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1 | INTRODUCTION

Multiple sclerosis (MS) is the most common chronic inflammatory
disease of the central nervous system (CNS) among young adults.
Inflammatory demyelination and neurodegeneration lead to MS
pathology; involving CNS infiltration of autoreactive T and B cells as
well as influx/activation of inflammatory monocytes, macrophages,
and microglia that attack myelin, oligodendrocytes (OLs), and axons
(McFarland & Martin, 2007; Titus et al., 2020)

Effective long-term treatment of MS will require targeting three
disease-associated drivers. First, self-tolerance must be re-established
to specifically inhibit the underlying autoimmune pathology (Luo
et al., 2016; McCarthy et al., 2014; Pearson et al.,, 2017; Pearson
et al., 2019). Second, OLs and neurons within the CNS must be
protected from degeneration. Third, myelin regeneration must be
activated by stimulating oligodendrocyte precursor cells (OPCs) to
differentiate/mature to remyelinate CNS axons (Rodgers et al., 2013).

While both the innate and adaptive immune systems are involved
in MS pathogenesis (Weiner, 2009), CD4" T cells appear to primarily
orchestrate the attack against the CNS. Naive CD4" T cells are
activated by professional antigen-presenting cells (APCs). APC-derived
inflammatory cytokines induce differentiation of CD4" Th17 and Th1l
cells, which produce cytokines that amplify the inflammation (Glass
et al, 2010; Prinz & Kalinke, 2010). Currently available MS disease-
modifying therapies are global immunomodulatory/immunosuppressants
acting through non-specific inhibition of cell activation/function and/or
trafficking. These drugs often have limited efficiency and are frequently
associated with serious side effects. We have previously demonstrated
that tolerance induced by the i.v. infusion of myelin antigen (Ag)-coupled
or encapsulating PLG nanoparticles (PLG-Ag) effectively prevents and
treats both chronic and relapsing-remitting experimental autoimmune
encephalomyelitis (EAE) mouse models of MS by blocking activation
and effector functions of pro-inflammatory effector Th1/17 cells (Getts
et al., 2012; Getts et al, 2013; Hunter et al, 2014; McCarthy
et al, 2017). Following our previous demonstration of successful
tolerance induction using autologous myelin peptide-coupled auto-
logous leukocytes in MS patients (Lutterotti et al., 2013), we have
recently established safety and efficacy of PLG nanoparticles

(LPC), respectively. More relevant to treatment of MS, we show that digoxin treatment
of mice with established MOG3s.55-induced Th1/Th17-mediated chronic EAE
combined with tolerance induced by the i.v. infusion of biodegradable poly(lactide-
co-glycolide) nanoparticles coupled with MOG3s5.55 (PLG-MOG3s5.55) completely
ameliorated clinical disease symptoms and stimulated recovery of OL lineage cell
numbers. These findings provide critical pre-clinical evidence supporting future
clinical trials of myelin-specific tolerance with myelin repair/regeneration drugs,

such as digoxin, in MS patients.

digoxin, immune tolerance, multiple sclerosis, myelin regeneration, oligodendrocyte

encapsulating gliadin for inducing tolerance in human celiac disease in a
phase 1/2a clinical trial (Kelly et al., 2021).

The adult CNS exhibits a robust capacity for remyelination that
has been demonstrated in both new inflammatory lesions and in older
MS lesions with diminished inflammatory activity (Sim et al., 2002) yet
normal myelin morphology (i.e., thickness) and function do not
fully recover. Currently, there are no FDA-approved remyelination
enhancing therapies for treatment of MS. A recent approach to accel-
erating identification of myelin regeneration drugs has been to screen
existing FDA-approved small molecules in the NIH Clinical Collection
in in vitro rodent myelination assays (Deshmukh et al., 2013; Lariosa-
Willingham et al., 2016; Mei et al., 2014; Najm et al., 2015). Digoxin,
a cardiac glycoside, used clinically to treat heart failure and
arrhythmias, was identified as a potent myelin-promoting agent
(Lariosa-Willingham et al., 2016). The cardiotonic steroids, Digoxin
and Ouabain, are specific inhibitors of Na®/K" ATPase (Laursen
et al., 2015). Ouabain treatment of rats with CNS demyelination was
previously shown to reverse slowed action potential velocities and to
increase sensory evoked potentials (Kaji et al., 1988; Kaji &
Sumner, 1989). Importantly, Ouabain improved evoked potential
conduction velocities in MS patients with temperature sensitive
symptoms (Kaji et al., 1990). A connection between the function
Na*/K*" ATPase and changes in cell bioenergetics (i.e., aerobic glycoly-
sis) has been demonstrated as well, indicating possible cell protective
effects (Parker & Hoffman, 1967). As oligodendrocyte lineage cells shift
bioenergetic processes (i.e., levels of aerobic glycolysis and oxidative
phosphorylation) throughout differentiation as well as healthy versus
stressed conditions (Agathocleous et al., 2012; Rao et al., 2017; Rone
et al.,, 2016; Yanes et al., 2010), we thus chose to test the myelination
stimulating capacity of digoxin in vitro and in vivo.

We demonstrate the capacity of digoxin to induce OPC differen-
tiation in vitro, to robustly stimulate myelination in vivo in the
chemically-induced cuprizone and lysophosphatidylcholine (LPC)
demyelination/remyelination models, and in combination with
PLG-Ag tolerance to ameliorate disease progression and promote
recovery of OL lineage cell numbers in the immune-mediated MOG
peptide-induced chronic experimental autoimmune encephalomyelitis
(C-EAE) model.
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2 | MATERIALS AND METHODS

21 | Experimental animals

Male & female neonatal C57BL/6J pups (Jackson Laboratories, Bar
Harbor, ME) were used for primary OPC cultures and female adult
mice were used for the various in vivo demyelinating disease models
(cuprizone, LPC, and C-EAE). Male and female postnatal day
5 (P5) Sprague Dawley rat pups (Charles River) were used for astro-
cyte cell cultures. All procedures were performed with the approval of
the Northwestern University, George Washington University, and
New York University Institutional Animal Care and Use Committees
and adhered to the NIH Guide for the Care and Use of Laboratory
Animals.

2.2 | Primary mouse OPC isolation and culture

OPCs were isolated and cultured from C57BL/6J mice according to
previously described immunopanning protocols with minor modifica-
tions (Emery & Dugas, 2013). Briefly, brains were extracted from male
and female postnatal day é (P6) C57BL/6J mouse pups and dissoci-
ated in 200 U buffered papain (Worthington Biochemical, Lakewood,
NJ) for 60 min at 37°C in 95% O,, 5% CO,, shaking gently every
15 min. Then papain buffer was removed, quenched in low then high
ovomucoid solutions, and filtered to yield single cell suspensions.
OPCs were purified by sequential immunopanning with anti-RAN2 to
remove astrocytes, followed by anti-O1/GC to remove mature OLs,
followed by positive selection plate anti-O4 for 45 min to yield OPCs.
Cells were washed with EBSS, lifted with 0.025% trypsin for 3-4 min,
washed, and 10° cells added to 10 cm? poly-D-lysine (Sigma-Aldrich,
St. Louis, MO) coated plates in OPC growth medium with PDGF-a as
previously described. Cultures were passaged three times prior to
treatment. Neutral cultures, without PDGF-a, were treated with
vehicle or digoxin (0.1, 1.0, or 10 ng/ml) for 48 hours (h) or 96 h. For
OL differentiation, cultures were changed to differentiation medium,
including T3 hormone, without PDGF-a. All groups (proliferation,
neutral, neutral +0.1, 1.0, or 10 ng/ml digoxin, differentiation) had the
same 3 biological samples (n = 3 pups pooled per biological sample)
with technical replicates. Cells were collected on day 2 (d2) and day

4 (d4) for analysis.

2.3 | Immunocytochemistry of OL lineage cells

Conducted as previously described in (Xu et al., 2020). Briefly, the
cells cultured on coverslips were rinsed with PBS and fixed with ice
cold 4% PFA for 10 min at room temperature, washed with PBS, then
air-dried and stored at —80°C until immunostaining. The primary
antibody used was myelin basic protein Rabbit-anti-MBP (1:500,
Abcam, Cat# ab40390) with secondary Donkey Anti-Rabbit 1gG
(H + L), Alexa Fluor 594 (Invitrogen, Cat # A-21207). DAPI stain in

405 was used for nuclear staining. Cells were imaged with a Mariana
Yokogawa-type spinning disk confocal microscope using slidebook 6.0
(x64) software. All samples were imaged with the same parameters,

followed by analysis of 20x images with ImageJ.

24 | OL mRNA analysis using
microfluidics gPCR

Total RNA was isolated from mouse OL lineage cells (after digoxin treat-
ment following the 2nd passage) using Aurum Total RNA Kit (Bio-Rad
#732-6820) and measured by Nanodrop spectrophotometer. First, RNA
quantity was determined with Qubit fluorometer. Total RNA examples
were also checked for fragment sizing using Agilent Bioanalyzer 2100.
RNA integrity was verified using Agilent chip (Agilent Technologies).
cDNA was generated using iScript cDNA Synthesis Kit (Bio-Rad
#1708890) following the manufacturer's protocol. Real-time polymerase
chain reaction (PCR) was performed on the cDNA using iQ SYBR Green
Supermix (Bio-Rad #1708882) using a Quantstudio 7 (Thermo fisher)
384 well system. Each sample was analyzed in triplicate. Relative expres-
sion from amplified cDNA samples was determined using the 272
method (Pfaffl, 2001). The expression of the selected transcripts
(e.g., Pdgfr-a, F:CGATGACTAAGGAATCGGTCA and R:CAACCACA
CTCAGACGGATG) was normalized to the housekeeping gene
glyceraldehyde-3-phosphate (Gapdh, F:-TGTGTCCGTCGTGGATCTGA &
RTTGCTGTTGAAGTCGCAGGAG) cDNA.

2.5 | Astrocyte purification and culture
Astrocytes were purified by immunopanning from male and female P5

Sprague Dawley rats and cultured as previously described
(Foo et al., 2011). Briefly, cortices were dissociated mechanically with
scalpel, then enzymatically with papain to generate a single-cell suspen-
sion that was incubated on successive negative immunopanning plates
to remove microglia, endothelial cells, and oligodendrocyte lineage cells
before positively selecting for astrocytes with an ITGB5-coated
panning plate. Cells were plated at 5000 cells/well and cultured in a
defined, serum-free base medium containing 50% neurobasal, 50%
DMEM, 100 U/ml penicillin, 100 pg/ml streptomycin, 1 mM sodium
pyruvate, 292 pg/ml L-glutamine, 1x SATO and 5 pg/ml N-acetyl
cysteine. This medium was supplemented with the astrocyte-required
survival factor HBEGF (Peprotech, 100-47) at 5 ng/ml. After 1 week,
astrocytes were treated with 0.1, 1.0, or 10.0 ng/ml digoxin. After 24 h
(d1), 48 h (d2), or 96 h (d4) cells were imaged with a Incucyte (R) Zoom
live imaging system then washed in 1x PBS, lysed, and total RNA
collected using the RNeasy Mini Kit (Qiagen). All samples were imaged
with the same parameters, followed by blinded analysis of 20x phase
contrast images with ImagelJ. For cell number, quantified four regions
of interest (ROIs) per biological replicate (n = 3) in all treatment groups
(n = 4). For cell processes, quantified 10 cells per ROI, with 4 ROlIs per

biological replicate (n = 3) in all treatment groups (n = 4),
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2.6 | Astrocyte mRNA analysis using
microfluidics gPCR

Total RNA was extracted from astrocyte cell cultures using
B-mercaptoethanol and RLT Buffer (Qiagen) and a rubber policeman
by normal supplier protocol for RNA extraction (RNEasy kit, Qiagen).
RNA samples were prepared as previously described (Liddelow
et al, 2017), cDNA conversion (qScript™ cDNA SuperMix, Quanta-
Bio), pre-amplification for genes of interest (STA Mastermix, Applied
Biosystems 44-885-93), removal of excess primers (Exonuclease |,
New England BioLabs M0293L), and dilution of sample. Five micro-
liters of sample mix containing pre-amplified cDNA and amplification
Master mix (20 mM MgCl2, 10 mM dNTPs, FastStart Tag polymerase,
DNA-binding dye loading reagent, 50x ROX, 20x Evagreen) was
loaded into each sample inlet of a 96.96 Dynamic Array chip (Fluidigm
Corporation), and 5 pl from an assay mix containing DNA-assay
loading reagent, as well as forward and reverse primers (10 pmol/pl)
was loaded into each detector inlet. Dynamic array chips were mixed
and loaded using a Nano-FlexTM 4-IFC Controller (Fluidigm) before
processing the chip in a BioMark HD Real-Time PCR System
(Fluidigm) using the standard fast program. Data were collected using
BioMark Data Collection Software 2.1.1 build 20090519.0926
(Fluidigm) as the cycle of quantification, where the fluorescence signal
of amplified DNA intersected with background noise. Fluidigm data
were corrected for differences in input RNA using the mean of the
reference gene Rplp0. Data preprocessing and analysis was completed
using Fluidigm Melting Curve Analysis Software 1.1.0 build
20100514.1234 (Fluidigm) and Real-time PCR Analysis Software
2.1.1 build 20090521.1135 (Fluidigm) to determine valid PCR reac-
tions. Invalid reactions were removed from later analysis. All primer
sequences have been published elsewhere (Liddelow et al., 2017).

2.7 | Digoxin treatment

(12p-hydroxydigitoxin, Sigma D6003) was used to make a stock of
1 mg/ml weekly in DMSO and stored at 4°C. Mice were injected
intraperitoneal (i.p.) with 100 pl of 0.3 mg/kg (6 pg stock DMSO in
100 pul dH,0); based on literature in rat models (Kaji & Sumner, 1989)
and validation in adult female C57BL/6J mice in vivo safety testing
(initially as an outcome of no detrimental change in weight, further
analysis throughout the manuscript). Vehicle used in all experiments is
6% DMSO (6 ul/100 pl of dH50).

2.8 | Lysophosphatidylcholine-induced spinal cord
focal demyelination/remyelination model

A 10-week-old female C57BL/6J mice (n = 36) were anesthetized
with isoflurane and underwent a partial laminectomy to access the
dorsal aspect of the thoracic spinal cord, at the level of T10-T12. Of
which 18 sham control mice received 1 pl of 0.9% saline and 18 mice
received 1 pl of 1% LPC (L4129, Sigma) into the dorsal white matter.

Performed blinded, beginning 1 day post-LPC injection 9 mice in each
group were treated with vehicle and 9 mice were treated with digoxin
(0.3 mg/kg/qad IP) every other day through day 9 and sacrificed on
day 10. Spinal cord tissue was examined in 3-6 per group as
described (Keough et al., 2015; Robinson et al., 2020). Lesioned areas
were sectioned and stained for myelin using Luxol fast blue or tolui-
dine blue. Quantitation of myelinated axon counts was conducted on
63x images of lesion sections by manually counting the number of
thinly-wrapped (2-4 wraps) axons within lesion boundaries in
500-800 axons/animal (n = 4-6 mice/genotype), in blinded fashion.
Further myelination analysis was performed using FEI Helios focused
ion beam scanning EM (FIBSEM) and images were acquired using
Thermo Fisher Maps 3.11 software. Images were stitched at a magni-
fication of 10,000x, with a dwell time of 5 ps and a resolution of
3072 x 2048 pixels encompassing the 2D lesion area. Immunohisto-
chemistry (IHC) analysis was performed on the remaining three mice

per group (Caprariello et al., 2015).

29 |
sections

Immunohistochemistry of spinal cord

Spinal cord tissue from 4% paraformaldehyde-perfused mice was
post-fixed in PFA and then cryopreserved in 30% sucrose. Tissue was
embedded in optimal cutting temperature (OCT) and sectioned to a
thickness of 20 pm, using a Leica CM 1950 cryostat. Slides were
stored at —80°C until staining. Cryostat sections were air dried
processed for mature OLs (CC1, Calbiochem #OP80), myelin basic
protein (MBP, Biolegend #SMI-99), and astrocytes (GFAP, DAKO
#70334) markers. Fluorescent secondary antibodies (Invitrogen, Alexa
Fluor H + L, species specific) used were alexa 564 (CC1, MBP, GFAP).
DAPI stain in 405 was used for nuclear staining. Slides were mounted
in Vectashield Mounting Media (Vector Labs #H-1000). Standard fluo-
rescent images were captured with a Leica DM5500 B microscope
using a Leica DFC 500 camera using a 20x objective with filters/
lasers (405, 488, and 565 nm) and ImageJ software. Counting was
performed blinded on three mice per group using an ImageJ micro-
manager plugin. Images collected for fluorescence intensity were
taken on a Zeiss Cell Observer Spinning Disk Confocal microscope at
40x, with Photometrics Delta high-speed EM CCD cameras and

Imaris software.

210 | Cuprizone-induced corpus callosum
demyelination/remyelination model

A 8-week-old female C57BL/6J mice were fed either control chow or
0.2% cuprizone chow (Envigo Labs, Catalog #TD.01453) for 6 weeks.
At the end of 6 weeks (age 14 weeks), all mice in both groups were
fed control chow. The 36 mice in each group were then further
divided into 18 mice each, to begin receiving either vehicle or digoxin
(0.3 mg/kg gad i.p.) at d0. On days 7 (6 + 1 week), 14 (6 + 2 weeks),
and 21 (6 + 3 weeks), 3 mice per group were perfused with 4%
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paraformaldehyde and 2.5% glutaraldehyde and CNS tissue (corpus
callosum) prepared for electron microscope (EM) imaging. Ultrathin
sections were stained in uranyl acetate and lead citrate, then photo-
graphed on a FEI Spirit G2 TEM microscope using Tecnai imaging &
analysis (TIA) software. We measured g-ratios of all myelinated fibers
from electron micrographs, by dividing the diameter of each axon by
the fiber diameter (diameter of the axon together with its myelin
sheath) in 300-500 axons/animal (n = 3 mice/group), using Image)
software. Quantification was carried out blinded. The remaining three
mice per group at each assay time were perfused with PBS and
forebrain tissue processed for flow cytometric analysis of glial cells
(Praet et al., 2014).

211 | Tolerance induction with MOGg35.55-
encapsulating PLG nanoparticles

PLG-MOGg35.55 and PLG-OVA353.339 nanoparticles were prepared by
double-emulsion, solvent drying and characterized as previously
described (Hunter et al., 2014; McCarthy et al., 2017; Smarr
et al., 2016). The z-average size of the nanoparticles was 483.7 nm.
The zeta potential was —84.7 + 14.3 mV. Tolerance was induced by
i.v. injection of 2.5 mg of nanoparticles encapsulating 15.685 pg
MOGg3s.55 in 0.2 ml of D-PBS.

212 | Active and adoptive C-EAE

A 8-week-old C57BL/6J female mice were injected s.c. with 200 pg
of MOGg3s.55 peptide or OVA3z23.339 (as an antigen-specificity control)
(Genemed Synthesis, San Francisco, CA) emulsified in complete
Freund's adjuvant (CFA) containing 200 ug of Mycobacterium tubercu-
losis H37Ra (Difco, Detroit, MI) distributed over three sites on the
flank. For transfer EAE, spleen and inguinal lymph nodes collected on
day 8 post-MOGg3s.55 immunization were reactivated with 20 pg/ml
of MOGg35_55 and 10 ng/ml recombinant murine IL-12 (R&D Systems)
for 72 h. Following culture, cells were collected, labeled with Cell
Trace CFSE dye (Thermo Fisher), 3 x 10° cells were transferred to
recipient mice. In both models, 200 pg pertussis toxin (List, Campbell,
CA) was administered i.p. on day O (dO) and day 2 (d2). Clinical signs
of EAE were assessed daily according to the following scores: 0, no
clinical sign of disease; 1, limp tail; 2, hind limb weakness; 3, partial
hind limb paralysis; 4, complete hind limb paralysis; 5, hind and fore
limb paralysis. Data are reported as the mean daily clinical score
+ SEM (Terry et al., 2016).

213 |
analysis

Ex vivo T cell proliferation and cytokine

At the indicated times, spleens were collected from 3 to 6 individual
C57BL/6J mice per treatment group and the total splenocytes were

cultured ex vivo in 96-well plates (10° cells per well) with either

MOGg3s.55 or OVA3z23.339 (10 pg/ml) or anti-CD3 (1 pg/ml) (McCarthy
et al., 2017). Two identical sets of culture plates were prepared. One
set was pulsed with 1 pCi of *H-TdR at 48 h and harvested at 72 h to
determine cell proliferation. Supernatants were collected from the
second set at 48 h and levels of peptide-specific cytokine production
determined by Luminex LiquiChip (Millipore)

214 | Flow cytometry

CNS cell populations were quantitated by flow cytometry. OPCs from
P5-7 C57BL/6J neonatal mouse pups were immunopanned, passaged
twice, and treated with vehicle or digoxin (0.1, 1.0, or 10 ng/ml) for
48 or 96 h prior to analysis. Mouse brain tissue from PBS perfused
mice was dissociated/processed to yield single cell suspensions for
flow cytometry analysis following Percoll density gradient separation
as previously described (Robinson et al., 2014). Cells were washed,
resuspended in FACS buffer (PBS with 2% FCS) and counted. Fc
receptors were blocked using anti-mouse CD16/32 (0.25 pg;
eBioscience #14-0161-86). Cells were then immunostained for
60 min at 4°C using the following specified antibodies: early glial
progenitors (A2B5 1:100; R&D Systems #MAB1416), late glial
progenitors (PDGFRa 1:50; Millipore #CBL1366 & NG2 1:200;
Millipore #AB5320), pre-OL to pre-myelinating OL (04 1:100;
Millipore #MAB345), pre-myelinating OL to myelinating OL (GalC
1:100; Millipore #MAB342), myelinating OL (MOG, 1:100; Millipore
#MAB5680), astrocytes (GLAST- APC 1:10; Miltenyi
#130-095-814), and blood/microglia (CD45 V500 1:100; BD Biosci-
ences #561487). The above indicated purified antibodies for the
oligodendrocyte lineage cells were conjugated to Atto 488, PE-Cy7,
PerCP Cy 5.5, APC-Cy7, Atto700, and PE respectively, using
Lightning-Link Antibody Labeling Kits (Novus Biologicals #350-, 762-,
763-, 765-, 354-, 703-0005). Live/dead cell stain (1:1000; Invitrogen
L34955) and Annexin V 350 (1:20, Life technologies A23202) were

used to exclude non-viable cells. Flow cytometry was performed on

Biotec

an LSR Fortessa using FacsDiva software for acquisition. Analysis was
performed using FlowJo10 software (TreeStar). Compensation was
completed using positive and negative controls as well as fluorescent
minus one (FMO) samples. Enumeration of live CNS-resident was
performed using the following markers: early OPCs (A2B5%), late
OPCs (PDGFRa', NG2*), pre-OLs to pre-myelinating OLs (O4%),
pre-myelinating OLs to myelinating OLs (GalC"), and myelinating OLs
(MOG™). Cell populations, per sample (n = 3-6 mice/group) were

quantified.

2.15 | Total RNA-sequencing

Total RNA was isolated from mouse OL lineage cells (after treatment
following the 2nd passage) using Aurum Total RNA Kit (Bio-Rad
#732-6820). Total RNA was isolated from snap-frozen mouse CNS
tissue using homogenization and the RNeasy Lipid Tissue Mini Kit

(Qiagen 74804). RNA concentration was measured by Nanodrop
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spectrophotometer. The stranded total RNA-seq was conducted in
the Northwestern University NUSeq Core Facility. First, RNA quantity
was determined with Qubit fluorometer. Total RNA examples were
also checked for fragment sizing using Agilent Bioanalyzer 2100.
Illumina TruSeq Stranded Total RNA Library Preparation Kit was then
used to prepare sequencing libraries without modification to the kit
procedure. Briefly, this procedure includes rRNA depletion, cDNA
synthesis, 3’ end adenylation, adapter ligation, library PCR amplifica-
tion and validation. Lllumina NextSeq 500 Sequencer was used to
generate single-end, 75 bp reads sequence from the libraries. The
quality of DNA reads, in fastq format, was evaluated using FastQC
(Andrews, 2010). Adapters were trimmed, and reads of poor quality
or aligning to rRNA sequences were filtered using Trim Galore
(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). The
cleaned reads were aligned to the mouse genome (mm10) using STAR
(Dobin et al, 2013). Read counts for each gene were calculated
using HTSeg-Counts (Anders et al., 2015) in conjunction with a gene
annotation file for mm10 obtained from Ensembl (http://useast.
ensembl.org/index.html). A comprehensive QC report was generated
using MultiQC (Ewels et al., 2016) Differential expression was deter-
mined using DESeq2 (Love et al., 2014) The cutoff for determining
significantly differentially expressed genes was an FDR-adjusted
p-value less than .05. The pathway analysis was done using Metascape
(Zhou et al., 2019) and the Venn diagrams were generated using Inter-
actiVenn (Heberle et al., 2015). Data will be made publicly available
through deposit on the NIH NCBI Gene Expression Omnibus (GEO).

2.16 | Statistical analysis

Data are presented as mean + SEM unless otherwise noted. To compare
flow cytometry data collected on multiple days, data were represented
as fold change compared to the control. Prism 6 software (GraphPad)
was used for all statistical analyses. Comparison between two groups
(i.e., genotypes, treatments) was done via Student's t tests using a signifi-
cance cutoff of p <.05 (*p < .05, **p < .01, ***p <.001, ****p < .0001).
For comparison of three or more groups, one-way ANOVA or two-way
ANOVA followed by Tukey post hoc tests were performed using a
significance cutoff of p<.05 (*p<.05, *p=<.01, ***p=<.001,
***p < .0001). Complete statistical analysis is detailed in Table S1.

3 | RESULTS

3.1 | Effects of digoxin treatment on gene
expression and differentiation of C57BL/6J OPCs
in vitro

Recent data demonstrate the robust ability of several FDA-approved
drugs, including digoxin, to promote OPC differentiation in vitro
(Lariosa-Willingham et al., 2016; Mei et al., 2014; Najm et al., 2015).
Digoxin was identified in a small molecule screen of mixed male and

female rat OPCs co-cultured with retinal ganglion neurons as well as

using a heterogeneous mixture of bulk embryonic rat cortex cells
(Lariosa-Willingham et al., 2016). We first used RNA-seq to determine
transcriptome changes in OL lineage cells treated with digoxin.
Proliferating mixed male and female C57BL/6J mouse neonatal fore-
brain OPC cultures were changed to media without PDGF and treated
with vehicle (termed Neutral), the indicated concentrations of digoxin
(0.1, 1.0, or 10 ng/ml), or T3 (differentiation control) for 48 h (d2) or
96 h (d4). Cells were snap-frozen and total RNA was isolated

Principal component analysis (PCA) showed variation in gene
signatures within and between groups (treatments and timepoints)
(Figure 1a). Within group variance was low as the groups cluster
tightly within treatments per timepoint. Proliferation groups clustered
tightly from day 2 (d2) and day 4 (d4). Neutral and Differentiation
cultures progressed toward differentiation and maturation of the OL
lineage over time, and anticipated variance between d2 and d4 is
noted for all groups. Neutral cultures showed differentiation over time
and therefore had wide variance between the d2 and d4 (expected
peak differentiation) groups. Of note, there was more variance
between Neutral samples with digoxin treatment (10 ng/ml) when
compared to vehicle at d2 (Figure 1a). Volcano plots showed all differ-
entially expressed genes in Neutral (N) versus digoxin treatment
(10 ng/ml) (ND10) and Neutral (N) versus Differentiation (T3) at d2
(Figure 1b, significant in red). The Venn diagram indicated the number
of significant differentially expressed genes (up or down regulated) as
compared to N, unique or shared by ND10 and T3 at d2 (Figure 1c).
There was overlap of genes up regulated in both, down regulated in
both, conversely regulated in both, or only significantly expressed
within either group. The cumulative overlap of differentially expressed
genes was visualized through a Circos Plot of the same genes shared
(purple lines) and functional overlap of different genes that fall into the
same ontology term (blue lines) (Figure 1d). The heatmap of enriched
terms indicated the top 20 common pathways of the Neutral + digoxin
(ND10) and differentiation (T3) groups at d2 (Figure 1e).

Highlighting the effect of digoxin on the OL cell lineage at d2, the
heatmap showed relative expression (up or down regulation, orange
or blue) of genes based on expected trends, including; early oligo-
dendrocyte lineage genes (green) as well as oligodendrocyte differen-
tiation and maturation genes (purple) (Figure 2a). Interestingly, there
were significant differences in changes in expression of the OL lineage
genes in (T3) and (ND10) conditions at d2 (Figure 2a). T3, the positive
control for differentiation, led to a decrease in early OL lineage genes
(green - Nkx2-2) as well as an increase in OL differentiation and
maturation genes (purple - Ermn, Ninj2, Gjb1, Cldn11, Mal) compared
to neutral; distinct from ND10. Of note, ND10 led to a decrease in
early OL lineage genes (green - St18, Sponl, Matn4, Rlbp1, Cdol,
Rnf180) as well as an increase in OL differentiation and maturation
genes (purple - Cnp, Omg, Gpré2, Gal3st1) compared to neutral; dis-
tinct from T3. These data indicated a significant down regulation of
new OL and OPC genes as well as an up regulation of differentiation
and maturation genes induced by treatment with 10 ng/ml digoxin.

The circos plot highlighted the strong overlap in genes differentially
expressed in T3-induced differentiation conditions (T3) and genes
induced by treatment with 10 ng/ml digoxin (ND10) (Figure 1d). In both


http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://useast.ensembl.org/index.html
http://useast.ensembl.org/index.html

ﬂLW] ]_Eyﬂ

TITUS T AL

(a) PCA Plot of Day 2 (d2) and Day 4 (d4) (b) Volcano Plot Change in Gene Expression at d2

N vs. ND10 Nvs. T3
Group 250
4 Proliferation (P
2 Reutrar g ) 2001
= N + Digoxin 0.1ng/mL i:\lDO A 200
o N + Digoxin 1.0ng/mL (ND1.0 = =
A N + Digoxin 10n_P 'mL (ND10) T 150 - o
20 = Differentiation (T3 g 3150-
) S 100 =1
Timepoint - 100 ~ 100
e Day 2 (d2 A D [=2]
@ © Day 4 (d4 A 2 50, ° 50 - _
210 g "
g = 0- 0- - 'i Z Ry
5 " 3 2 101 2 3 45
>, log2FoldChange log2FoldChange
R %
- o - -
~ 0 (c) Up/Down Gene Regualtion at d2 Venn Diagram
(N_; N vs. T3 (Down) N vs ND10 (Up)
o 1067) — T~ (2935
( ) 391 < 251&\( )
-10
Nvs. T3 (Up)—
(1219)
@@ &
204 @
40 -20 0 20

PC1: 71% Variance

(d) Day 2 Circos Plot Overlap of
Differentially Expressed Genes
N vs ND10

(e)

Nvs. T3

N vs ND10

FIGURE 1

Day 2 Heat Map of Enriched Terms

[ ]

- -og10(padj)
0246 10 0

G0:1903827- regulation of cellular protein localization
G0:0000278 - mitotic cell cycle
G0:0007017 - microtubule-based process
G0:0016358 - dendrite development
GO0:0072657 - protein localiza |on to membrane
G0:0051301 - cell division
G0:0045859 - regulation of protein kinase actlvﬂY i
GO: 0045596 negative regulatlon of cell differentiation
G0:0048589 - developmental growth
R-MMU-194315 - Signaling by Rho GTPases

0:0034330 - cell junction organization

0:0051129 - negative regulation of cellular organization
G0:0007264 - small GTPase mediated signal transduction
R-MMU-422475 - Axon Guidance
GO0:0097435 - supramolecularr fiber organization
G0:0060322 - head development
G0:0060627 - regulation of vesicle-mediated transport
GO: 0051 640 - organelle localization
G0:0050808 - synapse organization

G0:0032990 - cell part morphogenesis

Nvs.T3

Effects of digoxin treatment on gene expression of C57BL/6J OPCs in vitro. Proliferating mixed male and female C57BL/6)J

mouse OPC cultures, including PDGF, were passaged two times prior to treatment. OPC cultures were changed to media without PDGF and
treated with vehicle (termed neutral), the indicated concentrations of digoxin (0.1, 1.0, or 10 ng/ml), or T3 (differentiation control). Total RNA was
isolated from snap-frozen OL lineage cells at 48 h (d2) or 96 h (d4). Principal component analysis (PCA) of variation of gene expression within and
between treatment groups and time points. Horizontal and vertical axis show two principal components that explain the greatest proportion (71%
and 21%) of variation (a). Volcano plots display the differentially expressed genes at d2. The y-axis corresponds to the FDR adjusted p-value
(—log1o) and the x-axis displays the fold change (log,). The red dots represent the significant genes. Positive x-values represent up-regulation and
negative x-values represent down-regulation (b). Venn diagram displays the number of significantly differentially expressed genes (up or down
regulated) at d2. Differential expression was determined using DESeq2 and the cutoff for determining significantly differentially expressed genes
was an FDR-adjusted p < .05 (c). Circos plot shows the overlap between gene lists, where purple curves link identical genes and blue curves link
genes that belong to the same enriched ontology term. The inner circle represents gene lists, where hits are arranged along the arc. Genes that hit
multiple lists are colored in dark orange, and genes unique to a list are shown in light orange (d). Heatmap shows the top 20 enriched clusters

across d2 colored by significance, FDR adjusted p-value (—log10) (e).

groups there was a decrease in expression of early OL lineage genes
(green - Olfm2, Slitrk1, Cspg4, Pdgfra) as well as an increase in expres-
sion of OL differentiation and maturation genes (purple - Shisa4, Mbp,
Nkx6-2) compared to neutral (Figure 2a). The significant decrease in
Pdgfra at d2 in all groups compared to proliferation (****p < .0001) and
ND10 compared to N (*p = .0357) was confirmed via qPCR (Table S1).

The significant increase in myelin basic protein levels induced
by digoxin and T3 were confirmed by immunofluorescent staining
of d4 coverslip cultures (Figure 2b,c). There was not a significant
difference in the MBP MFI between ND10 and T3 at d4. Further
analysis showed no significant difference in the total number of
(DAPI™) cells between N, ND10, T3 groups (Figure 2d, Table S1),
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Effects of digoxin treatment on differentiation of C57BL/6J OPCs in vitro. Heatmap shows relative expression of genes as fold change

(log,) based on expected trend at d2. Orange color indicates relative upregulation, whereas blue indicated relative down regulation. Row annotations
mark different expected trends, including early OL lineage genes (green) and OL differentiation and maturation genes (purple). Genes that were
significantly differentially expressed are marked in black (a). Immunofluorescent staining of myelin basic protein (MBP) was carried out with
representative images for the various treatment groups shown (b) and MBP staining quantitated with results presented as mean fluorescent intensity
(MFI) (c) as well as cell number co-labeling with nuclear staining (DAPI) (d) (n = 3 biological samples/group with n = 2 technical replicates). (*p < .05).

however, there was a significant increase in the number of mature
MBP* OLs in ND10 compared to N or T3 (Figure 2d, Table S1). This
change in ND10 compared to N can also be noted as a significant
increase in %MBP/DAPI (Table S1). Therefore, the increase in MBP
MFI in ND10 is associated with an increase in MBP* OLs and %
MBP/DAPI. T3 MBP*' OLs and %MBP/DAPI are not significantly
different compared to N, therefore highlighting there is more MBP
per cell. In summary, digoxin promoted differentiation of OPCs
in culture, as measured via downregulation of OPC genes and

upregulation of OL genes at d2 (Figure 2a), resulting in an increase

in differentiation and maturation at d4 compared to vehicle treated
cells (Figure 2b-d).

3.2 | Effects of digoxin on myelin in naive female
C57BL/6J mice and regeneration in mice treated after
cuprizone-induced demyelination

As digoxin promoted the differentiation and maturation of OL lineage

cells in vitro, we asked if it could promote OL differentiation and
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OL Lineage in the Adult Murine Forebrain
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FIGURE 3 Digoxin treatment promoted earlier myelin regeneration in the brains of female C57BL/6J mice following cuprizone-induced
demyelination. 8-week-old female C57BL/6J mice were fed control or cuprizone chow for 6 weeks and then placed on normal chow and treated
i.p. with vehicle (VEH) or digoxin (DIG) 0.3 mg/kg gad. Flow cytometric analysis of mouse forebrain early OPCs (A2B5™") and OLs (GalC™)
(measured as fold change vs. vehicle) after 1, 2, and 3 weeks of digoxin administration (a). Measurement of g-ratios of all myelin fiber sizes was
performed blinded on midline sections of the corpus callosum after 1, 2, and 3 weeks of digoxin treatment (n = 300-500 axons per mouse, n = 3
mice/group) (b). Measurement of g-ratios of small (0.1-0.89 pm), medium (0.9-1.19 pm), and large (>1.2 pm) myelin fibers in midline sections of
the corpus callosum after 1, 2, and 3 weeks of digoxin treatment (n = 300-500 axons per mouse, n = 3 mice/group). Representative electron
micrograph per experimental group (1900x) within the vehicle (left) versus digoxin treatment (right) groups (c). (*p < .05, **p < .01, ***p < .001,
***¥p < .0001, ns, not significant). Extended data for Figure 3 is labeled as Figure S1.
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(a) OL Lineage in Thoracic Spinal Cord (b)
C57BL/6J Sham & LPC Model at d10
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FIGURE 4 Digoxin promoted robust recovery of myelin in the LPC C57BL/6J mouse model of spinal cord focal demyelination/remyelination.
Saline or LPC was injected into the thoracic spinal cord of 10-week-old female C57BL/6J mice on day 0. Performed blinded, mice were then
treated i.p. with vehicle (VEH) or digoxin (DIG) 0.3 mg/kg gad on days 1-9 and sacrificed on day 10. Immunohistochemical quantitation of the
average numbers of OLs (CC17) was determined for 3 mice/group (3-4 20x images per mouse) (a, b). Immunofluorescent staining of myelin basic
protein was carried out with representative images for the treatment groups shown and MBP staining quantitated with results presented as
fluorescence intensity (n > 100 values/mouse, n = 3 mice/group) (c, d). Remyelination was assessed by scanning EM of thoracic spinal cord at

d10 post-LPC injection and the mean number of remyelinated axons were determined in n > 12 sections (10,000x, grid square
area = 86.61 mm?) of lesion (external and internal) evaluated for each mouse in n = 4 mice/group (e, f). (*p < .05, **p < .01, ***p < .001,
****p < .0001, ns, not significant). Extended data for Figure 4 is labeled as Figure S2.
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changes in myelination in vivo. We carried out a flow cytometric
analysis of forebrains of naive adult female C57BL/6J mice treated
every other day (gad) with 0.3 mg/kg digoxin and showed that treat-
ment promoted increased numbers of early OPCs at 2 weeks and a
subsequent increase in OLs at 3 weeks, as determined by flow
cytometry (Figure S1a). Digoxin treatment of naive mice did not lead
to a significant change in average g-ratio after 1, 2, or 3 weeks of
treatment (Figure Si1b). The significant change in small fibers at
1 week of digoxin treatment in naive mice was transient and no longer
present at 2 weeks (Figure S1c). We then asked if digoxin would more
efficiently induce remyelination. We determined the effects of digoxin
treatment of adult female C57BL/6J mice following cuprizone-
induced demyelination, a well-characterized mouse model, used to
investigate demyelination and remyelination (Praet et al., 2014). Flow
cytometric analysis of the forebrains of digoxin-treated mice showed
its ability to stimulate a robust increase of OL lineage cells after
3 weeks of dosing relative to vehicle-treated naive control mice
(Figure 3a). The data illustrated digoxin-induced differentiation of
early OPCs to OLs over time (Figure S1a); indicated by a shift to an
increase of OLs at 3 weeks post-treatment in both naive control mice
and the cuprizone induced model of demyelination (Figures S1a and
3a). Digoxin treatment of the cuprizone mouse model promoted
an earlier reparative change in the cytoarchitecture of the corpus
callosum as noted by changes in myelination (e.g., average g-ratio),
due to cumulative changes in small and medium fibers one-week
post-treatment (Figure 3b,c) as compared to vehicle treatment. The
vehicle treated group had a significant change in average g-ratio, due
to a robust change in small fibers and cumulatively with medium
fibers, at 2 weeks. By 3 weeks, there was no significant difference in
average g-ratio in digoxin versus vehicle treated mice (Figure 3b,c).
Overall, this showed that treatment with digoxin did not lead to
overcompensation resulting in hyper-myelination of axons in the
forebrains of either naive mice or the cuprizone mouse model, despite

an overall increase in OL lineage cell number.

3.3 | Digoxin promoted robust recovery of myelin
in the LPC C57BL/6J mouse model of spinal cord focal
demyelination/remyelination

To assess the efficacy of digoxin to promote remyelination in the
LPC-induced model of focal demyelination/remyelination, LPC lesions

were induced in thoracic spinal cord of 10-week-old female C57BL/6J
mice on day 0. The mice were then treated with vehicle or 0.3 mg/kg
digoxin gad from days 1 to 9 and spinal cords harvested on day
10. Immunohistochemical analysis showed that digoxin treatment
significantly increased the number of OLs (Figures 4a,b and S2a) in
both saline “sham” and LPC spinal cord lesions. Digoxin treatment
of mice induced a significant increase in the amount of myelin in
thoracic cord LPC lesions as measured by fluorescence intensity of
MBP staining (Figures 4c,d and S2b) and in the number of remyeli-
nated axons as assessed by scanning EM (Figure 4e/f). Collectively,
digoxin administration increased the number of OL lineage cells as
well as robustly stimulate myelination through promotion of an
earlier timeline of remyelination in the brain and the extent of
remyelination in the spinal cord in the cuprizone and LPC chemi-
cally induced models of demyelination/remyelination, respectively
(Figures 3 and 4).

3.4 | Immune cell function in vivo in female
C57BL/6J C-EAE is not directly affected by digoxin

As we propose that treatment with antigen-specific tolerance
immunotherapy combined with myelin repair/regenerative therapy is
ideal for treatment of MS, we first tested if digoxin had inherent
immunoregulatory properties. Therapeutic administration of 0.3 mg/kg
digoxin beginning at the peak of active MOGss.55/CFA-induced
C-EAE in female C57BL/6J) mice (days 15-20 post-immunization)
failed to affect the clinical disease course (Figure 5a) or production of
Th1 (IFN-y and TNF-a), Th17 (IL-17 and GM-CSF), Th2 (IL-4) and
regulatory (IL-10) cytokines elicited by in vitro stimulation of spleno-
cytes upon re-activation with MOGg3s_ 55 (Figure 5b) when compared
to responses from vehicle treated mice. Digoxin treatment also did
not alter incidence, time of onset, or severity of clinical C-EAE disease
symptoms in adult female C57BL/6J recipients of MOGg3s.55-specific
T cells adoptive transfer (Figure 5¢,d). Furthermore, digoxin treatment
did not alter homing of the transferred cells as there were similar
numbers of donor CFSE-labeled cells in the CNS and spleens of the
recipients (Figure 5e). Thl (IFN-y and TNF-a), Th17 (IL-17 and
GM-CSF), Th2 (IL-4) and regulatory (IL-10) cytokine production by
splenic T cells from the recipient mice in response to MOG35_55 were
also not significantly different between vehicle- and digoxin-treated
recipients (Figure 5f). Lastly, 5 days of digoxin treatment at the peak

FIGURE 5

Immune cell function in vivo in female C57BL/6J C-EAE is not directly affected by digoxin. 8-week-old female C57BL/6J mice

remained naive, or were primed with OVAgz»3.339, or primed with MOGg3s_ss, followed by treatment (Tx) i.p. with vehicle (VEH) or digoxin (DIG)

0.3 mg/kg qd for 5 days beginning at d15 post-priming. Clinical scores were assessed until d20 (a). At d20, splenocytes from the various groups (n = 4
mice/group) were re-activated in culture with MOGg3s_ss and cytokines in the culture supernatants were assessed for levels of the indicated cytokines
using Luminex analysis (b). Female C57BL/6J recipient mice (8-weeks-old, n = 24 mice/group) received 3 x 10° in vitro peptide re-activated
splenocytes labeled with CFSE from MOGgs.55-primed donor mice and were treated (Tx) i.p. with vehicle (VEH) or digoxin (DIG) 0.3 mg/kg gad from
day 0-16; mean clinical scores (c) and day of onset of disease symptoms (d). At initial disease peak (day 17), mice were sacrificed and the numbers of
donor MOGgs.55-specific CFSE™' T cells in the brains and spleens of the recipient mice (n = é mice/group) were assessed (e). In addition, splenocytes
from the recipient mice (n = é mice/group) were stimulated in culture with MOGgs.55 and cytokine production in culture supernatants were assessed
by Luminex assay (f). Flow cytometric analysis of forebrain/spinal cord OL lineage cells (pre-OL/OL, O4 ", measured as fold change vs. vehicle), of n = 4
mice/group from panel a with actively-induced C-EAE, was assessed at day 20 (g). (ns, not significant).



of active C-EAE in adult female C57BL/6J mice did not alter the total digoxin treatment at 0.3 mg/kg appears not to be immunosuppressive
numbers of OL lineage cells in brain and spinal cord as compared to or alter homing of activated T cells when used therapeutically in either
vehicle (Figure 5g). Collectively, these results indicated that short term active or adoptive transfer EAE.
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3.5 | Combined therapeutic treatment with

digoxin and MOGg3;;_55-specific tolerance is additive for
changes throughout the OL lineage in female C57BL/
6J) C-EAE

As both autoimmunity and neurodegeneration underlie MS patho-
genesis, effective disease-modifying therapies need to both regulate
the immune system and promote restoration of neuronal function,
including remyelination. We thus tested the effects of combining
tolerance induced by i.v. infusion of PLG nanoparticles encapsulating
MOGs3s.55 peptide (PLG-MOG) and digoxin treatment for therapy of
MOGg35.55/CFA-induced C-EAE. Adult female C57BL/6J mice at the
peak of acute C-EAE (day 15) were tolerized with a single i.v. infusion
of PLG-MOG nanoparticles and/or treated i.p. for the next 30 days
with digoxin (0.3 mg/kg gad). PLG-MOG tolerance alone or in combi-
nation with digoxin treatment significantly reduced clinical paralytic
symptoms of disease (i.e., clinical score) with mice showing sustained
complete recovery 20-30 days post-treatment (Figure 6a). Flow
cytometric analysis (measured as fold change of the percent of CNS
cells in various C-EAE treatment groups compared to vehicle treat-
ment) of OL lineage cells was performed on mouse forebrain and
spinal cords at day 48 (6 mice per group) to determine if single and/or
combination therapeutic treatment led to a recovery of the OL
numbers and function. Interestingly, there was a significant increase
in the late OPCs with PLG-MOG treatment alone that was not
present in the mice treated with the drug combination and a smaller
yet significant increase in the early OPCs in the mice treated with the
combination of PLG-MOG and digoxin as compared to vehicle treated
C-EAE (Figure 6b). To further evaluate the effects of tolerance
immunotherapy in combination with digoxin, we carried out RNA
sequencing of forebrain and spinal cord tissue from the various
groups. PCA showed clustering within and between treatment groups
(Figure 6c). PLG-MOG treatment, alone or in combination with
digoxin, clustered tightly and with lower variance as compared to

vehicle or digoxin alone. As noted by red dots in the Volcano plots,

there were more significant differentially expressed genes in the
PLG-MOG alone and combination treatment groups (Figure 6e). The
Venn diagram showed the number of significant differentially
expressed genes (up or down regulated) unique or shared in the thera-
peutically treated C-EAE mice as compared to vehicle treated
(Figure 6d). The cumulative overlap of differentially expressed genes,
of the same genes (purple lines) and functional overlap of different
genes that fall into the same ontology (blue lines), are visualized in the
Circos Plot (Figure 6f). A substantial portion of the differentially
expressed genes were shared between the PLG-MOG combination and
PLG-MOG alone groups, as indicated in the heatmap of enriched terms
(Figure 6g). The top 20 pathways are mainly immune regulatory. Inter-
estingly, all treatment groups have a subset of genes only significantly
differentially expressed within those treatments (Figures 6d and S3).

Digoxin alone led to a diminished C-EAE clinical score during an
extended 30-day time course of treatment (Figure 6a) as well as an
increase in myelinating OLs (Figure 7a) relative to naive mice. There
was a significant increase in both early OPCs and myelinating OL in
the combination treated C-EAE mice compared to naive mice
(Figure 7a). These changes in the OL lineage corresponded with
significant increases in OL differentiation and maturation genes (e.g.,
Nkx6-2, Gal3st1) in C-EAE mice treated with digoxin alone or in com-
bination. (Figure 7b). Of note, flow cytometric analysis of the OL
lineage subsets at the completion of the treatments showed the
predominant recovery of the disease-induced decrease of the pre-OL/
OL population in mice treated with the combination of PLG-MOG and
digoxin, but not with the individual treatments (Figure 7a).

Altogether, the additive effects in changes of OL differentiation
and maturation gene expression could underlie the variation of signifi-
cant changes in the immature and mature oligodendrocyte lineage
cells across the single treatments as compared to combination
therapy. Of note, there was a significant decrease in expression of the
oligodendroglia-specific immunoproteasome subunit PSMB8 (Psmb8)
in the combination treatment group as compared to vehicle treated

C-EAE (Figure S3). Expression of Psmb8 normalized to naive

FIGURE 6 Combined therapeutic treatment with digoxin and MOGg;s.55-specific tolerance ameliorated disease progression in female
C57BL/6J C-EAE. 8-week-old female C57BL/6J mice remained naive (N), or were primed with OVAz,3.335 (O), or primed with MOGg35_55 to
induce C-EAE (C). At peak (d15), the MOGg3s.55 primed mice were treated (Tx) with vehicle (C) (n = 9) or treated with a single i.v. infusion PLG-
MOGs3s.55 nanoparticles alone (CP) (n = 11), digoxin alone (CD) 0.3 mg/kg i.p. gad for 1 month through d46 (n = 11), or with the combination
(CC) of PLG-MOG3s.55 + digoxin (n = 9). Clinical scores were monitored until d47 (a): Compared to MOG primed + vehicle, there was a
significant decrease in clinical score in d34 - d47 (PLG and combination) and at d34/d45-d47 (digoxin). During d35-d44, the digoxin cohort is not
significantly different from the PLG or combo. On d47, forebrain and spinal cord tissue from perfused mice (n = 3-6 mice/group) was collected
and processed for flow cytometric analysis of OL lineage cells (measured % CNS resident cells in treatment groups as a fold change compared to
vehicle control MOGg3s_55 primed C-EAE) (b) and for RNASeq analysis (c-g). PCA shows variation within and between groups. Horizontal and
vertical axis show two principal components that explain the greatest proportion (75% and 14%) of variation (c). Venn diagram displays the
number of significantly differentially expressed genes in C57BL/6J MOG3s C-EAE (therapeutic treatment). Differential expression was
determined using DESeqg2 and the cutoff for determining significantly differentially expressed genes was an FDR-adjusted p-value <.05 (d).
Volcano plots displays the differentially expressed genes in C57BL/6J MOGg3s C-EAE (therapeutic treatment). The vertical axis (y-axis)
corresponds to the FDR adjusted p-value (—log1c), and the horizontal axis (x-axis) displays the fold change (log,). The red dots represent the
significant genes. Positive x-values represent up-regulation and negative x-values represent down-regulation (e). Circos plot shows the overlap
between gene lists, where purple curves link identical genes and blue curves link genes that belong to the same enriched ontology term. The inner
circle represents gene lists, where hits are arranged along the arc. Genes that hit multiple lists are colored in dark orange, and genes unique to a
list are shown in light orange (f). The heatmap shows the top 20 enriched clusters across C57BL/6J MOG3s C-EAE (therapeutic treatment),
colored by significance, FDR adjusted p-value (—log10) (g). (*p < .05, **p < .01, ***p < .001). Extended data for Figure 6 is labeled as Figure S3.
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FIGURE 7 Combined therapeutic treatment with digoxin and MOGg3;s.55-specific tolerance was additive for changes throughout the OL
lineage in female C57BL/6J C-EAE. Flow cytometric analysis of the OL lineage in female C57BL/6J forebrain and spinal cord (measured % CNS
resident cells in treatment groups as a fold change compared to vehicle control naive mice) was performed on following groups (n = 3-6 mice/
group): Naive + vehicle (N), Naive + digoxin (ND), MOGg3s_s5-primed + vehicle (C), MOGgs.5s-primed + digoxin (CD), MOG3s.55-primed +
PLG-MOG (CP), and MOG3s_s55-primed + combination (digoxin + PLG-MOG) (CC) treated mice (a). The heatmap shows relative expression of
genes as fold change (log,) based on expected trend at 1 month of treatment as compared to Naive + vehicle. Orange color indicates relative
upregulation, whereas blue indicated relative down regulation. Row annotations mark different expected trends, including; early OL lineage genes
(green), OL differentiation and maturation genes (purple) as well as immune (dark purple). Genes that were significantly differentially expressed

are marked in black (b). (*p < .05, **p < .01, ***p < .001, ****p < .0001).

levels when C-EAE mice were treated with PLG-MOG alone or in
combination with digoxin, but not with digoxin treatment alone,
providing additional evidence that digoxin did not appear to directly
affect immune function (Figure 7b). Collectively, PLG-MOG tolerance
therapy in combination with digoxin promoted changes throughout
the OL lineage and induced complete recovery from clinical
symptoms highlighting the importance of antigen-specific targeting
the anti-myelin autoimmune response in combination with potential

myelin protective and repair/regeneration drugs.

3.6 | Digoxin treatment does not alter astrocyte
number or function in vitro or in vivo within models of
demyelination/remyelination

Developmentally, OLs and astrocytes arise from a common glial
progenitor. We thus tested the potential effects of digoxin on astro-
cytes in vitro and in vivo. There was no effect of Digoxin
(in concentrations ranging from 0.01 to 10 ng/ml) on morphology of
rat astrocytes cultured in serum free conditions for 24, 48, and 96 h.
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FIGURE 8 Digoxin treatment did not alter astrocyte number or function in vitro. After 1 week in culture, mixed male and female rat
astrocytes were treated with digoxin (0.1, or 1.0, or 10.0 ng/ml) for 24 h (d1), 48 h (d2), and 96 h (d4). Total RNA was then extracted and
microfluidic gPCR used to determine changes in astrocyte functional state. The heatmap shows relative expression of reactive astrocyte
transcripts in digoxin-treated astrocytes compared to vehicle (a). Live phase contrast imaging of astrocytes was carried out at 20 x with results
presented as cell number per field (ROI) and average number of astrocyte primary processes per cell within each treatment group (b-d). (ns, not
significant). Extended data for Figure 8 is labeled as Figure S4.
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The cells maintained a processed, stellate appearance by phase
imaging (Figure 8c/d) and the expression level of gene transcripts
known to be involved in reactive astrocyte disease responses
(Figure 8a). Additionally, there was not a significant change in the
number of astrocytes, indicating that digoxin was neither toxic nor
induced proliferation (Figure 8b). In vivo, Digoxin treatment did not
lead to a significant difference in the total number of brain astrocytes
in naive or cuprizone fed mice treated for 1, 2, or 3 weeks
(Figure S4a-c), nor in brain/SC astrocytes in naive or C-EAE mice
treated for 5 days (Figure S4d) or 1 month (Figure S4e). Interestingly,
there was an overall decrease in brain/SC astrocytes in mice under-
going C-EAE at 1 month (as compared to naive mice) that was
reversed by treatment with both PLG-MOG and digoxin, but not with
the individual treatments (Figure S4e). Additionally, Digoxin treatment
did not lead to a significant difference in GFAP™ astrocytes in the
spinal cord as measured by fluorescence intensity in either saline
“sham” lesioned or LPC lesioned mice (Figure S4f). Digoxin thus did
not significantly alter the astrocyte transcriptomic phenotype in vitro
nor astrocyte number in vivo in adult female C57BL/6J mice across

several demyelinating disease models.

4 | DISCUSSION

MS is a CNS autoimmune disease characterized by demyelination,
oligodendrocyte cell death and neurodegeneration (McFarland &
Martin, 2007). Although there are nearly two dozen FDA-approved
immune-based disease-modifying therapies (Tintore et al., 2019), there
are currently no available therapies approved to promote myelin
repair/regeneration or to prevent/ameliorate chronic neurodegenera-
tion. The ideal treatment for MS would combine antigen-specific
re-establishment of self-tolerance to myelin epitopes with drugs
that protect from neurodegeneration and stimulate myelin repair/
regeneration. In these studies, we demonstrated that digoxin promoted
differentiation of the OL cell lineage in vitro as well as stimulated remye-
lination for preservation of axonal integrity in vivo in chemically-induced
models of brain and spinal cord demyelination/remyelination as well as
that digoxin can be combined with specific immune tolerance therapy to
ameliorate disease progression and promote recovery of the OL lineage
in EAE immune-mediated demyelination.

Regarding antigen-specific immunotherapy, our laboratory has
developed a potent method for inducing self-tolerance which involves
the i.v. administration of biodegradable carboxylated PLG nanoparticles
encapsulating autoantigens (PLG-Ag) to induce T cell anergy and activate
antigen-specific regulatory T cells (Tregs) (McCarthy et al, 2017).
PLG-Ag treatment therapeutically ameliorates disease progression in
mouse models of Th1/17- (e.g., EAE, T1D, celiac disease) and Th2
(e.g, egg allergy)-mediated diseases (Freitag et al, 2020; Getts
et al,, 2012; Getts et al,, 2013; Hunter et al., 2014; Prasad et al., 2018;
Smarr et al., 2016). Moreover, we have recently carried out a phase 1/2a
clinical trial demonstrating that administration of PLG nanoparticles
encapsulating gliadin safely and efficaciously induces tolerance in celiac

disease patients undergoing oral gluten challenge resulting in a dramatic

reduction in the number of gliadin-specific IFN-y-producing T cells and
protection from small bowel histopathology (Kelly et al., 2021). Relevant
to MS immunotherapy, Cour Pharmaceuticals (www.courpharma.com), a
company co-founded by Dr. Miller, is currently developing a clinical pro-
gram testing the safety and efficacy of tolerance induced by PLG nano-
particles encapsulating a cocktail of encephalitogenic myelin peptide
epitopes for treatment of early relapsing-remitting MS and neuromyelitis
optica (NMO).

A K* channel blocker, 4-Aminopyridine (4-AP Ampyra), approved
for treatment of walking impairment in MS by improving conduction
velocity in demyelinated axons, has recently been shown to delay
neuroaxonal loss (De Giglio et al., 2020; Dietrich et al., 2020). How-
ever, there are no approved therapies for myelin repair/regeneration.
The Na*/K* ATPase inhibitor, ouabain, had been previously studied
in rat models of demyelination and in patients with MS; both studies
reported improvements in conduction velocity of evoked potentials
(Kaji et al., 1990; Kaji & Sumner, 1989). Making and maintaining
myelin involves bioenergetic pathways; glycolysis is integral in myelin
biosynthesis as well as extension of processes and oxidative phos-
phorylation for myelin maintenance (Bordone et al., 2019; Philips &
Rothstein, 2017; Rinholm et al., 2011; Rosko et al., 2019; Simons &
Nave, 2015), Na*/K* ATPase inhibitors have been reported to alter
bioenergetic pathways (i.e., level of aerobic glycolysis), and are likely
to shift the level of bioenergetics in OPCs and OLs in naive and
stressed (i.e., disease state) conditions (Agathocleous et al., 2012;
Parker & Hoffman, 1967; Rao et al., 2017; Rone et al., 2016; Yanes
et al., 2010). The myelin-promoting capacity of the FDA-approved
Na™/K* ATPase inhibitor, digoxin, had previously been demonstrated
in in vitro myelination screens (Lariosa-Willingham et al., 2016).

Due to the potency of digoxin in inducing myelination, the low
cost, and ready availability, we initiated an investigation to determine
how digoxin altered the transcriptional profile of OPCs to enhance
their differentiation/maturation and to determine the capacity of
digoxin to promote myelin regeneration in vivo. We demonstrate that
digoxin promoted a transcriptional profile consistent with differentia-
tion and maturation of OPCs in vitro and promoted remyelination
in vivo in the cuprizone- and LPC models of demyelination/remyelina-
tion, and when combined with PLG-Ag tolerance promoted recovery
of the OL lineage and improved clinical scores throughout the course
of the Th1/Th17-mediated model of MOGg3s_55-induced C-EAE.

We first examined the transcriptional profile induced in digoxin-
treated OPCs in vitro and demonstrated significant down-regulation
of early OL lineage genes and up-regulation OL differentiation/
maturation genes (Figures 1 and 2). There was strong overlap in genes
differentially expressed and enriched in OPCs stimulated with
10 ng/ml digoxin (ND10) and those cultured with the differentiation
(T3) control (Figures 1 and 2). Interestingly, there were notable differ-
ences in the levels of expression of genes cumulatively influencing OL
differentiation (Elbaz & Popko, 2019) induced by digoxin compared to
T3 (Figures 1 and 2). Of note, there was no change in the total number
of DAPIT cells; the increase in MBP MFI in the positive control
(T3) was due to an increase in MBP per cell, however, the increase in

MBP MFI in digoxin treated cells was due to an increase in the total
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MBP™ cell number and %MBP/DAPI" as compared to vehicle treated.
This suggests that digoxin does not promote overproduction of myelin
per cell in vitro.

We noted that brain myelin thickness (average g-ratio) was not
significantly altered in naive control female C57BL/6J mice treated with
digoxin for 1, 2, or 3 weeks despite an increase in OPCs then OLs over
weeks 2 and 3, respectively (Figure S1). Initial testing of the ability
of digoxin administration to enhance re-myelination in the corpus
callosum of mice undergoing cuprizone-induced demyelination showed
that treatment significantly impacted myelin regeneration at earlier
time points as compared to the natural recovery that occurs in the -
cuprizone-induced demyelination model with vehicle treatment
(Figure 3). Interestingly, the initial changes in myelin regeneration were
present prior to a significant change in oligodendrocyte cell number.
This suggests that digoxin treatment either stimulates myelination of
axons by restabilizing OL function in existing mature cells and/or
promoting the natural turnover of dysfunctional OL's and maturation of
the OPC population. Of note, there was no overcompensation (e.g.,
hyper-myelination of axons) in the forebrains of naive mice nor in the
cuprizone mouse model, despite induced changes in the OL cell lineage.

Similarly, we found more robust induction of remyelination in
digoxin treated mice following induction of focal demyelinating LPC
lesions in the spinal cord (Figure 4). There was an increase in OL
number correlated with a recovery of mean fluorescence intensity of
MBP and a significant increase in the number of myelinated axons per
lesion area in digoxin treated mice. Of note, there was no change in
mean fluorescence intensity of MBP in digoxin-treated saline “sham”
lesion mice despite an increase in number of mature OLs, additionally
highlighting that digoxin treatment does not cause over-production of
spinal cord myelin (Figures 4 and S2). Collectively, these in vivo
experiments demonstrate the ability of digoxin to promote myelin
regeneration and maintenance of axon integrity in chemically-induced
CNS models of demyelination/remyelination.

Most relevant to MS, we show that digoxin treatment promoted
OL cell lineage number and functional recovery in the enhanced
inflammatory environment present in the T cell-mediated MOGg35.55-
induced C-EAE model of the disease. Short-term digoxin monotherapy
beginning at the peak of actively-induced C-EAE did not alter the
course of clinical disease, nor significantly alter the number of brain
and spinal cord OLs or Th1/17 inflammatory cytokine responses of
splenocytes upon recall MOGg3s5.55 stimulation (Figure 5). Similarly,
digoxin treatment did not alter clinical disease symptoms, time of
onset, or the levels of proliferative or cytokine responses of adoptive
recipients of MOGg3s.55-activated encephalitogenic T cells (Figure 5).
Collectively, these results indicated that digoxin alone at 0.3 mg/kg
has no apparent direct effects on induction or effector function of
encephalitogenic Th1/17 cells in vivo and critically that myelin repair/
regenerative therapy with digoxin has little efficacy as a short-term
monotherapy in C-EAE immune-mediated demyelinating disease.

As indicated previously, both immune-mediated demyelination
and failure to repair/regenerate myelin underly the pathogenesis of
MS. We thus hypothesized that the combining digoxin treatment
with PLG-MOGg3;5.55 tolerance induction (to ameliorate ongoing

autoimmune CNS destruction) would promote better restoration of
CNS function. The results indicated more effective and sustained
recovery of OL lineage cells and clinical symptoms in mice with C-EAE
treated with the combination of MOG35.55-PLG tolerance and digoxin
beginning at the peak of acute disease (Figure 6).

Digoxin alone and combined therapy increased expression of OL
differentiation genes (e.g., Nkx6-2, Gal3st1) in the brain and spinal cord
of C-EAE mice. Interestingly, there was a significant decrease in the
expression of Psmb8, which encodes the immunoproteasome subunit
PSMB8 expressed on oligodendroglia in human demyelinated brain
lesions (Kirby et al., 2019), in C-EAE mice treated with tolerance alone
or in combination. Digoxin and PLG are ideal for combination therapy
because of their independent mechanisms of action, ameliorating
different steps of the disease process and mutual potentiating effects.
Combined therapy was characterized by a significant increase in both
OPCs and myelinating OLs as well as by reversal of the disease-
induced decrease of intermediate OLs which was not observed with
either individual treatment (Figures 6 and 7). Collectively, these results
indicated that restoring the OL lineage is best achieved when digoxin
treatment was combined with selective targeting of the myelin-specific
autoimmune response, with the caveat that our analysis of the glial
cell lineage is by necessity limited to snap shots in time. It will be inter-
esting in future experiments to utilize in vitro systems to test specific
cell populations under stressors to mimic in vivo model microenviron-
ments. In the C-EAE model, treatment with digoxin at peak diminished
clinical score at +30days correlating with an increase in OLs
(as compared to Naive mice). Therapeutic treatment with PLG alone or
in combination diminished clinical score at +20 days. Initial lower
clinical scores could be due to maintenance of conduction velocity
through demyelinated axons. However, only the combination therapy
recovers the intermediate pre-OL/OL population; sustaining an avail-
able pool for OL turnover to limit damage and restore axonal function.

Notably digoxin treatment did not alter astrocytes number or
phenotype in vitro (Figure 8), nor astrocyte number in vivo within the
various disease models (Figure S4). Interestingly, compared to naive
mice, there was an overall decrease in astrocyte number in the brain
and spinal cord of C-EAE mice one-month post-C-EAE induction that
was recovered only upon treatment with digoxin combined with
PLG-MOGgs_ss, tolerance (Figures 8 and S4). This may be due, in part,
to a sustained increase in early glial progenitors in mice treated with
both digoxin and PLG-MOGg3;s5.55 but not with the individual treat-
ments (Figure 7). Astrocytic scar formation is a major pathological
process in MS that impedes effective tissue repair, remyelination, and
axonal regeneration as well as therapeutic targeting of lesions. It will
be interesting in future experiments to further observe the effects of
digoxin on astrocytes in neurodegenerative conditions for potential of
an anti-scaring treatment strategy that can be used in conjunction
with immunotherapies and as well as other remyelinating drugs with
the goal to permit and enhance the reparative processes in the CNS.

In summary, our results show that combining targeted myelin
tolerance immunotherapy, thus avoiding the serious side effects
of immunosuppressive therapies, with myelin repair/regenerative

therapy is highly effective in ameliorating C-EAE, exceeding the
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effects of either therapy alone. These findings provide critical proof-of-
concept support for testing these combination therapies in MS patients.
We are planning a phase 1 trial of Digoxin in MS patients with currently
approved disease-modifying therapies. Due to fact that digoxin is a
long-standing FDA-approved medication and that PLG-Ag tolerance
has recently demonstrated safety and efficacy in phase 1/2a clinical
testing in patients with celiac disease (Kelly et al., 2021), there is prom-

ise that this combination could soon undergo clinical testing.
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