant improvement at some 

timepoints (Figure A1, D in Additional File 3) but the cumulative disease index did not 

reach significance (Figure A1, E and F in Additional File 3), and the selective MAO-B 

inhibitor rasagiline was not effective although it appeared to induce a small delay of the 

onset of symptoms (Figure 1C and Figure A1 G in Additional File 3). At the end of the 

study 70-80% and 60% of the mice treated with ORY-2001 and ORY-LSD1 did not show 

any or showed only mild clinical signs, versus 33% and 19% of the mice treated with 

rasagiline and vehicle. These results show that inhibition of KDM1A is key to the 

therapeutic effects of ORY-2001 in the EAE model, as it was the case for its effects on 

cognition in SAMP8 mice [9].  

ORY-2001 has an immune modulatory effect 

A new EAE experiment was performed using 0.5 mg/kg ORY-2001 and 0.18 mg/kg ORY-

LSD1 in which animals were sacrificed in the sub-chronic phase to study the mechanism 

of action. Again, the compounds reduced the clinical score and ORY-2001 performed 

better than ORY-LSD1 (Figure 1D and Figure A1, H and I in Additional File 3).  

EAE and MS are characterized by the activation of infiltrating and resident glial cells in 

the CNS, leading to de-regulation of inflammatory and autoreactive mediators. 

Autoreactive IFN-gamma-producing Th1 and IL-17-secreting Th17 cells infiltrate the 
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CNS and promote disease progression [14]. To investigate if ORY-2001 could ameliorate 

EAE by reducing encephalitogenic T-cell responses and/or their migration to CNS, we 

analyzed the inflammatory and autoimmune response in the peripheral immune organs 

(spleen and lymph nodes) and CNS (brain and spinal cord). ORY-2001 greatly reduced 

the infiltration of inflammatory cells and demyelination in the spinal cord of EAE mice 

(Figure 1, E and F and Figure A1, J to R in Additional File 3). In the sub-chronic phase, 

neither ORY-2001 nor ORY-LSD1 produced changes in the anti-MOG IgG2a/IgG1 ratio 

(Figure 1G) but ORY-2001 significantly reduced lymphocyte egress from spleen and 

lymph nodes (Figure 1H).  

Myelin oligodendrocyte glycoprotein (MOG)-induced but not α-CD3-induced T cell 

proliferation was significantly decreased in cultured cell populations from spleens of 

ORY-2001 treated animals (Figure 2, A and B). Cytokine IL-4 was significantly increased 

in splenocytes induced by Concavalin A (ConA) and in the spinal cords of ORY-2001 

and ORY-LSD1 treated animals, indicative of a Th2 anti-inflammatory response (Figure 

2, C and H). Pro-inflammatory cytokines like TNF-alpha were reduced by ORY-2001 and 

ORY-LSD1 in splenocytes induced by MOG and in the spinal cord (Figure 2, D and I). 

IFN-gamma was reduced in splenocytes induced by ConA with ORY-LSD1 treatment 

whereas in the spinal cord there were no significant changes in this parameter (Figure 

2, E and J). ORY-2001 treatment increased the level of chemokine IP-10 induced by 

MOG but reduced MCP-1 in the periphery (Figure 2, F and G) and reduced both in the 

spinal cord (Figure 2, K and L). The increase of peripheral IP-10 is in accordance with 

the increase of cells in spleen and lymph nodes.  

Comparison of ORY-2001 and FTY720 at the effector stage  

The reduction of lymphocyte egress is a hallmark of the mechanism of drugs targeting 

the Sphingosine 1 phosphate receptors (S1PRs) like fingolimod (FTY720), a drug for the 

treatment of multiple sclerosis [15]. We performed a side by side comparison of the 

effects of ORY-2001 (0.5 mg/kg) and FTY720 (1 mg/kg) in the effector phase in the mice 

EAE model, at the time of the expected maximal clinical score. Both ORY-2001 and 
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FTY720 reduced the clinical score in the model, although the cumulative disease index 

did not reach significance for FTY720 (Figure A2, A in Additional File 3). ORY-2001 was 

more effective and/or faster acting than FTY720 under the test conditions (Figure 3A). 

The histopathological analysis revealed that ORY-2001 reduced the presence of 

infiltrating/demyelinating plaques in both cervical and lumbar segments, while FTY720 

was less effective and reduced the number and size of demyelinating plaques in cervical 

but not lumbar segments of the spinal cord (Figure 3, B and C). In addition, ORY-2001 

modulated the B cell compartment, reducing the IgG2a/IgG1 ratio in sera (Figure 3D).  

Both ORY-2001 and FTY720 increased the cellularity in lymph nodes but at the doses 

used and timepoint chosen for evaluation, only ORY-2001 increased it significantly in the 

spleen (Figure 3E). The CD4+ T cell fraction of the lymph node cells was increased by 

treatment with both drugs (Figure A2, B in Additional File 3) and, within this fraction, the 

number of naïve T cells were significantly increased (Figure A2, C in Additional File 3) 

while no changes were observed in the memory/effector cells of treated-mice compared 

with the control group.  

Both compounds reduced the MOG-induced proliferation of spleen cells (Figure 3F), 

reflecting a reduced autoimmune response. Cultivation in medium supplemented with 

MOG of splenocytes obtained from animals treated with ORY-2001 did not significantly 

modify the release of IL-4 (Figure 3G), TNF-alpha (Figure 3H) and IFN-gamma (Figure 

3I), but reduced IL-2 (Figure A2, D in Additional File 3) and increased the release of 

chemokines IP-10 (Figure 3J) and MCP-1 (Figure 3K). Lymph node cells grown in 

medium supplemented with MOG significantly increased IL-4 and MCP-1 (Figure A2, E 

and H in Additional File 3), while IL10 and IP-10 (Figure A2, F and G in Additional File 3) 

showed a tendency for increase. 

The situation in the periphery contrasted with that observed in the CNS. While in the 

spinal cords, IL-4, TNF-alpha and IFN-gamma (Figure 3, L to N) were not significantly 

modified, in the brain the levels of IFN-gamma, TNF-alpha and IL-6 (Figure A2, I to K in 

Additional File 3) were significantly reduced in the ORY-2001 and FTY720 treated 
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animals. ORY-2001 treatment also reduced the chemokines IP-10 and MCP-1 in the 

spinal cord and brain (Figure 3, O and P; Figure A2, L and M in Additional File 3).  

The increase of chemokines in the periphery induced by ORY-2001 in the effector phase 

of the disease could contribute to the reduction of lymphocyte egress observed in both 

spleen and lymph nodes.  

Effect of ORY-2001, ORY-LSD1 and FTY720 on gene expression 

The anti-inflammatory profile of the compounds was confirmed by performing a 

microarray-based gene expression surveys on pooled RNA samples from spinal cord 

and brain of vehicle and compound-treated EAE mice.  

In the sub-chronic phase, expression changes were particularly clear in the spinal cord 

and, in line with the comparative efficacy of the two compounds, more prominent for 

ORY-2001 than ORY-LSD1 (Figure 4A, Figure 5A and Figure A3, A in Additional File 3). 

Top genes downregulated by ORY-2001 included many genes described previously to 

be induced in EAE, including genes involved in antigen presentation (H2-Eb1, H2-Aa, 

A2m, B2m and others), complement factors (C3, C1qa, C1qb, C1qc), chemokines (Ccl5, 

Ccl8, Il1b), microglial markers (Aif1, Cd68), factors involved in the breakdown of the 

blood brain barrier (Lgals3) or modulation of demyelination/remyelination (Cst7, Lcn2, 

Mpz) or neuroprotection (Wisp2) in addition to drug targets for treatment of MS or related 

genes (Cd52, Itgax) (Figure 4A). On the other end of the spectrum, upregulated genes 

included Cox1, hemoglobin chain genes, mTOR signaling factors (Ddit4, Dpysl2), 

ubiquitin pathway genes (Uchl1 and Rnf144) and Pou5f1, a key factor for 

oligodendrocyte differentiation (Figure 5A). 

The inflammation process in EAE transitions from a virulent effector phase to a more 

tempered chronic phase. Many of the inflammation related genes upregulated in EAE 

and downregulated in the spinal cord after ORY-2001 treatment in the sub-chronic phase 

were modulated even stronger during the effector phase (Figure 4, A and E; Figure 5, A 

and E); e.g. Saa1, Nmes1 and Tgfbi. On the contrary, some inflammation related genes 

including Ccl6, Sirpb1, Irg1, Arg1, Chi3l3 and Ms4a8a are selectively induced during the 
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early phase of symptomatic development in EAE mice [16] and were among the most 

potently downregulated by ORY-2001. These transcripts may originate in an Arg1+ CNS 

myeloid population described to arise around the peak of EAE, unable to activate myelin-

specific T cells, and likely arising through an adaptive shift in expression of iNOS+ cells 

in response to the excessive inflammatory response and damage generated in EAE mice 

[17]. Upregulation of Arg1 and Chi3l3, a close homologue of Chi3l1 (YKL-40) was also 

detected in mouse models for AD [18]. Treatment mediated downregulation of these 

genes may reflect reduced immune cell infiltration and/or adaptation.  

Gene expression changes induced in the spinal cord by ORY-2001 and FTY720 in the 

effector phase (Figure 4B and Figure 5B) were strongly correlated (r = 0.82) but more 

potent for ORY-2001, as it can be deduced by the slope of the regression line reflected 

in the equation in Figure 6A (slope = 0.827) and p values (Table A2 in Additional File 1). 

Changes could largely, but not exclusively be explained by the reduced infiltration of 

immune related cells and inflammation. Apoc2, Arg1, Lyzs, Saa3, Nmes1, Saa1, Ccl6, 

Tgfbi, Lgals3, Sirpb1, Timp1, Cd68, Il1b, Ms4a6d, Fcer1g, H2-Ab1, and Irg1 were among 

the most downregulated genes.  

On the other side, treatment upregulated genes with potential neuroprotective function. 

Meg3, Sparcl1 and Ppargc1a were the highest induced genes in spinal cord of mice 

treated with ORY-2001 or FTY720 (Figure 6A). PPARGC1A is an important cofactor of 

NRF2. Reduced neuronal PPARGC1A expression in the MS cortex was described to 

partly underlie mitochondrial dysfunction in MS grey matter and contribute to 

neurodegeneration in MS cortex. Vice versa, increased expression in astroglia was 

proposed to be protective [19]. Sparcl1 and Meg3 are involved in synaptic maintenance 

or plasticity. Sparcl1 is produced in astrocytes and promotes excitatory synapse 

formation in vitro and in the developing nervous system in vivo. In EAE mice, paralysis 

severity correlates inversely with the ratio of the Sparcl1 to Sparc transcript, a related 

gene which antagonizes the synaptogenic action of Sparcl1 [20]. In addition, two single 

nucleotide polymorphisms (SNPs), rs9998212 and rs7695558, associated with lower 
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brain Sparcl1 gene expression, have been shown to accelerate AD pathogenesis [21]. 

Meg3 is a maternally expressed gene found downregulated in HD brains and regulated 

by REST/NRSF, a ZNF transcription factor known to recruit KDM1A and HDAC1/2 to 

repress its target genes [22].  

Interesting differences were also observed between the treatments: ORY-2001 but not 

FTY720 induced Ttr and the hemoglobin chain genes Hba-a1 and Hbb-b1 and 

downregulated Aif1, Bst2, Rgs4 and Mtap9. ORY-2001 but not FTY720 prevented the 

induction of Ptpn11, required for initial infiltration of pioneer CD8+ T-cells into the CNS in 

EAE [23], of Kif1b, and of Pik3r1, associated with susceptibility to MS by GWAS [24] 

(Figure 6A). ORY-2001 also preserved the expression of Ogn, a gene coding for an extra 

cellular matrix protein reduced during demyelination [25] in EAE and downregulated by 

FTY720, as were Dcn, Mpz, Grik1, and Ecrg4.  

These differences were correlated with the greater damage induced by MOG in the 

animals treated with FTY720 than with ORY-2001, as reflected in the clinical score. 

Finally, we also reviewed S100a9, the biomarker induced in EAE and the main driver for 

our initial hypothesis that ORY-2001 could be efficacious in MS models. S100a9 was 

downregulated in the spinal cord by ORY-2001 in the effector phase.  

In the brain, gene expression changes were less prominent than in the spinal cord but 

they confirmed the anti-inflammatory effect of ORY-2001, which was especially clear in 

the effector phase (Figure 4, C and D; Figure 5, C and D). Again, ORY-2001 was more 

effective reducing inflammation markers than ORY-LSD1 in the sub-chronic phase 

(Figure 4, F and G). 

In the effector phase, gene expression changes induced in the brain in EAE mice were 

also similar for ORY-2001 and FTY720 (r = 0.70) but more potent for the first (slope = 

0.7308; Figure 6B). Downregulated genes included the acute phase proteins Saa1 and 

Saa3; genes involved in antigen presentation (H2-Eb1, H2-Ab1, H2-Aa), complement 

(C3), chemokines (Ccl2, Ccl5, Ccl8), cytokine signaling (Gbp2, Gbp3, Gbp6), Nmes1, 

TC1658796 (Mpeg1), Irgm, Serpina3n, Oasl2, Timp1, Tgfbi, Lgals3 and Cd52. A 



19 
 

remarkable difference in the sub-chronic relative to the effector phase was the 

downregulation of the secretoglobin Scgb1c1, possibly associated with the remission of 

symptoms. Strikingly, in the effector phase both compounds potently downregulated the 

pituitary markers Gh, Prl, Pomc, and Cga. The same genes were upregulated in the sub-

chronic phase, while contrastingly inflammation associated markers remained 

downregulated. KDM1A has been shown to be directly involved in the control of these 

genes during pituitary development, where opposing KDM1A recruiting complexes 

function initially in their developmental activation and later in their repression [26]. 

Regulation of Gh is particularly interesting since GH has been suggested to influence 

the function of the immune system and Gh deficient mice do not develop EAE [27], and 

initial downregulation may thus be relevant to limit the damage. 

The only clear difference between FTY720 and ORY-2001 in the effector phase was the 

induction of Cox1 by FTY720 and not by ORY-2001, although Cox1 was also 

upregulated by ORY-2001 and ORY-LSD1 in the sub-chronic phase.  

A subset of markers identified in the microarray surveys was selected for validation by 

qRT-PCR on individual samples from spinal cord and brain. The mean expression values 

in individual samples, represented as –∆∆Cp (Figure 6, C and D) or –∆∆Ct values (Figure 

A3, H and I in Additional File 3), largely confirmed the regulation of the biomarkers 

observed in the microarray survey, although statistical significance was not always 

reached for the individual genes. For example: in the effector phase ORY-2001 

downregulated the inflammatory biomarkers Ccl6, Saa3, Aif1 and Gbp2 in the spinal cord 

(Figure 6C); in the sub-chronic phase Ccl5, Ip10 and Tnf-alpha (Figure A3, H in 

Additional File 3). Saa3, Aif1 and Gbp2 were also significantly downregulated by ORY-

2001 in the brain in the effector phase (Figure 6D) and Ccl5, Ip10 and Gbp2 also in the 

sub-chronic phase (Figure A3, I in Additional File 3).  

Gh, Prl and Pomc were downregulated in the brain of treated mice in the effector phase, 

although only Prl and Pomc reached significance. All three genes exhibited highly 

heterogeneous expression in individual vehicle treated samples but homogeneously low 
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expression levels in treated samples in the effector phase. It is known that release of Gh 

and Prl in plasma occurs in non-synchronized short-lasting bursts [28]. The volatility of 

Gh and Prl expression levels may have contributed to the high variability observed in the 

Vehicle group, however the homogenously low levels in the treated samples suggests 

an effective downregulation. Upregulation of Gh and Prl in the sub-chronic phase was, 

similarly, heterogeneous. On the contrary, Ttr, found upregulated in brain, was discarded 

as a biomarker since the increased mean value resulted from the contribution of a single 

outlier sample. 

ORY-2001 and FTY720 mechanism of action 

The observation that both ORY-2001 and FTY720 reduce lymphocyte egress and 

provoke highly similar gene expression changes in brain and spinal cord opens the 

possibility that their mechanisms of action could be related. FTY720 becomes 

phosphorylated in vivo by the sphingosine kinases SPHK1 and SPHK2 and then acts as 

an S1P receptor antagonist by binding to the S1P receptor and provoking its 

internalization and degradation. While FTY720-P (0.3 μM) acts both as an agonist [29] 

and antagonist [30] in GPCR based impedance assays in cells expressing the S1P1 

receptor, neither ORY-2001 (10 μM) nor ORY-LSD1 (10 μM) showed any activity in 

these assays (Figure 7, A and B). Nuclear S1P and FTY720-P were reported to act as 

direct inhibitors of HDAC1/2 [31, 32], proteins participating with KDM1A in transcription 

regulatory complexes. In theory, this could help explain why FTY720-P and ORY-2001 

produce highly similar effects. However, we were unable to confirm that FTY720 (0.1-3 

μM) or FTY720-P (0.1-3 μM) had any significant impact on recombinant or cellular HDAC 

activity (Figure 7, C and D).  

ORY-2001 protects motoneurons from chronic excitotoxic stress 

In MS, glutamate (Glu)-induced excitotoxicity is a candidate downstream mechanism for 

neuronal injury. Threo-β-hydroxyaspartate (THA) induced organotypic spinal cord 

explants are used as a model of chronic excitotoxicity. THA blocks glutamate 
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transporters, provoking a toxic increase of glutamate and intraneuronal Ca(2+), leading 

to motoneuron death. The neuroprotective effect of ORY-2001 (5, 25 and 125 nM) and 

control compound riluzole (5 μM) was studied by co-treatment of the explants with THA 

and subsequent analysis of survival of SMI32 positive motoneurons. ORY-2001 

protected the motoneurons from chronic excitotoxic stress at all doses tested and 

outperformed the control compound (Figure 8, A to E).  

ORY-2001 reduces the clinical score in the TMEV model of multiple sclerosis 

To further confirm the potential of ORY-2001 for treatment of MS we tested ORY-2001 

in a second established preclinical model for the disease, the Theiler’s murine 

encephalomyelitis virus (TMEV) model. Six weeks old mice were infected with Daniel’s 

strain of TMEV in the cerebral parenchyma and treated orally with 0.3 or 1.0 mg/kg of 

ORY-2001 during two weeks following onset of symptoms, at day 72 after induction 

(Figure 9A). Body weight, clinical score and motor function were evaluated, and 

histopathological analysis performed. ORY-2001 significantly improved symptomatology 

associated with intracranial TMEV infection and reduced the clinical score, assessed as 

the area under the curve (Figure 9B), while it did not produce any body weight changes. 

ORY-2001 significantly improved the motor activity reflected by significant changes in 

the horizontal activity (Figure 9C) and increased other motor activities although not 

significantly such as rotarod test and vertical activity (Figure 9, D and E) and reduced 

the cell infiltration score (Figure 9F). The infiltration of CD4+ and CD8+ T cells in the spinal 

cord, increased by TMEV infection, was significantly reduced by ORY-2001 (Figure 9, G 

and H). Furthermore, ORY-2001 significantly reduced microglial activation (AIF-1 

positive cells; Figure 9I), increased axon integrity (NF-H; Figure 9J) and limited astroglial 

activation (VIM and GFAP positive cells; Figure 9K) in the spinal cord of TMEV mice, 

although the latter did not reach significance (p = 0.177).  
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Discussion 

Despite decades of research, the etiology of MS is still unclear. Epidemiological studies 

suggest that part of the missing heritability and etiology of MS could be explained by 

epigenetics. Histone modifying enzymes are emerging as epigenetic targets of special 

interest for the development of novel therapies for patients with MS [33]. For example, 

HDAC inhibitors have been reported to cause a shift in dominance from the Th1 to Th2 

lymphocyte phenotype, to expand anti-inflammatory Tregs, and to modulate the 

expression of cytokines like IL10 [34]. Chromatin remodeling mediated by the 

H3K27me2/3 demethylase KDM6B is important in the acquisition of the M2-macrophage 

phenotype [35]. The KDM6 inhibitor GSK-J4 has been described to inhibit Th17 cell 

differentiation in vitro [36] and to promote Tregs [37]. No role has been described so far, 

however, for the H3K4me1/2 demethylase KDM1A in MS.  

Vafidemstat (ORY-2001) is an orally bioavailable, brain penetrant KDMA1 inhibitor that 

rescues cognitive function in SAMP8 mice and modulates the expression of the alarmin 

S100a9 [9], an inflammatory biomarker upregulated in several CNS diseases with 

inflammatory component, including MS [10].  

Here, we have shown that vafidemstat reduces lymphocyte egress, inflammation and 

clinical score in the EAE model. Similarly, in the Theiler virus model, it decreases the 

TMEV clinical score, reduces lymphocyte infiltration of immune cells in the spinal cord 

and microglial activation, and improves axon integrity by preventing demyelination. The 

efficacy of vafidemstat in the EAE model is driven by KDM1A inhibition. In the sub-

chronic phase, treatment with vafidemstat reduced the MOG-induced proliferation of 

spleen cells and production of TNF-alpha and MCP-1 in vitro but did not importantly 

affect the α−CD3 induced response showing that vafidemstat does not provoke general 

immune-suppression. Spleen cells or lymph node cells isolated in the effector phase 

from animal treated with vafidemstat showed significant increase of chemokines IP-10 

and MCP-1 involved in lymphocyte mobilization and inflammatory infiltration but the 

same chemokines were reduced in the spinal cord and brain. In the effector phase, 
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vafidemstat also increased the levels of the anti-inflammatory cytokine IL-4 in lymph 

node cells and reduced the inflammatory cytokines IL-2 in spleen cells and IFN-gamma, 

TNF-alpha and IL-6 in the brain. Vafidemstat reduced the IgG2a to IgG1 ratio of MOG-

selective autoantibodies, indicative of a Th2 response activation [38]. These results 

indicate that treatment with vafidemstat reduced the CNS inflammatory milieu at the peak 

of EAE.  

Vafidemstat recapitulates the main therapeutic and molecular effects of the MS drug 

FTY720. Nevertheless, both compounds have very different targets. FTY720 is 

phosphorylated and binds to the S1P receptors in the cell membrane of lymphocytes, 

inducing receptor internalization and degradation, and immune-modulatory effects [39]. 

Nuclear FTY720-P produced by SPHK2 [40] has been reported to inhibit HDAC1 and 

HDAC2 (30), proteins that participate in transcription regulatory complexes with KDM1A, 

targeted by vafidemstat. Although we were not able to confirm inhibition of HDACs by 

FTY720-P, another MS drug, dimethylfumarate (DMF), was reported to downregulate 

the expression of HDAC1/2 and increase NRF2 signaling [41, 42]. The broad spectrum 

HDAC inhibitor VPA ameliorates clinical signs in EAE [43] and more recently T cell-

specific deletion of HDAC1 was proven to prevent EAE [44]. Together, these data point 

at a convergence of the mechanism of action on an epigenetic hub with a central role for 

the KDM1A/RCOR1/HDAC1/2 complex.  

Direct comparison of FTY720 and vafidemstat revealed the latter was more effective 

and/or faster acting in the effector phase of the EAE model. One of the most potently 

downregulated spinal cord markers in vafidemstat versus vehicle treated EAE mice was 

Chi3l3, a close homologue of Chi3l1 (YKL40). YKL40 is a neuroinflammation biomarker 

found to be increased in and/or associated with progression of patients with AD, FTD, 

amyotrophic lateral sclerosis, neuromyelitis optica, and multiple sclerosis. Interestingly, 

YKL40 levels in patients treated with vafidemstat in the AD Phase II trial ETHERAL were 

significantly reduced relative to placebo.  
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The rapid mode of action of vafidemstat indicates that the compound may be appropriate 

to treat patients with acute MS flares or other inflammatory conditions, and that it may 

offer an alternative to corticosteroids in patients that have developed an allergy or 

resistance to this treatment.  

Vafidemstat has inherent neuroprotective power, as illustrated by its capacity to induce 

the expression of neuroprotective genes and to protect motoneurons in spinal cord 

explants from glutamate induced excitotoxicity.  

Finally, it is well known that currently used MS drugs have several undesired side effects. 

Vafidemstat does not target the S1PR’s and is therefore not expected to induce 

bradycardia, effects on blood pressure, or leakage of the blood-brain barrier associated 

with S1PR1 modulation [45, 46, 47]. Vafidemstat treatment was effective at doses that 

did not significantly impact the total number of circulating lymphocytes and did not induce 

any signs of gastrointestinal toxicity, a side effect that has caused many patients to 

abandon treatment with DMF [48].  

 

Conclusions 

Vafidemstat reduces lymphocyte egress, neuroinflammation and clinical signs in MOG 

and TMEV induced murine models of multiple sclerosis and highlights the relevance of 

the KDM1A/RCOR1/HDAC1/2 epigenetic axis.  

Vafidemstat has been evaluated in a Phase I trial in healthy volunteers (EUDRACT Nº 

2015-003721-33), and significantly reduced aggression in BPD, ADHD, ASD and in 

moderate-severe AD in the Phase IIa trials REIMAGINE and REIMAGINE-AD; 

EUDRACT Nºs 2018-002140-88 and 2019-001436-54 [49, 50]. Phase IIa trials in mild to 

moderate AD (ETHERAL; EUDRACT Nº 2017-004893-32 and ETHERAL-US; 

NCT03867253) and in relapse-remitting and secondary progressive MS (SATEEN; 

EUDRACT Nº 2017-002838-23) are ongoing. Finally, based on its anti-inflammatory 

activity reported here and favorable safety profile, a randomized, open–label Phase II 

study has been initiated to evaluate the efficacy and tolerability of vafidemstat in 
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combination with standard of care treatment to prevent Acute Respiratory Distress 

Syndrome (ARDS) in adult severely ill patients with CoVID-19 (ESCAPE; EUDRACT Nº 

2020-001618-39). 

 

List of abbreviations 

 

N: number of biological replicates obtained from independent experiments run on 

different days or by different investigators; n: number of technical replicas run within a 

single experiment. SEM: standard error of mean, SD: standard deviation. 
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Figures 

 

Figure 1. Therapeutic effects of LSD1 and MAO-B inhibitors in EAE mice 

(A-C) The clinical score of EAE mice during the chronic phase was monitored before, during, and after two weeks of 

treatment (five consecutive days per week) in A with  ● (black) Vehicle, ORY-2001 (blue) at ■ 0.05 mg/kg, ▲0.5 mg/kg  

and ▼1.0 mg/kg (blue), in B with ● (black) Vehicle, or ORY-LSD1 (red) at ■ 0.09 mg/kg, ▲0.18 mg/kg and in C with ● 

(black) Vehicle and ■ (orange) rasagiline at 3.0 mg/kg; up to day 51 post-immunization; 28 days after last dose. Black 

arrows indicate the initiation of administration of the compounds. Results are expressed as mean ± SEM, N=10 mice/group 

and 11 mice/group in Vehicle (D) The clinical score of EAE mice during the sub-chronic phase was monitored before, 

during, and after two weeks of treatment (five consecutive days per week) with  ● (black) Vehicle, ■ (blue) ORY-2001 at 

0.5 mg/kg or ▲(red) ORY-LSD1 at 0.18 mg/kg, up to day 26 post-immunization; 3 days after last dose. Black and gray 

arrows indicate the initiation of administration of the compounds and the extraction of samples. Results are expressed as 

mean ± SEM, N=10 mice/group (E) Infiltration of inflammatory cells and demyelination as seen in Kluver-Barrera stained 

spinal cords isolated from EAE mice after two weeks of treatment with Vehicle, ORY-2001 or ORY-LSD1. Arrows point to 

areas of demyelination and inflammatory cell infiltration. (F) Mean number of demyelination plaques in the cervical and 

lumbar regions. Results are expressed as mean ± SEM, N=5 mice/group. (G) The effect of treatment on the anti-MOG-

antibodies IgG2a/IgG1 ratio in sera. Results are expressed as mean ± SEM, N=10 mice/group. (H) Number of immune 

cells in the spleen and lymph nodes. 1-way ANOVA and Dunnett’s Multiple Comparison test was used. Results are 

expressed as mean ± SEM, N=10 mice/group. 
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Figure 2. Effects of LSD1 and MAO-B inhibitors on T cells, cytokine and chemokines release  

(A) Schematic representation of the ex vivo treatment to evaluate the autoreactive response in B) to F). (B) Proliferation 

of T cells from spleens of EAE mice in medium without or with MOG or a-CD3 antibody. Results are expressed as mean 

± SEM, N=10 mice/group and MOG Vehicle of 6 mice/group. (C-G) Effect of medium with or without MOG or ConA on the 

release of cytokines and chemokines from spleen cells. Results are expressed as mean ± SEM, N=10 mice/group. (H-L) 

Effects of treatment on the release of cytokines and chemokines in the spinal cord. Results are expressed as mean ± 

SEM, N=6 mice/group and MCP1 Vehicle of 3 mice/group. Statistical differences were indicated in all figures as vehicle 

vs ORY-2001 or FTY720 using the 2-way Mann-Whitney test.  
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Figure 3. Comparison of the effects of ORY-2001 and FTY720 in EAE mice 

The effects of treatments with ● (black) Vehicle, ■ (blue) ORY-2001 (0.5 mg/kg) and ▲ (green) FTY720 (1 mg/kg) on EAE 

mice in the effector phase. Tissue collection was performed on day 17 post-immunization, after 5 days of treatment.  

(A) Clinical score before and during treatment. Black and gray arrows indicate the initiation of administration of the 

compounds and the extraction of samples. Results are expressed as mean ± SEM, N=10 mice/group (B) Infiltration of 

inflammatory cells and demyelination as seen in Kluver-Barrera stained spinal cords. Arrows point to areas of 

demyelination and inflammatory cell infiltration. (C) Mean number of demyelination plaques in the cervical and lumbar 

regions, N=5 mice/group. (D) The effect of treatment on the anti-MOG-antibodies IgG2a/IgG1 ratio in sera. Results are 

expressed as mean ± SEM, N=10 mice/group and in FTY720 8 mice/group. (E) Number of immune cells retained in the 

spleen and lymph nodes. Results are expressed as mean ± SEM, N=10 mice/group and in FTY720 8 mice/group.  (F) 

Proliferation of T cells from spleens of EAE mice in medium without or with MOG or ConA. Results are expressed as 

mean ± SEM, N=10mice/group and in FTY720 8 mice/group; one-way ANOVA followed by Dunnett’s post hoc test of all 

treatments versus Vehicle; (G-K) Effects of medium with or without MOG or ConA on the release of cytokines and 
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chemokines from spleen cells. Results are expressed as mean ± SEM, N=10 mice/group and in FTY720 8 mice/group. 

one-way ANOVA followed by Dunnett’s post hoc test of all treatments versus Vehicle. (L-P) Effects of treatment on the 

release of cytokines and chemokines in the spinal cord. Results are expressed as mean ± SEM, N=7 mice/group and in 

FTY720 5 mice/group. one-way ANOVA followed by Dunnett’s post hoc test of all treatments versus Vehicle. 

 

Figure 4. Genes downregulated by ORY-2001  

(A) Microarray survey of gene expression changes in the spinal cord in the sub-chronic phase; 3 days after the last dose. 

Animals were treated with Vehicle, ORY-2001 at 0.5 mg/kg or ORY-LSD1 at 0.18 mg/kg. (B) Microarray survey of gene 

expression changes in spinal cord in the effector phase, after treatment.  Animals were treated with Vehicle, ORY-2001 

at 0.5 mg/kg or FTY720 at 1 mg/kg. (C) Microarray survey of gene expression changes in brain in the sub-chronic phase; 

3 days after the last dose. Animals were treated with Vehicle, ORY-2001 at 0.5 mg/kg or ORY-LSD1 at 0.18 mg/kg. (D) 
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Microarray survey of gene expression changes in spinal cord in the effector phase after treatment. Animals were treated 

with Vehicle, ORY-2001 at 0.5 mg/kg or FTY720 at 1 mg/kg. (E) Comparison of the effect of the different treatments and 

disease phases in the spinal cord. (F) Comparison of the effect of the different treatments and disease phases in the 

brain. (G) Comparison of the effects of ORY-2001 in spinal cord and brain, in both phases. Pooled RNA from N=5 spinal 

cords or 10 brains of Vehicle, ORY-2001 or ORY-LSD1 treated mice or from N=4 spinal cords or 6 brains of FTY720 

treated mice was used to perform each survey, n=3 replicate probes within an array. Gene expression changes are 

expressed as Log2(Treatment/Veh) for direct comparisons, and as the difference of the Log2(Treatment/Veh) values for 

the respective conditions in the cross-comparisons. Genes downregulated > 2 fold (Log2(ORY-2001/Veh) < -1) by ORY-

2001 in the spinal cord in the effector phase were selected and represented for all comparisons. Veh: Vehicle; SC: sub-

chronic phase; E: effector phase. 
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Figure 5. Genes upregulated by ORY-2001  

(A) Microarray survey of gene expression changes in the spinal cord in the sub-chronic phase; 3 days after the last dose. 

Animals were treated with Vehicle, ORY-2001 at 0.5 mg/kg or ORY-LSD1 at 0.18 mg/kg. (B) Microarray survey of gene 

expression changes in spinal cord in the effector phase, after treatment. Animals were treated with Vehicle, ORY-2001 at 

0.5 mg/kg or FTY720 at 1 mg/kg. (C) Microarray survey of gene expression changes in brain in the sub-chronic phase; 3 

days after the last dose. Animals were treated with Vehicle, ORY-2001 at 0.5 mg/kg or ORY-LSD1 at 0.18 mg/kg. (D) 

Microarray survey of gene expression changes in spinal cord in the effector phase after treatment. Animals were treated 

with Vehicle, ORY-2001 at 0.5 mg/kg or FTY720 at 1 mg/kg. (E) Comparison of the effect of the different treatments and 
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disease phases in the spinal cord. (F) Comparison of the effect of the different treatments and disease phases in the 

brain. (G) Comparison of the effects of ORY-2001 in spinal cord and brain, in both phases. Pooled RNA from N=5 spinal 

cords or 10 brains of Vehicle, ORY-2001 or ORY-LSD1 treated mice or from N=4 spinal cords or 6 brains of FTY720 

treated mice was used to perform each survey, n=3 replicate probes within an array. Gene expression changes are 

expressed as Log2(Treatment/Veh) for direct comparisons, and as the difference of the Log2(Treatment/Veh) values for 

the respective conditions in the cross-comparisons. Genes upregulated > 1.5 fold (Log2(ORY-2001/Veh) > 0.6) by ORY-

2001 in the spinal cord in the effector phase were selected and represented for all comparisons. Veh: Vehicle; SC: sub-

chronic phase; E: effector phase. 
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Figure 6. Comparisons of expression changes induced by ORY-2001, FTY720 and ORY-LSD1  

(A, B) Genome wide comparisons of expression changes induced by ORY-2001 and FTY720 in the effector phase. A) 

the spinal cord or B) brain. Data are represented as scatterplots of Log2(ORY-2001/Veh) versus the Log2(FTY720/Veh) 

values. Genes regulated > 0.6 fold are represented in blue if they are specific to ORY-2001, in green if they are specific 

to FTY720, in cyan if they are regulated in the same direction by ORY-2001 and FTY720. Microarray surveys were 

performed on pooled samples: (A) N=5 mice/group (Vehicle, ORY-2001), N=4 (FTY720); (B) N=10 mice/group (Vehicle, 

ORY-2001), N=6 (FTY720), each datapoint was generated from a triplicate on array-measurement. Linear regression 

analysis calculated on 19,491 data points (A, B). r = Pearson correlation coefficient, t = t-Student test t value, df = degrees 

of freedom, p = probability of the two-tailed t-distribution for t and df. (C, D) qRT-PCR validations of selected individual 

genes modulated by ORY-2001 (blue), ORY-LSD1 (red) and FTY720 (green) in the effector phase or sub-chronic phase 

in C) spinal cord and D) brain. Data are represented as -∆∆Cp values relative to vehicle and as mean ± Standard Error 

of the Mean (SEM). C) sub-chronic phase: N=5 mice/group (Vehicle), N=6 mice/group (ORY-2001); effector phase: N=5 

mice/group (Vehicle, ORY-2001), N=4 mice/group (FTY720). For each mouse sample, the average of three technical 

replicate PCRs was calculated and is shown as a grey dot. D) sub-chronic phase: N=10 mice/group (Vehicle, ORY-2001, 

ORY-LSD1); effector phase: N=10 mice/group (Vehicle, ORY-2001), N=6 mice/group (FTY720). For each mouse sample, 

the average of three technical replicate PCRs was calculated and is shown as a grey dot. Statistical analysis between 
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Vehicle and ORY-2001 was calculated using the two-tailed unpaired t-test. Welch’s correction was applied when the 

populations had unequal variances.  
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Figure 7. Effect of ORY-2001, ORY-LSD1, FTY720 and FTY720-P on S1PR and HDAC  

(A) Evaluation of the agonistic effect of the compounds on the human S1P1 receptor. Data are expressed as the 

percentage of the impedance response of the control agonist (S1P at 0.3 µM; EC50 = 0.001 µM), n=2. (B) Evaluation of 

the antagonistic effect of the compounds on the human S1P1 receptor. Data are expressed as the percentage of 

impedance inhibition of the control agonist response (S1P at the EC80 = 0.01 µM), n=2. (C) HDAC2 biochemical activity. 

Data are expressed as percentage of control (no compound) activity, n=2. (D) Cellular HDAC activity assay. H3 acetylation 

(H3ac) levels detected by Western blot analysis using global and H3K9-specific antibodies on cell extracts of SH-SY5Y 

cells after 2 (left) and 6 hr (right) treatment with SAHA, FTY720-P (top), FTY720 (center) and ORY-2001 (bottom) at 1 

and 0.1 µM. Ponceau S staining was used as loading control.  Veh: Vehicle. Representative image of N=3 (n=4 for global 

H3ac and n=1 for H3K9ac). 
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Figure 8. Effect of ORY-2001 on motoneurons injured by chronic excitotoxicity 

(A-D) SMI-32 immunohistochemistry of (A) control spinal cord explants and spinal cord explants exposed to THA treated 

with (B) Vehicle or (C) 5 µM riluzole or (D) 5 nM ORY-2001 in a chronic excitotoxicity assay. Scale bar: 100 µm. (E) 

Quantification of SMI-32+ motoneurons in control spinal cord explants (n = 28) and explants exposed to THA treated with 

Vehicle (n=22 hemislices), 5 µM riluzone (n=27 hemislices) or 5 (n=21 hemislices), 25 (n=20 hemislices) or 125 nM (n=23 

hemislices) ORY-2001. Data are pooled from 3 experiments performed on different days and presented as mean ± SEM. 

Statistical significance was determined by one-way ANOVA followed by Dunnett’s post hoc test of all treatments versus 

Vehicle. 
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Figure 9. Therapeutic effects of ORY-2001 in the Theiler model 

(A) Administration regimen. Effects of ORY-2001 orally administered for two weeks at ■ 1 mg/kg or ▲0.3 mg/kg in a 

therapeutic regime TMEV infection in mice. Animals were sacrificed 72 hr after last administration. Results from B-F are 

expressed as mean ± SEM, N=5 mice/group in Vehicle and 6 mice/group in ORY-2001 1 and 0.3 mg/kg treatment. (B) 

Area under curve of the clinical score. (C) Activity cage test. Horizontal activity (HACTV). (D) Rotarod test. Motor 

coordination, presented as % of test time on the cylinder. (E) Activity cage test. Vertical activity (VACTV). (F) Inflammatory 

cell infiltration. (G, H) Analysis of CD4+ and CD8+ T cells infiltrated in spinal cord, respectively. Results from G-H are 

expressed as mean ± SEM, N=4 mice/group in Vehicle and 5 mice/group in ORY-2001 1 and 0.3 mg/kg treatment and 

data represent the median of 4-6 spinal cord sections per animal. Results from I-K are expressed as mean ± SEM, N=4 

mice/group in Vehicle and 5 mice/group in ORY-2001 at 1 and 0.3 mg/kg (I) Microglial activation analysis, performed on 

6-12 images/mice from the ventral horn of spinal cord. Data represents the mean of the percentage of area AIF-1 stained 

in the cervical and thoracic spinal cord of each animal. (J) Axon integrity analysis, performed on 6-12 images/mice from 

the ventral horn of spinal cord. Data represent the mean of the percentage of Neurofilament H positive area in the cervical 

or thoracic spinal cord of each animal. (K) Astroglial activation analysis, performed on 6-14 images/mice from the ventral 

horn of spinal cord. Data represents the mean of the Manders coefficient between Vimentin and GFAP staining in the 

cervical and thoracic spinal cord of each animal. Statistical significance was determined by one-way ANOVA followed by 

Dunnett’s post-hoc test of all treatments versus Vehicle. 
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Figures

Figure 1

Therapeutic effects of LSD1 and MAO-B inhibitors in EAE mice (A-C) The clinical score of EAE mice
during the chronic phase was monitored before, during, and after two weeks of treatment (�ve
consecutive days per week) in A with  (black) Vehicle, ORY-2001 (blue) at  0.05 mg/kg, 0.5 mg/kg and
1.0 mg/kg (blue), in B with  (black) Vehicle, or ORY-LSD1 (red) at  0.09 mg/kg, 0.18 mg/kg and in C
with  (black) Vehicle and  (orange) rasagiline at 3.0 mg/kg; up to day 51 post-immunization; 28 days
after last dose. Black arrows indicate the initiation of administration of the compounds. Results are
expressed as mean ± SEM, N=10 mice/group and 11 mice/group in Vehicle (D) The clinical score of EAE
mice during the sub-chronic phase was monitored before, during, and after two weeks of treatment (�ve
consecutive days per week) with  (black) Vehicle,  (blue) ORY-2001 at 0.5 mg/kg or (red) ORY-LSD1 at



0.18 mg/kg, up to day 26 post-immunization; 3 days after last dose. Black and gray arrows indicate the
initiation of administration of the compounds and the extraction of samples. Results are expressed as
mean ± SEM, N=10 mice/group (E) In�ltration of in�ammatory cells and demyelination as seen in Kluver-
Barrera stained spinal cords isolated from EAE mice after two weeks of treatment with Vehicle, ORY-2001
or ORY-LSD1. Arrows point to areas of demyelination and in�ammatory cell in�ltration. (F) Mean number
of demyelination plaques in the cervical and lumbar regions. Results are expressed as mean ± SEM, N=5
mice/group. (G) The effect of treatment on the anti-MOG-antibodies IgG2a/IgG1 ratio in sera. Results are
expressed as mean ± SEM, N=10 mice/group. (H) Number of immune cells in the spleen and lymph
nodes. 1-way ANOVA and Dunnett’s Multiple Comparison test was used. Results are expressed as mean ±
SEM, N=10 mice/group.

Figure 2

Effects of LSD1 and MAO-B inhibitors on T cells, cytokine and chemokines release (A) Schematic
representation of the ex vivo treatment to evaluate the autoreactive response in B) to F). (B) Proliferation



of T cells from spleens of EAE mice in medium without or with MOG or a-CD3 antibody. Results are
expressed as mean ± SEM, N=10 mice/group and MOG Vehicle of 6 mice/group. (C-G) Effect of medium
with or without MOG or ConA on the release of cytokines and chemokines from spleen cells. Results are
expressed as mean ± SEM, N=10 mice/group. (H-L) Effects of treatment on the release of cytokines and
chemokines in the spinal cord. Results are expressed as mean ± SEM, N=6 mice/group and MCP1 Vehicle
of 3 mice/group. Statistical differences were indicated in all �gures as vehicle vs ORY-2001 or FTY720
using the 2-way Mann-Whitney test.



Figure 3

Comparison of the effects of ORY-2001 and FTY720 in EAE mice The effects of treatments with  (black)
Vehicle,  (blue) ORY-2001 (0.5 mg/kg) and  (green) FTY720 (1 mg/kg) on EAE mice in the effector
phase. Tissue collection was performed on day 17 post-immunization, after 5 days of treatment. (A)
Clinical score before and during treatment. Black and gray arrows indicate the initiation of administration
of the compounds and the extraction of samples. Results are expressed as mean ± SEM, N=10
mice/group (B) In�ltration of in�ammatory cells and demyelination as seen in Kluver-Barrera stained
spinal cords. Arrows point to areas of demyelination and in�ammatory cell in�ltration. (C) Mean number
of demyelination plaques in the cervical and lumbar regions, N=5 mice/group. (D) The effect of treatment
on the anti-MOG-antibodies IgG2a/IgG1 ratio in sera. Results are expressed as mean ± SEM, N=10
mice/group and in FTY720 8 mice/group. (E) Number of immune cells retained in the spleen and lymph
nodes. Results are expressed as mean ± SEM, N=10 mice/group and in FTY720 8 mice/group. (F)
Proliferation of T cells from spleens of EAE mice in medium without or with MOG or ConA. Results are
expressed as mean ± SEM, N=10mice/group and in FTY720 8 mice/group; one-way ANOVA followed by
Dunnett’s post hoc test of all treatments versus Vehicle; (G-K) Effects of medium with or without MOG or
ConA on the release of cytokines and chemokines from spleen cells. Results are expressed as mean ±
SEM, N=10 mice/group and in FTY720 8 mice/group. one-way ANOVA followed by Dunnett’s post hoc
test of all treatments versus Vehicle. (L-P) Effects of treatment on the release of cytokines and
chemokines in the spinal cord. Results are expressed as mean ± SEM, N=7 mice/group and in FTY720 5
mice/group. one-way ANOVA followed by Dunnett’s post hoc test of all treatments versus Vehicle.



Figure 4

Genes downregulated by ORY-2001 (A) Microarray survey of gene expression changes in the spinal cord
in the sub-chronic phase; 3 days after the last dose. Animals were treated with Vehicle, ORY-2001 at 0.5
mg/kg or ORY-LSD1 at 0.18 mg/kg. (B) Microarray survey of gene expression changes in spinal cord in
the effector phase, after treatment. Animals were treated with Vehicle, ORY-2001 at 0.5 mg/kg or FTY720
at 1 mg/kg. (C) Microarray survey of gene expression changes in brain in the sub-chronic phase; 3 days



after the last dose. Animals were treated with Vehicle, ORY-2001 at 0.5 mg/kg or ORY-LSD1 at 0.18
mg/kg. (D) Microarray survey of gene expression changes in spinal cord in the effector phase after
treatment. Animals were treated with Vehicle, ORY-2001 at 0.5 mg/kg or FTY720 at 1 mg/kg. (E)
Comparison of the effect of the different treatments and disease phases in the spinal cord. (F)
Comparison of the effect of the different treatments and disease phases in the brain. (G) Comparison of
the effects of ORY-2001 in spinal cord and brain, in both phases. Pooled RNA from N=5 spinal cords or
10 brains of Vehicle, ORY-2001 or ORY-LSD1 treated mice or from N=4 spinal cords or 6 brains of FTY720
treated mice was used to perform each survey, n=3 replicate probes within an array. Gene expression
changes are expressed as Log2(Treatment/Veh) for direct comparisons, and as the difference of the
Log2(Treatment/Veh) values for the respective conditions in the cross-comparisons. Genes
downregulated > 2 fold (Log2(ORY-2001/Veh) < -1) by ORY-2001 in the spinal cord in the effector phase
were selected and represented for all comparisons. Veh: Vehicle; SC: sub-chronic phase; E: effector phase.



Figure 5

Genes upregulated by ORY-2001 (A) Microarray survey of gene expression changes in the spinal cord in
the sub-chronic phase; 3 days after the last dose. Animals were treated with Vehicle, ORY-2001 at 0.5
mg/kg or ORY-LSD1 at 0.18 mg/kg. (B) Microarray survey of gene expression changes in spinal cord in
the effector phase, after treatment. Animals were treated with Vehicle, ORY-2001 at 0.5 mg/kg or FTY720
at 1 mg/kg. (C) Microarray survey of gene expression changes in brain in the sub-chronic phase; 3 days



after the last dose. Animals were treated with Vehicle, ORY-2001 at 0.5 mg/kg or ORY-LSD1 at 0.18
mg/kg. (D) Microarray survey of gene expression changes in spinal cord in the effector phase after
treatment. Animals were treated with Vehicle, ORY-2001 at 0.5 mg/kg or FTY720 at 1 mg/kg. (E)
Comparison of the effect of the different treatments and disease phases in the spinal cord. (F)
Comparison of the effect of the different treatments and disease phases in the brain. (G) Comparison of
the effects of ORY-2001 in spinal cord and brain, in both phases. Pooled RNA from N=5 spinal cords or
10 brains of Vehicle, ORY-2001 or ORY-LSD1 treated mice or from N=4 spinal cords or 6 brains of FTY720
treated mice was used to perform each survey, n=3 replicate probes within an array. Gene expression
changes are expressed as Log2(Treatment/Veh) for direct comparisons, and as the difference of the
Log2(Treatment/Veh) values for the respective conditions in the cross-comparisons. Genes upregulated >
1.5 fold (Log2(ORY-2001/Veh) > 0.6) by ORY-2001 in the spinal cord in the effector phase were selected
and represented for all comparisons. Veh: Vehicle; SC: sub-chronic phase; E: effector phase.

Figure 6



Comparisons of expression changes induced by ORY-2001, FTY720 and ORY-LSD1 (A, B) Genome wide
comparisons of expression changes induced by ORY-2001 and FTY720 in the effector phase. A) the
spinal cord or B) brain. Data are represented as scatterplots of Log2(ORY-2001/Veh) versus the
Log2(FTY720/Veh) values. Genes regulated > 0.6 fold are represented in blue if they are speci�c to ORY-
2001, in green if they are speci�c to FTY720, in cyan if they are regulated in the same direction by ORY-
2001 and FTY720. Microarray surveys were performed on pooled samples: (A) N=5 mice/group (Vehicle,
ORY-2001), N=4 (FTY720); (B) N=10 mice/group (Vehicle, ORY-2001), N=6 (FTY720), each datapoint was
generated from a triplicate on array-measurement. Linear regression analysis calculated on 19,491 data
points (A, B). r = Pearson correlation coe�cient, t = t-Student test t value, df = degrees of freedom, p =
probability of the two-tailed t-distribution for t and df. (C, D) qRT-PCR validations of selected individual
genes modulated by ORY-2001 (blue), ORY-LSD1 (red) and FTY720 (green) in the effector phase or sub-
chronic phase in C) spinal cord and D) brain. Data are represented as -∆∆Cp values relative to vehicle and
as mean ± Standard Error of the Mean (SEM). C) sub-chronic phase: N=5 mice/group (Vehicle), N=6
mice/group (ORY-2001); effector phase: N=5 mice/group (Vehicle, ORY-2001), N=4 mice/group (FTY720).
For each mouse sample, the average of three technical replicate PCRs was calculated and is shown as a
grey dot. D) sub-chronic phase: N=10 mice/group (Vehicle, ORY-2001, ORY-LSD1); effector phase: N=10
mice/group (Vehicle, ORY-2001), N=6 mice/group (FTY720). For each mouse sample, the average of
three technical replicate PCRs was calculated and is shown as a grey dot. Statistical analysis between
Vehicle and ORY-2001 was calculated using the two-tailed unpaired t-test. Welch’s correction was applied
when the populations had unequal variances.



Figure 7

Effect of ORY-2001, ORY-LSD1, FTY720 and FTY720-P on S1PR and HDAC (A) Evaluation of the
agonistic effect of the compounds on the human S1P1 receptor. Data are expressed as the percentage of
the impedance response of the control agonist (S1P at 0.3 µM; EC50 = 0.001 µM), n=2. (B) Evaluation of
the antagonistic effect of the compounds on the human S1P1 receptor. Data are expressed as the
percentage of impedance inhibition of the control agonist response (S1P at the EC80 = 0.01 µM), n=2. (C)
HDAC2 biochemical activity. Data are expressed as percentage of control (no compound) activity, n=2.
(D) Cellular HDAC activity assay. H3 acetylation (H3ac) levels detected by Western blot analysis using
global and H3K9-speci�c antibodies on cell extracts of SH-SY5Y cells after 2 (left) and 6 hr (right)
treatment with SAHA, FTY720-P (top), FTY720 (center) and ORY-2001 (bottom) at 1 and 0.1 µM. Ponceau
S staining was used as loading control. Veh: Vehicle. Representative image of N=3 (n=4 for global H3ac
and n=1 for H3K9ac).



Figure 8

Effect of ORY-2001 on motoneurons injured by chronic excitotoxicity (A-D) SMI-32
immunohistochemistry of (A) control spinal cord explants and spinal cord explants exposed to THA
treated with (B) Vehicle or (C) 5 µM riluzole or (D) 5 nM ORY-2001 in a chronic excitotoxicity assay. Scale
bar: 100 µm. (E) Quanti�cation of SMI-32+ motoneurons in control spinal cord explants (n = 28) and
explants exposed to THA treated with Vehicle (n=22 hemislices), 5 µM riluzone (n=27 hemislices) or 5



(n=21 hemislices), 25 (n=20 hemislices) or 125 nM (n=23 hemislices) ORY-2001. Data are pooled from 3
experiments performed on different days and presented as mean ± SEM. Statistical signi�cance was
determined by one-way ANOVA followed by Dunnett’s post hoc test of all treatments versus Vehicle.

Figure 9

Therapeutic effects of ORY-2001 in the Theiler model (A) Administration regimen. Effects of ORY-2001
orally administered for two weeks at  1 mg/kg or 0.3 mg/kg in a therapeutic regime TMEV infection in
mice. Animals were sacri�ced 72 hr after last administration. Results from B-F are expressed as mean ±
SEM, N=5 mice/group in Vehicle and 6 mice/group in ORY-2001 1 and 0.3 mg/kg treatment. (B) Area
under curve of the clinical score. (C) Activity cage test. Horizontal activity (HACTV). (D) Rotarod test.
Motor coordination, presented as % of test time on the cylinder. (E) Activity cage test. Vertical activity
(VACTV). (F) In�ammatory cell in�ltration. (G, H) Analysis of CD4+ and CD8+ T cells in�ltrated in spinal
cord, respectively. Results from G-H are expressed as mean ± SEM, N=4 mice/group in Vehicle and 5
mice/group in ORY-2001 1 and 0.3 mg/kg treatment and data represent the median of 4-6 spinal cord



sections per animal. Results from I-K are expressed as mean ± SEM, N=4 mice/group in Vehicle and 5
mice/group in ORY-2001 at 1 and 0.3 mg/kg (I) Microglial activation analysis, performed on 6-12
images/mice from the ventral horn of spinal cord. Data represents the mean of the percentage of area
AIF-1 stained in the cervical and thoracic spinal cord of each animal. (J) Axon integrity analysis,
performed on 6-12 images/mice from the ventral horn of spinal cord. Data represent the mean of the
percentage of Neuro�lament H positive area in the cervical or thoracic spinal cord of each animal. (K)
Astroglial activation analysis, performed on 6-14 images/mice from the ventral horn of spinal cord. Data
represents the mean of the Manders coe�cient between Vimentin and GFAP staining in the cervical and
thoracic spinal cord of each animal. Statistical signi�cance was determined by one-way ANOVA followed
by Dunnett’s post-hoc test of all treatments versus Vehicle.
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