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▪ The potential of a regenerative medicine-based approach 

(remyelination) to treating progressive forms of MS

▪ The essential role of academic science in the discovery and 

development of new medicines 
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▪ Women or ~3 times more 

likely than men to be 

diagnosed with MS
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neuronal and glial cells
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Astrocyte

Neuron

Ependymal

cells

Microglial

cell ▪ CNS is composed of 

neuronal and glial cells

▪ Lipid rich myelin sheaths 

are required for neuronal 

survival and function
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Franklin, R.J.M and ffrench-Constant, C. (2017) 

Nat. Rev. Neurosci. 18:753.
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MS is Characterized by Adaptive Immune Responses to Oligodendrocytes

Oligodendrocyte ▪ Adaptive auto-immune (self 

destructive) responses target and 

destroy oligodendrocytes

▪ Loss of oligodendrocytes leads to 

the demyelination of axons
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Demyelination

Oligodendrocyte ▪ Adaptive auto-immune (self 

destructive) responses target and 

destroy oligodendrocytes

▪ Loss of oligodendrocytes leads to 

the demyelination of axons

▪ Permanent loss of myelin results in 

the loss of axons and permanent 

neurological dysfunction

MS is Characterized by Adaptive Immune Responses to Oligodendrocytes
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Therapeutic Approaches to the Treatment of MS: Targeting T Cells

▪ S1PR therapies were a breakthrough for relapsing-remitting MS (RRMS)

▪ 2010, approval of Fingolimod (Gilenya, 

Novartis) – effective orally available 

treatment for RRMS



Franklin, R.J.M and ffrench-Constant, C. (2017) 

Nat. Rev. Neurosci. 18:753.

Newly born oligodendrocyte

OPC activation,

 migration and
differentiation  

Functional Recovery 

Progressive Decline

Remyelination

Axonal Degeneration

Myelination

Demyelination

Oligodendrocyte

Therapeutic Approaches to the Treatment of MS: Targeting T Cells

▪ 2020, Ozanimod (Receptos / Scripps) 

approved for RRMS 

Developed by 

Hugh Rosen (Chair of    

Molecular and Cellular Biology) 

with Edward Roberts

▪ S1PR therapies were a breakthrough for relapsing-remitting MS (RRMS)
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Therapeutic Approaches to the Treatment of MS: Targeting T Cells

▪ S1PR therapies were a breakthrough for relapsing-remitting MS (RRMS)

▪ 2019, Siponimod (BAF312) approved 

for RRMS and SPMS

Developed at GNF under the 

guidance of Pete Schultz

(President and CEO) 



The National Academies Press

Therapeutic Approaches to the Treatment of MS: Targeting B Cells

OPC activation,

 migration and
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▪ B cell depleting antibodies (e.g, Ocrelizumab) are highly effective in RRMS



Therapeutic Approaches to the Treatment of MS: Targeting B Cells

Hauser, S.L. et al. (2017) New England 

Journal of Medicine. 376: 221. 

Dr. Stephen Hauser (UCSF)



Therapeutic Approaches to the Treatment of MS: Targeting B Cells

Hauser, S.L. et al. (2017) New England 

Journal of Medicine. 376: 221. 

Impact of B cell depletion on MS 

lesions in RRMS patients
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▪ B cell depleting antibody treatment results in significantly 

reduced rates of MS disease relapse (46% compared to a 

previous standard of care)

▪ B cell depleting antibody treatment results in statistically 

significant reduction in disease progression 

▪ 2017, Ocrelizumab fast-tracked and approved for the 

treatment of RRMS and PPMS



Epstein-Bar Virus (EBV) as the Leading Cause of MS

Bjornevik, K., Cortese, M., …, Munger, 

K.L., Ascherio, A. (2022) Science. 375: 296. 
Dr. Alberto Ascherio 

(Harvard School of Public Health)



Epstein-Bar Virus (EBV) as the Leading Cause of MS

Risk ratio for MS 

according to EBV status

Bjornevik, K., Cortese, M., …, Munger, 

K.L., Ascherio, A. (2022) Science. 375: 296. 

▪ Analysis of 10 million US military adults (955 

diagnosed with MS during their service)

▪ Risk of MS increased 32-fold following EBV 

infection (unique amongst all viruses tested)
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April 12, 2025



2022 Breakthrough Prize in Life Sciences: Jeff Kelly

Jeffery W. Kelly

Scripps Research Institute

2022 Breakthrough Prize in Life 

Sciences

For elucidating the molecular basis of 
neurodegenerative and cardiac 
transthyretin diseases, and for 
developing tafamidis, a drug that slows 
their progression.
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▪ EBV primarily targets B 

cells and permanently 

transforms them

▪ B cell transformation can 

alter distribution to the CNS

▪ B cell transformation can 

lead to the presentation of 

antigens that mimic self 

Robinson, W.H., and Steinman, L. (2022) Science. 375: 6578. 

Epstein-Bar Virus (EBV) as the Leading Cause of MS: Why?



Lanz, T., …, Steinman, L. Robinson, W. 

(2022) Nature. 375: 296. 

▪ Self-recognizing EBV cross-reactive 

antibodies identified in MS patients 

Epstein-Bar Virus (EBV) as the Leading Cause of MS: Why?



EBV protein (EBNA1) recognition by 

B cell antibodies in MS CSF

Lanz, T., …, Steinman, L. Robinson, W. 

(2022) Nature. 375: 296. 

▪ Self-recognizing EBV cross-reactive 

antibodies identified in MS patients 

▪ High affinity molecular mimicry between 

EBV EBNA1 and CNS protein GlialCAM 1

Epstein-Bar Virus (EBV) as the Leading Cause of MS: Why?



Dr. Michael B.A. Oldstone (1932-2023)

(Scripps Research)
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Remyelination

Molecular Basis of Demyelination in MS

▪ EBV-infected B cells as drivers of MS disease

▪ Molecular mimicry between defined EBV and CNS proteins 

as basis for auto-immune response 

▪ Repurposed B cell depleting antibodies display incredible 

efficacy in RRMS patients

▪ B cell therapies are minimally-effective in progressive forms 

of MS - treatments for progressive MS are completely lacking



The National Academies Press

▪ A promising complementary treatment approach for MS is the identification 

of agents that directly stimulate the regenerative process of remyelination 

Oligodendrocyte

Myelination

Demyelination

Therapeutic Approaches to the Treatment of MS: Remyelination
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Franklin, R.J.M and ffrench-Constant, C. (2017) 

Nat. Rev. Neurosci. 18:753.

▪ Remyelination persists throughout adulthood in the CNS and involves activation, 

migration and differentiation of oligodendrocyte progenitor cells (OPCs)
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▪ 1906, Marburg first suggested that spontaneous remyelination may occur 

in the CNS to facilitate disease remission in MS. 

▪ 1979, Smith et al. demonstrate 

that remyelination restores 

efficient impulse conduction to 

demyelinated axons in animals.

Remyelination and Functional Recovery

Smith, K.J., Blakemore, W.F., and McDonald, W.I. (1979) Nature. 280: 395. 



Functional Recovery and the Identification of OPCs 

Smith, Blakemore, and McDonald (1979) Nature. 

ffrench-Constant and Raff (1986) Nature. 319: 499. 

GC+ Oligodendrocyte (Adult)

▪ 1986, adult rat optic nerve contains 

progenitor cells that can differentiate under 

defined conditions into an oligodendrocytes

See also: Raff, M.C., Miller, R.H. and Noble, M. 

(1983) Nature. 302: 390. 
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Newly born oligodendrocyte

Remyelination is Defined by Functional OPC Differentiation

Charles ffrench-Constant, PhD

(Edinburgh University)

Robin Franklin, PhD

(University of Cambridge

now Altos)



Franklin, R.J.M and ffrench-Constant, C. 

(2017) Nat. Rev. Neurosci. 18:753.

Newly born oligodendrocyte

OPC activation,

 migration and
differentiation  

Remyelination is Defined by Functional OPC Differentiation

Functional Recovery 

Progressive Decline

Remyelination

Oligodendrocyte

Axonal Degeneration

Myelination

Demyelination



Regenerative Medicine-Based Therapies: Considerations

▪ What aspect of remyelination (e.g., OPC activation within 

an aged niche versus differentiation at site of injury) needs 

to be targeted? 



▪ What aspect of remyelination (e.g., OPC activation within 

an aged niche versus differentiation at site of injury) needs 

to be targeted? 

▪ Disease context specific (age, form of disease, etc.)

Regenerative Medicine-Based Therapies: Considerations



▪ What aspect of remyelination (e.g., OPC activation within 

an aged niche versus differentiation at site of injury) needs 

to be targeted? 

▪ Disease context specific (age, form of disease, etc.)

▪ Can targeting a single aspect result in an optimal level of 

efficacy?

Regenerative Medicine-Based Therapies: Considerations



▪ What aspect of remyelination (e.g., OPC activation within 

an aged niche versus differentiation at site of injury) needs 

to be targeted? 

▪ Disease context specific (age, form of disease, etc.)

▪ Can targeting a single aspect result in an optimal level of 

efficacy?

▪ Relative timing, compatibility and duration of treatments? 

Regenerative Medicine-Based Therapies: Considerations



Franklin, R.J.M and ffrench-Constant, C. 

(2017) Nat. Rev. Neurosci. 18:753.
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Use nature’s response to molecular structure 

to formulate unbiased testable hypotheses

▪ Unbiased phenotype-based (target agnostic) high 

throughput discovery, combined with target 

identification, to generate testable hypotheses



Benztropine (M1R Antagonist) Enhances Functional OPC Differentiation

Benztropine

Untreated Thyroid Hormone (T3)

MBP

DAPI

N

O

Benztropine

▪ Imaging-based screen (optic nerve-derived 

OPCs) identified M1 muscarinic receptor 

(M1R) antagonists 

Deshmukh, …, Theofilopoulos, Lawson, Schultz, Lairson (2013) Nature.



Benztropine
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MBP

DAPI

Benztropine (M1R ant)Untreated
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▪ Oligodendrocytes derived using M1R 

antagonists (e.g., benztropine) myelinate 

co-cultured axons

Deshmukh, …, Theofilopoulos, Lawson, Schultz, Lairson (2013) Nature.

▪ Imaging-based screen (optic nerve-derived 

OPCs) identified M1 muscarinic receptor 

(M1R) antagonists 

Benztropine (M1R Antagonist) Enhances Functional OPC Differentiation

Thyroid Hormone (T3)



Untreated Benztropine (M1R Antagonist)

Benztropine (M1R Antagonist) Enhances Remyelination In Vivo

Benztropine (M1R Antagonist)

Deshmukh, …, Theofilopoulos, Lawson, Schultz, Lairson (2013) Nature.



M1R Antagonists Enhance Functional OPC Differentiation

Deshmukh, …, Lawson, Schultz, Lairson (2013) Nature.
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Mei, …, Chan (2014) Nature Medicine.



M1R Antagonists Enhance Functional OPC Differentiation

Deshmukh, …, Lawson, Schultz, Lairson (2013) Nature.

Benztropine

Untreated T3

MBP

DAPI

N

O

Benztropine

Untreated T3

Clemastine Benztropine

Mei, …, Chan (2014) Nature Medicine.

Chan laboratory (UCSF) converges on M1R 

antagonists as inducers of OPC differentiation



Phenotype-Based Discovery: Evaluation of Clemastine in MS Patients 

Green, A., …, Chan, J. (2017) Lancet.
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Phenotype-Based Discovery: Evaluation of Clemastine in MS Patients 

Green, A., …, Chan, J. (2017) Lancet.

▪ First demonstration of 

evidence for drug-

induced remyelination 

in MS patients

▪ 3 subsequent clinical 

trials evaluating 

clemastine in MS 

patients are ongoing 



Jensen, S.K., …, Yong, V.W. (2018) Cell Reports. 24: 3167.

Physical Activity Enhances Remyelination and Myelin Sheath Thickness

Impact of combining clemastine 

treatment with exercise



Phenotype-Based Discovery: Evaluation of Clemastine in MS Patients 

Green, A., …, Chan, J. (2017) Lancet.

▪ First demonstration of 

evidence for drug-

induced remyelination 

in MS patients

▪ Molecules identified 

from phenotypic 

screens translate to 

human patients



RXR +/- RXR -/-
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Huang, …, ffrench-Constant, Franklin (2011) Nature Neuroscience.

RXR is a Positive Regulator of Remyelination

Loss of RXR impairs remyelinationRXR transcripts are upregulated in 

demyelinated lesions



Brown, Cunniffe, …, Coles (2021) Lancet Neurology.

Target-Based Approach: Clinical Evaluation of Bexarotene in MS Patients 
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▪ The field has progressed from concept, to the identification 

of repurposed OPC differentiation-inducing agents, to 

evidence for remyelination in MS for 2 unique mechanisms

▪ Dose-related toxicity and therapeutic index limiting for both 

clemastine and bexarotene



Alternative OPC Differentiation-Inducing M1R Antagonists 
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Clemastine

OPC EC50 = 270 nM

   

Orphenadrine

OPC EC50 = 4.4 nM

   

Doxepin

OPC EC50 = 2.6 nM

    

Beyer, B.A., …, Lairson, L.L. (2023) bioRxiv. 



Remyelination-Inducing Therapies

▪ The field has progressed from concept, to the identification 

of repurposed OPC differentiation-inducing agents, to 

evidence for remyelination in MS for 2 unique mechanisms

▪ Dose-related toxicity and therapeutic index limiting for both 

clemastine and bexarotene

▪ Can a single mechanism achieve maximal efficacy?

▪ Will a single mechanism work for all disease contexts?



Impact of Taurine on OPC Differentiation

Beyer, …, Siuzdak, Lairson (2018) Nature Chemical Biology. 
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Emery (2014) Science.

Sock & Wagner (2019) Glia. 

Defined Stages of OPC Differentiation



Can we improve efficacy levels for drug-induced 

remyelination using a combination of agents that target 

alternative mechanisms?

Brittney Beyer, PhD



Can we improve efficacy levels for drug-induced 

remyelination using a combination of agents that target 

alternative mechanisms?

Pairwise combinatorial drug screening using representative members 

from identified classes of OPC differentiation-inducing agents



Clemastine      +    Calcipotriol

(M1R antagonist)    (VDR agonist)

▪ VDR agonists enhance the ability of clemastine to induce OPC differentiation

Vitamin D receptor (VDR) Agonist / M1R Antagonist Combination



Vitamin D receptor (VDR) Agonist / M1R Antagonist Combination

Impact of 25(OH)D3

(calcifediol)

Calcifediol

Calcipotriol

▪ OPCs can metabolize calcifediol to form active metabolite (Cyp24A1)

Clemastine      +    Calcipotriol

(M1R antagonist)    (VDR agonist)



Role of Vitamin D in Conversion to Clinically Defined MS (CDMS)

Ascherio, …, Kappos, Pohl (2014) JAMA.

Correlation of Vitamin D levels with 

conversion to CDMS 



High Dose Vitamin D: Impact on Transition to Clinically Defined MS

Thouvenot, …, D-Lay investigators (2025) JAMA.



Tamoxifen

(EBP inhibitor)

EBP* Inhibitors Synergize with Bexarotene (RXR Agonist)
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+ T3

Bexarotene

+ Tasin-1

Bexarotene

+ Tamoxifen

* See: Hubler, …, Adams (2018) Nature.
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Summary of Recent Work

▪ Based on known safe human exposure levels and predicted 

therapeutic indices, “next generation” M1R antagonists may 

be more efficacious than clemastine

▪ Combination-based drug screening identified 2 clinical 

hypotheses:

▪ Vitamin D + M1R antagonist (e.g. clemastine)

▪ Bexarotene + Tamoxifen (EBP inhibitor)
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of repurposed OPC differentiation-inducing agents, to 

evidence for remyelination in MS for 2 unique mechanisms

▪ Issues related to dose-limiting toxicity and therapeutic index 

for both clemastine and bexarotene

▪ Can a single mechanism can achieve maximal efficacy?

▪ Will a single mechanism work for all disease contexts?
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McMurran, …, Coles, Cunniffe (2022) Ann. Clin. Transl. Neurol.
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(and other MS drugs) 

correlates with age



Remyelination Capacity is Very Clearly Age-Dependent

McMurran, …, Coles, Cunniffe (2022) Ann. Clin. Transl. Neurol.

▪ Remyelination capacity in 

rodents and humans 

deteriorates with age

▪ Responses to bexarotene 

(and other MS drugs) 

correlates with age

▪ Change is not the result of 

depletion or an inherent 

limitation of aged OPCs 



Segel, …, Franklin, Chalut (2019) Nature.

Matrix stiffness of aged OPC niche limits activation

▪ The OPC niche (and CNS in 

general) becomes stiffer with age
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▪ Culture of aged OPCs on matrices that 

mimic young stiffness restores function



Segel, …, Franklin, Chalut (2019) Nature.

Matrix stiffness of aged OPC niche limits activation

▪ OPC-restricted Piezo1 knockdown 

restores remyelination in aged CNS

▪ The OPC niche (and CNS in 

general) becomes stiffer with age
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Ardem Patapoutian (Department of Neuroscience), 2021 Noble Prize for the discovery of 

receptors associated with the sensing of temperature and touch (PIEZO1, PIEZO2) 



▪ Experience-dependent OPC differentiation 

and myelination contributes to motor 

learning and memory consolidation

Beyond MS Disease

Steadman, …, Frankland (2020) Neuron.

Bacmeister, …, Hughes (2020) Nature Neuroscience.
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Remyelination

Summary

▪ Role of EBV-infected B cells is MS disease and the related 

efficacy of repurposed B cell depleting antibodies in RRMS

▪ Effective treatments for progressive MS are completely lacking

▪ Remyelination promoting therapies hold tremendous promise 

for progressive forms of MS

▪ The field has progressed from concept to evidence for 

remyelination in MS for 2 unique mechanisms



▪ Based on known human safety data, “next generation” M1R 

antagonists may be more efficacious than clemastine

▪ Combination-based drug screening identified 2 clinical 

hypotheses:

▪ Vitamin D + M1R antagonist (e.g. clemastine)

▪ Bexarotene + Tamoxifen (EBP inhibitor)

Summary
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Therapeutic Approaches to the Treatment of MS: Targeting B Cells

Hauser, S.L. et al. (2017) New England 

Journal of Medicine. 376: 221. 

Impact of B cell depletion on MS 

lesions in RRMS patients



Therapeutic Approaches to the Treatment of MS: Targeting B Cells

Impact of B cell depletion on disease 

progression in RRMS patients

Hauser, S.L. et al. (2017) New England 

Journal of Medicine. 376: 221. 
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Alternative OPC Differentiation-Inducing M1R Antagonists 

N
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Clemastine

OPC EC50 = 270 nM

   

Clemastine Human Pharmacokinetics

(2 mg, twice per day)

▪ Steady state systemic 

[clemastine] ~7 nM  

▪ H1R Ki = 0.26 nM

Schran, H.F., et al. (1996) 

J. Clin. Pharmacol.

▪ Clemastine is marketed as an H1R histamine antagonist

▪ Max tolerated human dose ~10 mg/day (plasma level <20 nM)
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Alternative OPC Differentiation-Inducing M1R Antagonists 
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