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Neurobiology of Disease

Heparanome-Mediated Rescue of Oligodendrocyte Progenitor
Quiescence following Inflammatory Demyelination
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The proinflammatory cytokine IFN-y, which is chronically elevated in multiple sclerosis, induces pathologic quiescence in
human oligodendrocyte progenitor cells (OPCs) via upregulation of the transcription factor PRRX1. In this study using ani-
mals of both sexes, we investigated the role of heparan sulfate proteoglycans in the modulation of IFN-y signaling following
demyelination. We found that IFN-y profoundly impaired OPC proliferation and recruitment following adult spinal cord de-
myelination. IFN-y-induced quiescence was mediated by direct signaling in OPCs as conditional genetic ablation of IFNyRI
(Ifngrl) in adult NG2" OPCs completely abrogated these inhibitory effects. Intriguingly, OPC-specific IFN-y signaling contrib-
uted to failed oligodendrocyte differentiation, which was associated with hyperactive Wnt/Bmp target gene expression in
OPCs. We found that PI-88, a heparan sulfate mimetic, directly antagonized IFN-y to rescue human OPC proliferation and
differentiation in vitro and blocked the IFN-y-mediated inhibitory effects on OPC recruitment in vivo. Importantly, hepara-
nase modulation by PI-88 or OGT2155 in demyelinated lesions rescued IFN-y-mediated axonal damage and demyelination. In
addition to OPC-specific effects, IFN-y-augmented lesions were characterized by increased size, reactive astrogliosis, and
proinflammatory microglial/macrophage activation along with exacerbated axonal injury and cell death. Heparanase inhibitor
treatment rescued many of the negative IFN-y-induced sequelae suggesting a profound modulation of the lesion environment.
Together, these results suggest that the modulation of the heparanome represents a rational approach to mitigate the negative
effects of proinflammatory signaling and rescuing pathologic quiescence in the inflamed and demyelinated human brain.
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The failure of remyelination in multiple sclerosis contributes to neurologic dysfunction and neurodegeneration. The activa-
tion and proliferation of oligodendrocyte progenitor cells (OPCs) is a necessary step in the recruitment phase of remyelina-
tion. Here, we show that the proinflammatory cytokine interferon-y directly acts on OPCs to induce pathologic quiescence
and thereby limit recruitment following demyelination. Heparan sulfate is a highly structured sulfated carbohydrate polymer
that is present on the cell surface and regulates several aspects of the signaling microenvironment. We find that pathologic
interferon-y can be blocked by modulation of the heparanome following demyelination using either a heparan mimetic or by
treatment with heparanase inhibitor. These studies establish the potential for modulation of heparanome as a regenerative
approach in demyelinating disease. j
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Introduction

Multiple sclerosis (MS), an autoimmune disease of the CNS, is
characterized by demyelination, neurologic dysfunction, and
neurodegeneration (Lassmann, 2014). Oligodendrocyte progeni-
tor cells (OPCs) are vital for the endogenous regenerative process
known as remyelination. Remyelination prevents ongoing neu-
rodegeneration that typify progressive forms of MS (Franklin
and Ffrench-Constant, 2017). The failure of remyelination in MS
has been largely attributed to a failure of the generation of new
oligodendrocytes. This is likely because of impaired oligodendro-
cyte differentiation along with a combination of insufficient
migration, death, or pathologic quiescence of OPCs. The inhibi-
tory tissue environment is characterized by reactive astrogliosis
and astroglial scar formation (Ponath et al.,, 2018), as well as
proinflammatory microglial/macrophage infiltration (Lassmann
et al,, 2001; Wang et al., 2019). Together, the environment acts
to limit the recruitment of OPCs into demyelinated lesions
and may thereby prevent proliferation, differentiation, and
remyelination.

Interferon-y (IFN-v) is a pleotropic proinflammatory cyto-
kine implicated in MS pathogenesis (Popko et al, 1997;
Steinman, 2001). IFN-vy induces microglial M1 polarization
(Martinez and Gordon, 2014), upregulation of class I/II major
histocompatibility complex (MHC), and increased expression of
proinflammatory cytokines. In MS patients, IFN-y levels are fre-
quently elevated before the onset of clinical symptoms (Beck et
al., 1988). Indeed, IFN-vy treatment in MS patients resulted in
severe disease exacerbation (Panitch et al., 1987). However, the
precise roles of IFN-+y are more complex as studies in animals
have also implicated IFN-vy in neuroprotection (for review, see
Arellano et al, 2015). IFN-vy signals via the ubiquitously
expressed IFNyR1 that is coupled to the JAK (Janus kinase)/
STAT]I (signal transducer and activator of transcription 1) path-
way and results in the upregulation of interferon regulatory fac-
tor 1 (IRF1). Interestingly, single nucleotide polymorphisms in
IRFI are associated with progressive MS (Fortunato et al., 2008),
and IRF1-expressing oligodendrocyte lineage cells are present in
MS lesions (Ren et al., 2011; Loda and Balabanov, 2012). In vitro
high doses of IFN-vy induce OPC apoptosis (Vartanian et al.,
1995; Baerwald and Popko, 1998; Horiuchi et al., 2006; Wang et
al., 2010). However, at lower doses and in the absence of serum,
IFN-y instead induces reversible cell-cycle quiescence in rodent
OPCs (Agresti et al., 1996; Tanner et al., 2011) and human OPCs
(hOPCs; Wang et al., 2018). In vivo excessive IFN-y during CNS
development induces hypomyelination (Corbin et al, 1996;
LaFerla et al., 2000) and demyelination (Horwitz et al., 1997).
Following demyelination, IFN-vy impairs remyelination in both
experimental autoimmune encephalomyelitis (EAE) and cupri-
zone mice models (Lin et al., 2006). Oligodendrocyte-specific
SOCS1 (suppressor of cytokine signaling 1) overexpression, a
negative regulator of IFN-vy receptor, antagonized the hypo-
myelinating effects of IFN-y supporting a direct cell-autono-
mous role following IFN-vy signaling (Balabanov et al,
2006).

Recently, we identified PRRX1 as a transcriptional regulator
of pathologic quiescence in hOPCs that is upregulated by IFN-y
and Bmp signaling (Wang et al., 2018). Moreover, IFN-y coin-
jection with lysolecithin results in a model of proinflammatory
focal demyelination that recapitulates PRRX1 upregulation and
OPC quiescence (Wang et al,, 2018). In this study, we further
examined the role of endogenous IFEN-y signaling on OPCs and
the potential for rescuing the negative effects of IFN-y by modu-
lating the local OPC heparanome that regulates remyelination
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(Saraswat et al., 2020). We found that PRRXI mRNA upregula-
tion occurs in OPCs located within chronically demyelinated
lesions in MS and, importantly, that IFN-vy directly influences
OPC recruitment in vivo. Moreover, the modulation of the hep-
aranome by treatment with the heparan sulfate mimetic PI-88
results in antagonism of IFN-y-mediated signaling in OPCs
both in vitro and in vivo rescuing the negative effects of IFN-
v on OPC proliferation, recruitment, differentiation, and
remyelination. We previously found that PI-88 acts via inhi-
bition of OPC-expressed sulfatases (Sulfl/2) to enhance
remyelination (Saraswat et al., 2020). In contrast, the effects
of PI-88 on IFN- vy signaling were not dependent on Sulfl/2
but rather were associated with inhibition of IFN-y-induced
heparanases. Intriguingly, IFN-v signaling in OPCs resulted
in activation of Wnt and Bmp target genes, suggesting a pos-
sible mechanism by which oligodendrocyte differentiation
was delayed. Together, our data demonstrate that pharmaco-
logical manipulation of the heparanome using the heparan
mimetic PI-88 or OGT2115 a small-molecule heparanase in-
hibitor may be sufficient to overcome the proinflammatory
demyelinated lesion microenvironment induced by IFN-y
and rescue OPCs from pathologic quiescence.

Materials and Methods

Human tissue samples and cell culture. Human fetal brain tissue
samples (gestational age, 20-22 weeks) were obtained from patients who
consented to tissue use under protocols approved by the University at
Buffalo Research Subjects Institutional Review Board. Forebrain tissue
was minced and dissociated using papain and DNase as described previ-
ously (Conway et al., 2012). Magnetic sorting for CD140a was performed
as described in the study by Conway et al. (2012). Cells were maintained
on plates coated with poly-L-ornithine and laminin, in human neural dif-
ferentiation (ND) media as described in the study by Abiraman et al.
(2015). Cells were plated at a density of 25 k/ml and maintained as pro-
genitors by supplementing ND media with 20ng/ml PDGF-AA
(PeproTech) and 5 ng/ml NT-3 (PeproTech).

Proliferation assay. Human CD140a" OPCs were cultured for 24 h
in serum-free media supplemented with 20 ng/ml PDGF-AA and 5 ng/
ml NT-3. Twenty-four hours postseeding, cells were pretreated with PI-
88 (2 ng/ml; gift of Medigen Biotechnology) for 30 min and then with
IEN- vy (10 ng/ml; PeproTech) with or without PI-88 (2 pg/ml). EAU (50
uM) was then added, and cells were fixed 24 h later. Cells were immuno-
stained for Olig2 (1:500; Millipore) and EdU using the Click-iT EAU
Flow Cytometry Assay Kit (Thermo Fisher Scientific) according to the
manufacturer protocol. DNA was stained with 1 pg/ml DAPI. A percent-
age of EdU™ Olig2" stained nuclei was obtained from 10 fields for each
fetal sample.

Luciferase assays. OPCs were seeded at a density of 25 k/ml and
maintained as progenitors in ND media supplemented with PDGF-AA
and NT-3. One day postseeding, cells were infected with Cignal Lenti
GAS luciferase reporter (CLS-OO9L, Qiagen) for 24 h, after which
media was changed to fresh ND media supplemented with growth fac-
tors and PI-88 (2 pg/ml). After 30 min of PI-88 (2 pg/ml), IFN-vy (1 and
10ng/ml) was added with or without PI-88 (2pg/ml). Twenty-four
hours post-treatment, luminescence response was quantified using the
Promega Bright-Glo reagent and a Bio-Tek plate reader, in accordance
with manufacturer recommendations. Background luminescence was
subtracted from all measurements, and luminescence readings were nor-
malized to the average value of the untreated control in each experiment.
Data are presented as the mean * SEM for three technical replicates run
on the same plate. For human OPCs, experiments were repeated at least
three times using separate fetal samples to account for biological
variation.

Oligodendrocyte differentiation and immunocytochemistry. To initi-
ate differentiation, PDGF-AA and NT-3 growth factors were removed,
and cells cultured in ND media supplemented with IFN-vy (PeproTech),
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OGT2155 (Tocris Bioscience), and/or PI-88 (gift from Medigen
Biotechnology), as designated. Forty-eight hours following growth factor
removal, cells were live stained with O4 IgM hybridoma supernatant
(1:20; gift from James Goldman, Columbia University), fixed in 4% para-
formaldehyde, and stained with secondary antibody. Differentiation was
quantified as the proportion of 04" cells in 10 random fields at 10x
magnification (IX83 microscope, Olympus), representative of >3000
cells total in each condition.

Drug treatments in mice spinal cord demyelination model. All experi-
ments were performed according to protocols approved by the University
at Buffalo Institutional Animal Care and Use Committee. NG2creER:
Rosa26YFP animals were a gift from Akiko Nishiyama (University of
Connecticut, Storrs, CT; Zhu et al.,, 2011). NG2creER/IFN leﬂ/ﬂ mice
were derived from strain 025394 (The Jackson Laboratory). Animals were
bred to generate NG2CreER offspring homozygous for IFNyRI floxed al-
leles (NG2creER"”"":Rosa26YFPIFNyRI"™"). Conditional gene knockout
(KO) by cre-mediated recombination in NG2* OPCs was achieved by in-
traperitoneal administration of tamoxifen (200 mg/kg; Millipore Sigma)
for 5 d, the last of which occurred 7 d before surgery. All experimental
mice received tamoxifen in an identical manner, and littermate controls
lacking cre were compared with cre-containing cKO mice. For experi-
ments using IFN- vy and PI-88, 8-week-old female BALB/c mice were pur-
chased from Envigo. Sulfl/2 cKO mice were used as described in the
study by Saraswat et al. (2020). Recombination efficiency was determined
using Olig2 and yellow fluorescent protein (YFP) immunofluorescence.
We observed YFP expression in >50% of Olig2* oligodendrocyte lineage
cells, suggesting a high rate of cre-mediated recombination for both IFN-
gRI cKO mice (59.0 = 5.2%) and Sulf1/2 cKO mice (55.2 % 5.0%; n=6-7
animals). Recombination efficiency was similar to previous findings using
NG2creER driver line with the muscarinic M3R cKO mouse (Welliver et
al,, 2018).

Focal demyelination of the young adult (age, 8-11 weeks) mouse spi-
nal cord was induced as previously described (Welliver et al., 2018).
Briefly, animals were anesthetized under isoflurane and 0.5 ul of 1% ly-
solecithin (La-lysophosphatidylcholine, Millipore Sigma) was directly
injected into the dorsal and ventral funiculus of the spinal cord between
two thoracolumbar vertebrae. For experiments involving IFN-vy, two
different doses were used (3 ng/injection and 10 ng/injection) with or
without PI-88 (10 ug/ml). Drugs were first diluted in 0.9% saline and
then mixed with 1% lysolecithin to get a final concentration. For the
induction of demyelination drug and lysolecithin mixtures were injected
into the spinal cord (Fancy et al,, 2011; Lee et al., 2015). Postoperative
analgesia was provided by subcutaneous injection of buprenorphine
(0.05 mg/ml). Terminal BrdU/EdU was administered by intraperitoneal
injection at 48 and 24 h before animals were killed (BrdU 100 mg/kg,
EdU 50 mg/kg).

For heparanase inhibition, OGT2115 (Tocris Bioscience) stocks were
added to 1% lysolecithin (w/v) immediately before lesion induction to a
final concentration of 0.4 um OGT2115 directly into the dorsal and ven-
tral funiculus of the spinal cord between two thoracolumbar vertebrae at
the time of lesion formation. Control animals received only lysolecithin
injections.

Tissue processing. Animals were killed at 5-7 d postlesion (dpl) by
transcardial perfusion of saline followed by 4% paraformaldehyde under
deep anesthesia. The spinal column was extracted and postfixed for
30min in 4% paraformaldehyde, and spinal cords were dissected and
cryopreserved in sucrose gradient (7.5, 15%) for 24 h and were snap fro-
zen in OCT (optimal cutting temperature) compound and sectioned
coronally at 16 pm thickness using a Leica cryostat.

To identify lesions, one slide from each series was dehydrated in an
ethanol gradient, rehydrated, and stained for 15 min in a solution con-
taining 0.2% (w/v) Erichrome Cyanine (Millipore Sigma), 5.6% (w/v)
FeCl; - 6H,O (Thermo Fisher Scientific), and 0.5% (v/v) H,SO,. Slides
were differentiated in 5.6% (w/v) FeCl; - 6H,O until proper depth of
color was achieved, dehydrated by sequential ethanol gradient followed
by xylene, and mounted in Optic-Mount I (Mercedes Medical). Lesions
were identified as regions of lighter Eriochrome (Solochrome) cyanine
staining in the ventrolateral and/or dorsal white matter. Cross-sectional
lesion areas were calculated using NIH Image] software, and the section
with the largest area for each lesion was designated as the lesion center.
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Immunohistochemistry. Slides immediately adjacent to the lesion
centers, identified by Solochrome cyanine staining, were used for all im-
munohistochemical procedures. In general, sections were permeabilized
for 30min with 1% Triton X-100 (Alfa Aesar) and 0.25% Tween 20
(Calbiochem). Sections were blocked for 1 h with either a commercial
mouse-on-mouse kit (Vector Laboratories) or a solution containing
0.5% Triton X-100 and 5% goat serum (Thermo Fisher Scientific).
Primary antibodies used were rabbit B8 Amyloid Polyclonal (APPI;
1:250; Thermo Fisher Scientific), rabbit cleaved caspase-3 (Aspl75;
1:400; Cell Signaling Technology), mouse Pan axonal Neurofilament
(SMI-312R; 1:1000; BioLegend), mouse pan neuronal neurofilament
(SM1-311R; 1:1000; Covance), rabbit anti-Olig2 (1:500; Millipore),
mouse anti-GFAP (1:300; Millipore Sigma), rabbit anti-Ibal (1:300;
Wako Chemicals), mouse anti-INOS1 (1:100; BD Biosciences), rabbit
anti-IRF1 (1:100; Santa Cruz Biotechnology), mouse anti-Statl (1:100;
Thermo Fisher Scientific), rat BrdU (1:100; Bio-Rad), rat anti-Pdgfra
(1:100; BD Biosciences), and rabbit anti-Prrx1a/b (1:1000; a gift from Dr.
Basil Bakir University of Pennsylvania, PA; Takano et al,, 2016). Alexa
Fluor 488-, 594-, and 647-conjugated secondary antibodies (Thermo
Fisher Scientific) were used at 1:500. Images of spinal cords were cap-
tured at 20x magnification using an Olympus IX51 microscope with
motorized Prior XY stage and were stitched together using FIJI software.
Images of immunostained sections were aligned with those taken of sec-
tions on adjacent, Solochrome cyanine-stained slides to accurately mark
the lesion boundaries. For each marker, quantification was performed
on at least two sections, which were averaged to generate a single data
point for the comparison of treatment groups. Lesions with cross-sec-
tional area <10,000 pm? were excluded from the analysis, as were lesions
that extended into the gray matter. All quantification was performed by
an investigator blinded to the identity of the samples.

Electron microscopy. For assessment of remyelination, tissue was
processed as previously described (Welliver et al., 2018; Saraswat et al.,
2020). Briefly, mice were killed at 14 d postlesion by transcardial perfu-
sion with 2% glutaraldehyde in 0.1 M phosphate buffer and spinal cords
were extracted (n=5/group), 1-mm-thick blocks surrounding the spinal
cord lesion were processed through osmium tetroxide, dehydrated
through ascending ethanol washes, and embedded in TAAB resin
(TAAB Laboratories). One micrometer sections were cut, stained with
1% Toluidine Blue (Sigma-Aldrich), and examined by light microscopy
to identify lesions. Selected blocks with lesions were trimmed, and ultra-
thin sections were cut and examined by electron microscopy (model
H600, Hitachi). Images were acquired at 2900-6800x magnification.
Analyses of remyelinated axons and g-ratios were performed blinded.
For remyelination counts, a minimum of 800 axons was counted for
each animal from at least six different fields, with all animals per treat-
ment group. Analysis of the g-ratio was performed as described in the
study by Saraswat et al. (2020). Briefly, axon and fiber diameter were
measured using FIJT (diameter=2 X \/ [area/7r]). A minimum of 50
axons was analyzed per animal. The frequency distribution of axon di-
ameter and g-ratio of remyelinated axons was calculated by binning on
axon diameter and g-ratio.

Human multiple sclerosis tissue. Multiple sclerosis tissues were
acquired and prepared as described in the study by Dutta et al. (2019).
Briefly, brains were collected as part of the tissue procurement program
approved by the Cleveland Clinic Institutional Review Board. Brains
were removed according to a rapid autopsy protocol, sliced (1 cm thick),
and then fixed in 4% paraformaldehyde, and 30 um sections were cut for
morphologic studies. Lesions were characterized for demyelination by
immunostaining using proteolipid protein (PLP) and immune activity
using MHC class IT HLA-DR CR3/43 (MHCII). Chronic active demyeli-
nated lesions were analyzed from two patients in whom secondary pro-
gressive MS (age, 53-57 years; disease duration, >10 years; postmortem
interval, <8 h) was diagnosed. Control tissue was used from two non-
MS patient’s brains (age, 75-88 years; postmortem interval, <8 h). To
control for nonspecific antibody binding, isotype control antibodies at
the same concentrations were used to validate antibody staining. We did
not observe any background staining.

Fluorescence in situ hybridization. Fluorescence in situ hybridization
was performed with probes targeting PrrxI (GenBank accession
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#NM_011127.2), Pdgfral (GenBank accession #NM_011058.2), Ki67
(GenBank accession #NM_001081117.2), Apcddl (GenBank accession
#NM_133037.3), and Id4 (GenBank accession #NM_031166.2) mRNA
by using the RNAscope Fluorescent Multiplex Detection Kit (Advanced
Cell Diagnostics) according to the manufacturer instructions. Fixed sec-
tions were baked at 60°C for 1 h, washed with ethanol, followed by tissue
pretreatment, and probe hybridization following RN Ascope fluorescence
multiplex assay, and sections were counterstained with DAPI to visualize
nuclei. Positive signals were identified as punctate dots present in nu-
cleus and cytoplasm. Confocal z-stack images with an optical thickness
of 0.2 um were taken, and stacked images are shown (LSM 510 Meta
Confocal Microscope, Zeiss).

Quantitative RT-PCR. Total RNA was isolated from demyelinating
white matter lesions area from four chronic progressive MS brain sam-
ples. Surrounding normal appearing white matter (NAWM) tissue was
used as a control for the experiment. Total RNA was isolated with
RNeasy Mini Kit (catalog #74104, Qiagen) and reverse transcribed to
c¢DNA with SuperScript VILO ¢cDNA Synthesis Kit (#11754050, Thermo
Fisher Scientific) as recommended by the suppliers. The expression of
reported genes (PRRX1, IRF1, STAT1, and MBP) were checked using
TagMan Gene expression assays (catalog #4453320). GAPDH was used
as endogenous control in the reaction. Each sample was run in triplicate.
Delta (A) Ct values were used to determine relative expression changes
(fold change, 2*“"). Samples in RT-PCR analysis were compared using
Student’s f tests, and a p value of <0.05 was considered to be a signifi-
cant difference.

Statistical analyses. All quantification and data analyses were per-
formed by an investigator blinded to the identity of the samples. All sta-
tistical analyses were performed using GraphPad Prism. Data were
compared by Student’s t test, one-way ANOVA, or two-way ANOVA,
where appropriate significance was considered at p < 0.05. Each figure
legend contains the statistical test and significance values. Data are
reported as the mean + SEM.

Results

PRRX1 mRNA is expressed by quiescent OPCs in regions of
chronic demyelination in MS

IEN- vy signaling upregulates PRRX1 mRNA expression and leads
to quiescence in human and mouse OPCs (Wang et al., 2018).
Here, we examined the expression of PRRXI1 in chronic active
lesions in patients with MS and in control brains (Fig. 1).
Chronic MS lesions were characterized using PLP1 and MHCII
immunohistochemistry (IHC; Fig. 1A,B). Increased PRRX1
expression within the lesion correlated with STAT1, which
reflects increased IFN-y signaling (Fig. 1C,D). STAT1 immuno-
staining was present in the nucleus and processes of many cells
within the lesion, which is consistent with previous reports
(Lillemeier et al., 2001; Barcia et al., 2011). PRRX1/STAT1 upreg-
ulation in PDGFRA™ OPCs was restricted to lesion and surround-
ing tissue with little/no expression of PRRX1 in NAWM. Within
chronic active lesions, we further confirmed upregulation of PRRX1
mRNA in PDGFRA™ OPCs by fluorescence in situ hybridization
(Fig. 1E). The majority of OPCs were restricted to the lesion border,
but, regardless of localization, we found that PDGFRA™* OPCs coex-
pressed PRRXI (Fig. 1E,F). mRNA extracted from chronic active
MS lesions (Tripathi et al., 2019) was highly enriched for PRRX1
compared with NAWM (n =4/group; p < 0.005, unpaired ¢ test;
Fig. 1G). Similarly, IRFI and STATI mRNA were both upregulated
in lesions (IRFI: 1.56 = 0.13-fold and 0.79 % 0.19-fold; STATI:
1.42 = 0.14-fold and 0.9 = 0.04-fold relative to NAWM, n=3-4/
group, p<<0.05, p<<0.05 unpaired ¢ test). MBP mRNA was
decreased, and no significant difference in PDGFRA expression was
observed in MS lesions (p = 0.98). Together, these data were consist-
ent with increased IFN-y signaling within chronic MS lesions
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leading to an upregulation of PRRX1 expression by OPCs located
within regions of demyelination.

Cell-autonomous IFNyR1 signaling mediates the inhibitory
effects of IFN-y signaling on OPC recruitment and
proliferation
Treatment with the proinflammatory cytokine IFN-vy induces
quiescence in purified human OPCs in vitro (Wang et al., 2018).
As such, we hypothesized that IFN-vy would act directly on
OPC:s following demyelination and thereby reduce OPC recruit-
ment and proliferation. To test this hypothesis, we performed
conditional ablation of IFN-vy receptor 1 (IFN-yR1) in adult
NG2" OPCs by injection of tamoxifen into NG2CreERT2: IFN-
yRF": Rosa26-Yfp (IFN-yR1 cKO) mice and littermate cre-neg-
ative controls. Tamoxifen was administered for 5 d to 8- to 9-
week-old mice, and lysolecithin demyelinating lesions were
induced 7 d after the last injection to ensure clearance of tamoxi-
fen (n=3-5 animals/group). To assess the role of IFN-yRI sig-
naling in OPC proliferation and recruitment, mice were killed at
5 dpl (Fig. 2A). Deletion of IFN-+yRI in OPCs had no significant
effect on lesion dynamics (lesion size, GFAP™ astrogliosis, and
infiltration of Ibal® microglial/macrophages; Fig. 2B,C). Next,
we assessed the overall effect of IFN-y RI cKO on OPC recruit-
ment and proliferation (Fig. 2D). In the absence of exogenous
IFN-y, OPC-specific IFN-yR1 ablation did not alter progenitor
recruitment and proliferation relative to wild-type controls (two-
way ANOVA with Holm-Sidak post-test, p > 0.4; Fig. 2F,G).
IFN-+ signaling is the predominant cytokine in immune-
mediated demyelination and is largely dependent on release by
infiltrating CD4" Thl cells. While transient T-cell infiltration
occurs rapidly following lysolecithin-induced demyelination,
IFN- vy itself was not detected (Ghasemlou et al., 2007). As such
to better recapitulate a proinflammatory environment follow-
ing demyelination, we sought to drive IFN-vy signaling by
coinjecting IFN-y along with lysolecithin. IFN-vy coadminis-
tration (3 ng) had a profound negative impact on both OPC
recruitment and proliferation at 5 dpl (Fig. 2E). We noted a
large 2.5-fold reduction in the density of Olig2" oligodendro-
cyte lineage cells (Fig. 2F) and an almost twofold reduction in
the rate of OPC proliferation (percentage of Olig2 "EdU™ cells
among total Olig2™) in IFN- y-treated lesions relative to con-
trol (Fig. 2G; IFN-7y: 248 = 83 Olig2™ cells/mm? and 14.0 *
5% Olig2 "EdU; vs control: 610 = 127 Olig2™ cells/mm?* and
26 * 5% Olig2"EdU™; two-way ANOVA with Holm-Sidak
post-test, p <0.001, p <0.01, n=3-5). Importantly, the dele-
tion of IFN-vyRI largely rendered OPCs unresponsive to the
effects of exogenous IFN-7y treatment. In IFN-+y-augmented
lesions, both OPC recruitment (Olig2* density) and proliferation
(EdU percentage) were significantly increased in IFN-yRI ¢KO
mice compared with wild type (Fig. 2D-G; two-way ANOVA with
Holm-Sidak post-test, both p<0.05). Importantly, two-way
ANOVA revealed a highly significant interaction between genotype
and IFN-y treatment on all parameters (Extended Data Fig. 2-1).
Thus, IFN-vy directly regulated OPC quiescence and recruitment
following demyelination via cell-autonomous IFN-yR1 signaling.

PI-88 treatment inhibits IFN-y signaling in hOPCs and
attenuates OPC quiescence

To better understand the downstream effects of IFN-y on hOPCs,
we performed pathway analysis on the transcriptional profile of
hOPCs treated with IFN-y (Wang et al,, 2018). Interestingly, IFN-
v treatment of hOPCs results in the modulation of genes involved
in heparan sulfate (HS) biosynthesis, postsynthetic modifications
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PRRXT mRNA is enriched in OPCs located within multiple sclerosis lesions. A, B, IHC for PLPT and MHCII for characterization of chronic lesion in the multiple sclerosis patient brain.

C, D, PDGFRA, PRRX1, and STAT1 immunofluorescence in control brain and MS lesion brain (PDGFRA, red; PRRX1, green; STATT, gray). NAWM from control brain expressed low levels of PRRX1
and STAT1. Both PRRX1 and STAT1 proteins were upregulated in OPCs within a chronic active lesion from a secondary progressive MS patient (arrows indicate colocalization of PRRX1/STAT1
with PDGFRA. E, Fluorescence RNA-scope in situ hybridization illustrates colocalization of PRRXT mRNA with PDGFRA mRNA-expressing OPCs found at lesion edges. F, Despite being less frequent,
PDGFRA™ OPCs in the lesion core also expressed PRXXT™. Arrows represents colocalization of PRRX7 with PDGFRA. G, Quantitative PCR analyses of PRRX1, IRF1, STAT1, PDGFRA, and MBP on
RNA extracted from chronic active MS lesions and NAWM (mean =+ SEM, n=3-4 SPMS patients). GAPDH was used as internal control. Student’s ¢ test: #p << 0.05 and *=p << 0.01, respec-

tively. Scale bars: 4, B, 100 um; C, D, 10 um; E, F, 20 pm.

of HS, and genes encoding core membrane-bound HS proteogly-
cans (HSPGs; Extended Data Fig. 3-1). As HS sulfation is critical
in the regulation of OPC signaling in response to demyelination
(Saraswat et al., 2020), we hypothesized that PI-88, a heparin/hep-
aran sulfate mimetic might interfere with IFN-y signaling in
hOPCs. PI-88 blocks the interactions of heparan sulfate with

various growth factors (Karoli et al., 2005), inhibits both endosul-
fatases (Hossain et al., 2010) and heparanases (Parish et al., 1999)
acting as a noncleavable substrate at their catalytic site. To test this
hypothesis, hOPCs were purified from fetal brain and cultured in
PDGF-AA/NT-3-supplemented serum-free media (Fig. 3A). As
previously described (Sim et al, 2011), human fetal CD140a/
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Figure 2.  Conditional IFN-yR1 knockout in OPCs enhances progenitor recruitment and proliferation following focal demyelination. A, OPC-specific IFN-yR1 conditional knockout was induced

in adult NG2CreERT2: Rosa-YFP: IFN yR1™" mice by daily intraperitoneal administration of 200 mg/kg tamoxifen for 5 d. Animals underwent spinal cord demyelination 1 week later with (E) or
without (B—D) simultaneous administration of 3 ng of IFN-+y directly into the lesion. Animals were killed at 5 dpl to assess the effects on OPC recruitment. B, Solochrome cyanine was used to
identify demyelinated lesions. C, The innate inflammatory response was assessed by Gfap and Ibal immunofluorescence. D—F, In control (D) and IFN-y-treated (E) lesions, OPC recruitment
was assessed using the oligodendrocyte lineage marker Olig2, and Olig2™* cell density quantified in F (cells/mm?, mean *+ SEM). G, The percentage of EdU™* cells among Olig2 * cells was
determined as a measure of OPC proliferation. Arrowhead and inserts indicate proliferating EdU™ OPCs. IFN-y treatment significantly reduced OPC recruitment and proliferation. These effects
were dependent on IFN-yR1 expression in OPC, as /FN-yRT mice were unresponsive to IFN-vy treatment (n = 3—4 mice/group; two-way ANOVA interaction, p << 0.05 for Olig2™ cell density
and p << 0.05 for the percentage of proliferating OPCs). *p << 0.05, Holm—-Sidak multiple-comparisons post-test). Red =3 and 3 indicate Holm-Sidak p << 0.07 and p << 0.0001 respec-
tively compared to matched wildtype control. Two-way ANOVA (Extended Data Fig. 2-1). Scale bar, 20 pum.

PDGFRA™ cells exhibited typical bipolar morphology and
expressed Olig2. Treatment with IFN-vy (10 ng/ml, 24 h) signifi-
cantly reduced hOPC proliferation measured as the percentage of
EdU" Olig2™ cells among total Olig2™ cells (one-away ANOVA
with Holm-Sidak post-test, p <0.01, n=4 fetal samples). The
IFN-y-mediated reduction in proliferation was not because of
increased apoptosis (cleaved-caspase 3; Wang et al., 2018). Using a
dose of PI-88 known to inhibit Wnt/Bmp-dependent trans-

criptional activation (Saraswat et al., 2020), PI-88 treatment (2 ug/
ml) rescued the antiproliferative effect of IFN-+y increasing EdU
to that of controls (p < 0.05; Fig. 3B,C).

To determine whether PI-88 directly influenced IFN-y sig-
naling, we transduced hOPCs with a lentiviral luciferase reporter
of STATI activity. IFN-y treatment resulted in robust induction
of the STAT1-GAS reporter (18- and 21-fold vs control; 1 and
10 ng/ml IFN-y. respectively; n =3 fetal samples; Fig. 3D). PI-88
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Figure 3.  IFN-y-mediated quiescence of human and mouse OPCs is rescued by heparan sulfate mimetic PI-88. A, Phase contrast image of CD140a/PDGFRA™ OPCs isolated from human fetal
brain illustrates the typical bipolar morphology, and >>95% isolated cells were positive for Olig2, an oligodendrocyte lineage marker. IFN--y treatment of hOPCs was found to regulate a wide
variety of genes associated with heparan sulfate proteoglycan synthesis and modulation (Extended Data Fig. 3-1). B, hOPCs were treated with or without heparan sulfate mimetic PI-88 (2 g/
ml) for 0.5 h and then exposed to IFN-7 (10 ng/ml). €, At 24 h, cells were pulsed with EdU for an additional 24 h and the proportion of EdU™ cells was quantified. IFN-+y treatment signifi-
cantly reduced OPC proliferation (n =4 fetal human samples, one-way ANOVA with Holm—Sidak post-test, p << 0.01). PI-88 rescued the negative effects of IFN-+ on proliferation (p << 0.05).
D, The activity of a luciferase-expressing STAT1 reporter in transduced hOPCs was assessed following 24 h of IFN-y treatment (1 and 10 ng/ml) with or without PI-88 (2 reg/ml). Luciferase ac-
tivity was measured in triplicate for each human sample (n=3 fetal human samples). Holm—Sidak test: #p << 0.05, #:p < 0.01, s:p < 0.001, ss:t:kp < 0.0001 for each pairwise com-
parison following two-way ANOVA. Green indicates comparison with untreated cells, red indicates comparison with PI-88 control. Two-way ANOVA (Extended Data Fig. 3-2). E, Injection of
10 ng of IFN--y with or without 10 .g/ml PI-88 directly into demyelinated lesion in 8-week-old mice. F, The effect of PI-88 on oligodendrocyte lineage cell density and IFN-y/STAT1 pathway
activity at 5 dpl was assessed by immunofluorescence for Olig2 (green) and Irf-1 (red), respectively. PI-88 treatment decreased colocalization of Irf1 in Olig2™ cells. G, I, J, OPC density and pro-
liferation was assessed by Olig2 and by determining the proportion of BrdU™* 0lig2™ OPCs (G; quantified in / and J; mean = SEM, n=3-4). I, J, IFN-y treatment significantly decreased OPC
recruitment (/) and proliferation (J), while PI-88 injections rescued the effects of IFN-y. Holm—Sidak test: :p << 0.05, #:p << 0.01, *#xp << 0.001 following one-way ANOVA. H,
Fluorescence in situ hybridization at 5 dpl using Prrx1, Pdgfra, and Ki67-specific mRNA probes (red, green, and pink, respectively). Prrx1 expression was upregulated following demyelination in
the presence of IFN-y and PI-88 treatment decreased Prrx7 expression within the lesion. White arrows denote proliferating OPCs (Ki67 " Pdgfra™), which were typically Prrx7 low/negative
cells, while blue arrows denote nonproliferating (Ki67”) Pdgfra* OPCs that expressed high levels of Prrx7 mRNA. A subset of astrocytes expressed Prmx1 following IFN--y-augmented
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treatment had no effect on STAT1 activity in the absence of
IFN-vy treatment. However, the upregulation of STAT1 reporter
activity following IFN-vy treatment was significantly reduced by
PI-88 treatment (two-way ANOVA with Holm-Sidak post-test,
p <<0.001). Low- and high-dose IFN-y/STAT1 signaling was simi-
larly inhibited by PI-88 treatment (Fig. 3D). Importantly, at both
doses, two-way ANOVA revealed a highly significant interaction
between PI-88 and IFN-y on proliferation of OPCs (p < 0.01 and
p < 0.05; Extended Data Fig. 3-2). These results indicate that PI-
88 can directly modulate IFN-+ signaling in hOPCs and thereby
rescue the antiproliferative effects of IFN-y in vitro.

PI-88 treatment attenuates IFN-y-mediated OPCs quiescence
following demyelination

We next examined whether PI-88 could attenuate OPC quies-
cence in inflammatory IFN- y-augmented demyelinating lesions.
To mimic the proinflammatory environment of chronic MS
lesions, we coadministered high-dosage IFN-vy (10 ng/injection)
with lysolecithin directly into the ventrolateral and dorsal white
matter of the adult mice spinal cord at the time of lesion forma-
tion (Fig. 3E-H). In control lysolecithin lesions, IRF1 expression,
a marker of active IFN-y/STAT signaling was only found in a
small subset of OPCs at 3 dpl and expression was lost by 5 dpl.
In contrast, IFN-y augmented lesions exhibited prolonged and
substantially increased levels of IRFI expression with >80%
Olig2* cells coexpressed IRF1 at 5 dpl (Fig. 3F).

In control lysolecithin lesions, a large number of Olig2™
OPCs were recruited into the lesion at 5 dpl (Fig. 3G). In con-
trast, IFN-y augmented lesions exhibited a dramatic 2.9-fold
reduction in Olig2™ oligodendrocyte lineage cell density (cells/
mm? n=3-4 animals/group, one-way ANOVA with Holm-
Sidak post-test, p < 0.01). PI-88 treatment rescued the effects of
IFN-7y administration and significantly increased the density of
Olig2* cells compared with IFN-7y alone (p <0.01; Fig. 3I).
Interestingly, we observed an accumulation of Olig2™ cells out-
side the region of demyelination. Following IFN-+y treatment,
this accumulation was reversed by PI-88 treatment. As described
above, IFN-vy reduced the percentage of BrdU™ proliferating
OPCs (p < 0.001). Importantly, PI-88 treatment significantly res-
cued OPC proliferation compared with IFEN-vy alone (p < 0.05;
Fig. 3]). These data suggest that PI-88 can reverse the antiproli-
ferative and antimigratory effects of IFN-y on OPCs.

As described above, Prrx1 expression in OPCs is associated
with chronic demyelination and cell cycle quiescence (Wang et
al., 2018). In control lysolecithin lesions, we found numerous
dividing Ki67" Pdgfra”™ OPCs and quiescent Ki67 Pdgfra™
OPCs that expressed Prrxl (Fig. 3H). As expected, IFN-vy
treatment increased PrrxI expression in OPCs following de-
myelination (Fig. 3K). PrrxI expression was also upregulated
by small subsets of Gfap " astrocytes around lesion edges but
was not found colocalized with Ibal® microglia (Extended
Data Fig. 3-3). Intriguingly, OPCs that had accumulated out-
side the lesion were proliferative and lacked Prrx1 expression
at 5 dpl (data not shown). In contrast, PI-88 treatment signifi-
cantly reduced both the overall level of Prrxl expression

«—

demyelination, but colocalization with Iba™ microglia was not observed (Extended Data Fig.
3-3). K, IFN-y treatment significantly increased Prrx1 expression in Pdgfra™ OPCs, while PI-
88 treatment decreased expression of Prrx1 in OPCs. Holm—Sidak test: #p << 0.05, #3#p <<
0.01, *::kp < 0.001 following one-way ANOVA. Scale bars: A, B, 50 pum; and F-H, 20 pum.
ns denotes not significant.
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within the lesion and the proportion of PrrxI-expressing
Pdgfra* OPCs (Fig. 3H,K). Along with the reduced Prrx1 expres-
sion, we noted increased density of proliferating Ki67" Pdgfra™
proliferating OPCs. Together, these results indicate that the nega-
tive effects of IFN-vy signaling on OPC recruitment and quies-
cence can be antagonized by PI-88 treatment.

PI-88 treatment abrogates the proinflammatory effects of
IFN-y signaling on microglial cells

As astrogliosis can block migration and infiltration of OPCs
(Wang et al, 2017) and IFN-vy induces reactive astrogliosis
(Yong et al., 1991; Balasingam et al., 1994), the accumulation of
OPCs outside IFN-vy-augmented demyelinating lesions sug-
gested that glial scar formation following IFN-vy exposure may
impede recruitment. We first assessed astrogliosis at 5 dpl by im-
munofluorescence for GFAP (n=3-4 animals; Fig. 4A).
Interestingly, following IFN-+y treatment, astrocytes exhibited a
substantially altered morphology, characterized by hypertrophic
cell bodies and processes (Fig. 4A), as well as extensive process
interdigitation and overlap consistent with a proinflammatory
state (Fig. 4A, higher-magnification image inserts; Sofroniew and
Vinters, 2010). In both control and IFN-y-augmented lysoleci-
thin lesions, GFAP™" astrocytes did not express Irfl protein at 5
dpl, suggesting that non-cell-autonomous effects drive astroglio-
sis following IFN-y treatment (Fig. 4B). Consistent with the an-
tagonism of IFN-vy signaling, PI-88 treatment qualitatively
rescued the proinflammatory effect of IFN-y on astrogliosis with
the pattern of GFAP staining rescued to control.

Microglial cells are exquisitely sensitive to interferon signaling
(Martinez and Gordon, 2014; Ottum et al., 2015; Vergara et al,,
2019) and microglial polarization is known to regulate positive
and negative aspects of remyelination (Miron et al., 2013). IFN-
v administration increased Ibal™ microglial cell infiltration by
25% relative to the control group (1 =3-4 animals/group; one-
way ANOVA with Holm-Sidak post-test, p=0.07; Fig. 4C,D).
Within the lesion, we observed distinct Ibal™ microglial mor-
phologies that are known to correlate with activation state, phag-
ocytic capacity, and MHC class II expression (Mathieu et al.,
2010). Microglial cells were classified as activated ramified micro-
glial (elongated cell bodies with long thick processes, rounded cell
bodies with small thick processes) or phagocytic amoeboid micro-
glial (rounded shape with no processes; Fig. 4E). We observed a
significant 1.4-fold increase in ramified microglia in the IFN-vy
group compared with control (n=3 —4 animals/group; one-way
ANOVA, Holm-Sidak post-test, p << 0.01; Fig. 4F) and as a conse-
quence the percentage of amoeboid microglial was reduced by 2.9-
fold. Consistent with IFN-+y-induced M1 polarization (Martinez
and Gordon, 2014; Tang and Le, 2016), we observed that ~90% of
Ibal™ cells coexpressed inducible nitric oxide synthase (iNOS) fol-
lowing IFN-vy treatment (Fig. 4G,H). This represented a small
increase from control lysolecithin lesions (n=3-4 animals/group;
one-way ANOVA, Holm-Sidak post-test, p= 0.06). Likewise, Irfl
expression in microglial cells was similarly enhanced in lesions with
IFN-vy compared with control lesions (Fig. 4I).

Importantly, PI-88 treatment essentially rescued the effects
of IFN-vy administration on the microglial response. We
observed significant reduction in the density of infiltrating
Ibal " cells following PI-88 treatment (p < 0.05; Fig. 4C,D).
Furthermore, PI-88 treatment restored microglial morphology
to control levels, with the frequency of amoeboid microglia
increased by 2.4-fold relative to IFN-vy alone (Fig. 4C-F).
Importantly, this corresponded with altered M1/M2 polariza-
tion with PI-88 treatment reducing the percentage of iNOS-
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Figure 4.  PI-88 rescues IFN--y-mediated proinflammatory effects on glial cells following demyelination. A, Following demyelination, astrogliosis was assessed by Gfap immunofluorescence at 5 dpl (inserts
shows higher-magnification confocal image). Gfap was substantially increased by IFN-y, while PI-88 treatment decreased reactive astrogliosis (n = 3—4/group). B, IFN-y-dependent signaling in Gfap ™ astro-
Qytes was not apparent as Irf1 immunoreactivity was not colocalized with Gfap. €, D, Microglial infiltration was assessed by Iba immunofluorescence in lesion (€), quantified in . Density of Iba1™ microglial
cells increased following IFN-y treatment, whereas PI-88 treatment decreased microglial infiltration (mean = SEM, n=3—4). Holm—Sidak test: #p < 0.05, s:p << 0,001, s<s:t:kp << 0.0001 following
one-way ANOVA, respectively. White arrows denote amoeboid shaped microglial cells, while blue amows indicate reactive ramified. E, F, Confocal images showing examples of ramified and amoeboid shape
microglia, quantified in F. G, The presence of proinflammatory M1 microglia was assessed by iNOST immunofluorescence. White arrows indicate double-positive cells. H, Percentage of iNOS ™ Iba1™ microglial
cells among total Iba1™ cells (Holm~Sidak post-test shown). /, IFN-+y signaling was assessed by colocalization of Irf-1 and iNOS™ proinflammatory microglia. Scale bar, 20 im. ns denotes not significant.

expressing microglia by 3.6-fold (p<0.0001; Fig. 4G,H).
Surprisingly, PI-88 administration reduced iNOS expression
twofold below that of control lesions, indicating a likely mod-
ulation of microglial responses regardless of IFN-vy treatment
(p<0.001). Following PI-88 administration, Irfl expression

was restricted to INOS1" M1 microglia while INOS1™ M2
microglia did not express Irfl (Fig. 4I). Together, these find-
ings suggest that PI-88 treatment modulates the demyelinated
lesion microenvironment by directly inhibiting IFN-+ signal-
ing on astrocytic and microglial cells.
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IFN-y exacerbates cell and axonal injury following demyelination which was rescued by PI-88 treatment. A, Lesion size was assessed by Solochrome cyanine lipid stain at 5 dpl.

B, IFN-y treatment increased lesion size, which was not significantly affected by PI-88 treatment (area: mean = SEM, n=3—4/group). C, D, Cell death was assessed by analysis of cleaved
caspase 3-stained particles (€) and quantified in D. E, F, Axon damage was assessed by the accumulation of App1 following demyelination (E) and quantified in F. Holm-Sidak test:
#p < 0.05, #:kp < 0.01, s:4p << 0.001 following one-way ANOVA. Cell death and axon injury was exacerbated by IFN--y, and both of these measures of tissue injury were rescued by con-
current PI-88 treatment. G, App1 was restricted to neurofilament-positive axons (SMI31/32). Scale bars: A-C, 50 pum; D, 20 pum. ns denotes not significant.

IFN-y-mediated exacerbation of lesion dynamics is rescued
by PI-88

As IFN-7y has multiple proinflammatory functions in the CNS,
we next assessed the effect of IFN-vy administration on lesion
size, cell death, and axonal injury using a higher dose of 10 ng/
injection. At 5 dpl, we observed that high-dose IFN-y lesions
were significantly larger than control lesions being increased by

2.7-fold relative to control group (n=3-4; one-way ANOVA
with Holm-Sidak post-test, p < 0.05; Fig. 5A,B). IFN-v induces
necrosis and cell death in oligodendrocytes in MS and EAE, and
following toxin-induced demyelination (Agresti et al, 1996;
Horiuchi et al., 2006). To assess cell death, we examined the
expression of cleaved caspase 3 (Fig. 5C,D). We noted a fivefold
increase in the density of cleaved caspase3™ cells and debris
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Figure 6. IFN-+y signaling in OPCs following demyelination was not influenced by sulfatases (Sulf1/2). 4,
The activity of a STAT1-dependent luciferase reporter in human OPCs following 24 h of IFN-vy treatment
(10 ng/ml) with or without PI-88 (2 wg/ml) and following infection with lentiviral SULF2 or control scrambled
shRNAi was assessed. Luciferase activity was measured in triplicate for each human sample (n =2 human fetal sam-
ples). Holm—Sidak test: #p << 0.05, sp << 0.01, *33p < 0.001 for each pairwise comparison following two-way
ANOVA (mean = SEM normalized to maximal response). SULF2 KD did not influence IFN-y-dependent STAT activity,
two-way ANOVA (Extended Data Fig. 6-1). B, OPC-specific Sulfl/2 knockout was induced in adult NG2: CrefR;
Rosa26/sIYFP: Sutf™™ Sulf2?"® (Sulf1/2 cK0) mice by daily intraperitoneal administration of 200 mg/kg tamoxifen for
5d. Littermate cre-negative mice were similarly injected with tamoxifen as controls. Animals were lesioned 1 week af-
ter the last day of injection with or without simultaneous administration of 3 ng of IFN--y directly into the lesion site.
Animals were killed at 5 dpl, and spinal cord tissue was processed. €, D, Olig2/EdU immunofluorescence of wild-type
control and Sulf1/2 KO mice with or without IFN-7y treatment (n =4-5 mice/group). Insert shows colocalization of
EdU (red) in a subset of Olig2™ cells (green). E, F, Sulf1/2 cKO did not influence the effects of IFN- on OPC recruit-
ment (0IigZ+ cells/mm? E) and proliferation (percentage EdU among 0Ii92+ cells; F). Examination of the interaction
of these variables by two-way ANOVA did not reveal a significant effect, suggesting independent modes of action for
Sulf1/2 and IFN-y (p=0.17, p=0.31). Two-way ANOVA (Extended Data Fig. 6-2). Scale bar, 20 pm. ns denotes not
significant.

following IFN-7y (n=3-4; Holm-Sidak post-test, p < 0.001). In
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Sulfatase modulation does not alter IFN-y
signaling following demyelination

PI-88 possesses a high level of 6-O sulfation (Yu et
al,, 2002) and acts as a noncleavable substrate for
sulfatases (SULF1/2; Hossain et al., 2010). We have
previously shown that PI-88 acts via sulfatase inhi-
bition to modulate Wnt and Bmp signaling follow-
ing demyelination (Saraswat et al., 2020). Therefore,
we investigated whether PI-88 acts to modulate IFN-
v signaling in hOPC via the inhibition of sulfatases
in vitro. As SULF2 is the principal sulfatase expressed
in hOPCs, hOPCs were infected with scrambled or
SULF2-targeted knock-down (KD) lentivirus before
transduction with luciferase STAT1 reporter (Fig.
6A). Strikingly, luciferase activity inducted by IFN-y
signaling was unaffected by SULF2 KD (n =2 human
samples; two-way ANOVA with Holm-Sidak post-
test, p > 0.99). As shown above, PI-88 treatment sig-
nificantly attenuated the IFN-y-mediated induction
of STAT1 in both scrambled control and SULF2 KO
(p <0.01). Importantly, and unlike Wnt and Bmp
signaling (Saraswat et al., 2020), there was no signifi-
cant interaction between SULF2 KD and PI-88 (two-
way ANOVA, p=0.99; Extended Data Fig. 6-1).
These findings suggests that SULF2 does not regulate
IFN-y signaling in human OPCs.

To further examine the potential for sulfatase-
dependent modulation of IFN-7y signaling follow-
ing demyelination, we investigated whether condi-
tional Sulf1/2 deletion in adult NG2" OPCs could
influence exogenous IFN-y signaling and proin-
flammatory lesion development. Following tamoxi-
fen injection, adult Sulfl/2 cKO and littermate
control mice were coinjected with IFN-vy and lyso-
lecithin at the time of lesion formation as described
previously (Saraswat et al., 2020). We assessed OPC
proliferation at 5 dpl (Fig. 6B) as well as the density
of Olig2™ and EdU " Olig™* proliferating progenitors
(n=4-5/group; Fig. 6C-F). As shown previously
(Saraswat et al.,, 2020), Sulfl/2 cKO resulted in a
significant increase in Olig2™ density at 5 dpl
(two-way ANOVA: Sulfl/2 cKO, p <0.001) but
did not influence OPC proliferation (EAU per-

MS, the accumulation of Appl occurs in injured axons located
with regions of active demyelination (Gehrmann et al., 1995).
We assessed axonal injury by Appl immunofluorescence (Fig.
5E). We noted that IFN-y treatment significantly increased the
density of Appl ™" fibers (1.7-fold, Holm-Sidak post-test, p <
0.01; Fig. 5F). We further confirmed that IFN-vy-induced APP
was largely localized to neurofilament-positive axons (heavy and
light chain) by confocal microscopy (Fig. 5G).

We previously found that PI-88 did not alter lesion size or the
extent of astrogliosis and microglial response (Saraswat et al.,
2020). As PI-88 treatment was capable of moderating IFN-
v-induced effects on OPC recruitment and microglial polariza-
tion, we next asked whether PI-88 could rescue the effects of
IFN-y on lesion size, cell death, and axonal injury. PI-88 treat-
ment had no effect on IFN-+y-induced lesion size (p=0.54).
Importantly, PI-88 treatment attenuated IFN-y-induced caspase
3 activity (p < 0.01; Fig. 5D), as well as reducing the accumula-
tion of axonal neurofilament-positive APP1 plaques relative to
IFN-vy alone (2.3-fold, p < 0.001; Fig. 5F,G). Together, these data
demonstrate that PI-88 treatment rescues the degenerative effects of
IEN-y signaling in demyelinating lesions in vivo.

centage; two-way ANOVA p=0.80). Following IFN- v treat-
ment, we again observed a significant reduction in both the
Olig2™ cell density and the proportion of Olig2 "EdU™ pro-
liferating OPCs. Importantly, these effects occurred regardless of
Sulf1/2 genotype (effect of IFN-7y on Olig2 density, p < 0.01; EAU
percentage, p < 0.01; Fig. 6E,F). Two-way ANOVA did not reveal
a significant interaction between Sulfl/2 genotype and IFN-y
treatment on either parameter (p=0.17, p=0.31; Extended Data
Fig. 6-2). Thus, the effects of IFN-y augmentation on OPC
recruitment were not influenced by sulfatases expressed by OPCs
and, together, these findings suggest that sulfatases do not regulate
IFN-y signaling in human and mouse OPCs.

Inhibition of heparanase by PI-88 moderates IFN-y signaling
following inflammatory demyelination

We further investigated the possible mechanism by which PI-88
influences IFN-y signaling and its effects on the lesion microen-
vironment. PI-88 (Muparfostat) is currently in clinical trials as a
heparanase and sulfatase inhibitor for treatment of malignant
cancer. Heparanase modulates the tumor microenvironment
(Vlodavsky et al., 2011), and is upregulated in Alzheimer’s
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PI-88 acts via heparanase inhibition to rescue IFN--y-mediated quiescence of OPCs. A, B, Control () and IFN-+y (B) mouse groups underwent focal spinal cord demyelination with or

without PI-88 or 0GT2115 injection and were killed at 5 dpl. Immunofluorescence for Olig2 (green) and EdU (red) was performed. €, D, OPC recruitment (OligZ+ ceIIs/mmz; () and proliferation
(EdU percentage among Olig2 ™ cells; D) were quantified. Both PI-88 and 0GT2115 treatment rescued the negative effects of IFN-y on OPC recruitment (G) and proliferation (H) following demyelin-
ation (mean * SEM; n = 3—4 mice/group). Two-way ANOVA interaction for Olig2 " cell density and percentage EdU OPCs were Holm—Sidak test: sp << 0.05, #p << 0.01 (Extended Data Fig. 7-
1). Red and green denotes p value compared to matched untreated controls. E, F, at 0.5 h following treatment with or without PI-88 (2 wg/ml) or 0GT2155 (0.4 M) hOPCs were treated with ve-
hicle (E) or IFN-y (F) (10 ng/ml). 04* oligodendrocyte (red) differentiation was assessed at 48 h and the proportion of 04" cells quantified (mean + SEM, n = 3 fetal samples) following PI-88 (G)
or 0GT2155 (H). IFN--y has a significant inhibitory effect of differentiation (red, ), which is rescued by PI-88 (two-way ANOVA; Extended Data Fig. 7-2) but not 0GT2115 treatment (two-way
ANOVA; Extended Data Fig. 7-3). Holm—Sidak test: #p << 0.05 following two-way ANOVA. Scale bars: 4, B, 20 pum; E, F, 50 pum. ns denotes not significant. sp << 0.001, s:#:p < 0.0001.

disease (Garcia et al., 2017) and following cerebral ischemia
(Li et al., 2012). As sulfatase inhibition was not responsible
for the actions of PI-88 on OPC proliferation, we hypothe-
sized that PI-88 may act via inhibition of heparanase.
Therefore, we compared the effects of PI-88 and OGT2115, a
small-molecule heparanase inhibitor (Cheng et al., 2014;
Hammond et al., 2014) with or without IFN-y at the time of
spinal cord lysolecithin injection (Fig. 7). Similar to our previous
results, PI-88 treatment induced a 2.2-fold increase in OPC
recruitment in IFN-+y augmented lesions (1 =3-4 animals/group,
one-way ANOVA with Holm-Sidak, p < 0.001; Fig. 7C). PI-88

treatment in control lysolecithin lesions did not significantly increase
the percentage of proliferating OPCs (Olig2"EdU™) among total
Olig2™ cells (p=0.95; Fig. 7D). However, PI-88 treatment again res-
cued the IFN-vy-mediated inhibition of OPC proliferation by 1.5-
fold (p < 0.05).

Similar to PI-88, heparanase inhibitor OGT2115 treatment
did not significantly influence Olig2™ cell density (p=0.80) or
percentage of proliferating cells (Olig2"EdU™) among total
OligZJr cells (p=0.17) in control lesions (Fig. 7C,D). Recruitment
into proinflammatory IFN-y-treated lesions was significantly res-
cued by OGT2115 treatment, being increased by twofold relative
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to IFN-y lesions (Olig2™ cells/mm?, p < 0.05), and, importantly,
OGT2115 treatment increased OPCs proliferation by 1.7-fold
(p<0.01; Fig. 7C,D). Two-way ANOVA revealed a significant
interaction of both drugs with IFN-v, suggesting that they act
with a similar mechanism (two-way ANOVA, p<<0.05 and
p < 0.01; Extended Data Fig. 7-1). Together, this suggests that PI-
88 may act via inhibition of heparanase to counteract the proin-
flammatory lesion microenvironment.

Next, to address whether heparanase inhibitors act in a cell or
non-cell-autonomous manner on OPC differentiation, we
treated hOPCs with either PI-88 or OGT2155 and exposed them
to IEN-vy (10 ng/ml). hOPCs were treated with IFN-vy with or
without PI-88 (2pg/ml) following mitogen withdrawal and
immature oligodendrocyte differentiation assessed at 48 h (Fig.
7E-I). As shown in rodent OPCs (Tanner et al.,, 2011), IFN-vy
significantly blocked human 04" oligodendrocyte differentia-
tion (n=3 fetal human samples; two-way ANOVA with Holm—
Sidak post-test, p < 0.01; Extended Data Fig. 7-2). PI-88 treat-
ment rescued IFN-vy induced inhibition of oligodendrocyte dif-
ferentiation (Fig. 7K, Extended Data Fig. 7-2; p<0.05). In
contrast, the heparanase inhibitor OGT2155 (0.4 um/ml) did not
influence the inhibitory effects of IFN-y on differentiation (n =3
fetal samples; two-way ANOVA with Holm-Sidak post-test,
p=0.79; Fig. 7L, Extended Data Fig. 7-3). The lack of effect by
OGT2115 is consistent with the absence of heparanase expres-
sion by hOPCs (Saraswat et al., 2020; Extended Data Fig. 3-1)
and suggests a non-cell-autonomous effect of OGT2115 in vivo.
In contrast, as PI-88 was able to restore differentiation in the
presence of IFN-y, this suggests that additional mechanisms act
to block IFN-vy signaling such as by directly blocking IFN-y
ligand/receptor binding.

IFN-y signaling in OPCs potentiates Wnt/Bmp signaling
during oligodendrocyte differentiation

To determine whether OPC-specific IFN-y signaling contributes
to impaired oligodendrocyte differentiation in vivo and, whether
PI-88 treatment could rescue this, we examined oligodendrocyte
differentiation in lysolecithin lesions in littermate controls and
OPC-specific IFN-yRI ¢KO mice with or without concurrent
PI-88 treatment. Interestingly, the deletion of IFN-vyRI resulted
in a 2.5-fold increase in the density of Olig2 "CC1™" postmitotic
oligodendrocytes and a 1.8-fold increase in the percentage of
Olig2"CC1" oligodendrocytes relative to wild-type control ani-
mals (n=4-5 animals/group; two-way ANOVA with Holm-
Sidak post-test, p<0.01, p<<0.001, respectively; Fig. 8A-D).
Although IFN-yR1 cKO had no effect on Olig2™ cell density at 5
dpl, robust oligodendrogenesis in IFN-yRI c¢KO animals was
accompanied by a small but significant increase in the total den-
sity of Olig2 ™ oligodendrocyte lineage cells relative to wild-type
controls (Holm-Sidak post-test, p < 0.05; Fig. 8B). As shown
previously (Saraswat et al., 2020), PI-88 treatment of wild-type
animals significantly increased both Olig2”CC1™" oligodendro-
cyte density and CC1" oligodendrocyte percentage (p < 0.05
and p <<0.001, respectively; Fig. 8C,D). Interestingly, while the
effect of PI-88 treatment and IFN-yRI cKO on the percentage of
CCl1™ oligodendrocytes was additive (p < 0.05), there were no dif-
ferences observed in the densities of either Olig2 " oligodendrocytes
lineage cells or Olig2"CC1" oligodendrocytes between PI-88-
treated groups (p > 0.05). Importantly, two-way ANOVA did not
reveal a significant interaction between genotype and PI-88 treat-
ment on all parameters (p=0.28, p=0.17, p=0.09; Extended Data
Fig. 8-1). Thus, the effects of OPC IFN-y signaling and PI-88
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treatment on oligodendrocyte differentiation at 7 dpl are likely
mediated via distinct pathways.

PI-88 treatment antagonizes Wnt and Bmp signaling follow-
ing demyelination leading to accelerated oligodendrocyte differ-
entiation (Saraswat et al., 2020). As the effect of PI-88 treatment
was similar in magnitude to IFN-yRI cKO, we next asked
whether OPC IEN-y signaling could modulate Wnt/Bmp signal-
ing in OPCs. We examined expression of Wnt and Bmp target
gene expression in Pdgfra® OPCs using multicolor fluorescence
in situ hybridization (Fig. 8E,G). In IFN-yR1 cKO mice, we
observed a significant 1.6-fold decrease in expression of Wnt tar-
get gene Apcddl™ and a corresponding 1.9-fold decrease in Bmp
target gene Id4 within Pdgfra™ OPCs at 7 dpl relative to litter-
mate controls (n=4-5 animals/group, unpaired t test, both
p <0.05; Fig. 8F,H). This suggested that Wnt/Bmp signaling at 7
dpl was dependent on OPC-specific IFN-7y signaling and that
IFN-vy signaling via Wnt/Bmp contributes to the inhibitory
microenvironment that prevents efficient oligodendrocyte differ-
entiation. Next, to determine whether Wnt/Bmp target gene
expression in OPCs during recruitment was dependent on IFN-
vR1, we examined target gene expression at 5 dpl in cKO and
control mice (Extended Data Fig. 8-2). Intriguingly, at 5 dpl
there was no significant difference in Apcddl™ and Id4" OPC
target gene expression between IFN-yR1 c¢KO and wild-type
groups. As such, IFN-y-mediated signaling in OPCs that results
in impaired OPC recruitment and proliferation is likely not
mediated by pathologic Wnt/Bmyp signaling.

IFN-y-mediated axonal damage and hypomyelination is
rescued by heparanase modulation

As PI-88 was able to effectively antagonize the negative effects of
I[FN-y on OPC recruitment and differentiation, we asked
whether heparanase inhibition by PI-88 or OGT2155 could mod-
ulate inflammatory remyelination. As such, we treated IFN-
y-treated lesions (3ng) with either PI-88 or OGT2155 at the
time of lesion induction and analyzed remyelination by electron
microscopy at 14 dpl, during the onset of remyelination (Fig.
9A-E). Consistent with the increased Appl immunofluorescence
at 5 dpl, IFN-y induced a diverse pattern of axonal degeneration
at 14 dpl (Fig. 9F,G). To assess axonal degeneration, we calcu-
lated the proportion of degenerated axons among total axons
(Fig. 9I). We noted a 4.8-fold increase in axonal degeneration fol-
lowing IFN-y (n=3-6, Holm-Sidak post-test, p <0.0001). PI-
88 and OGT2155 treatment was capable of rescuing the IFN-
v-induced effects on axonal injury. Both PI-88 and OGT2155
treatment substantially attenuated IFN-+y induced axonal dam-
age (n=3-6; Holm-Sidak post-test, p < 0.0001, p < 0.001). To
assess remyelination, we focused on the healthy-appearing
axons in each group and degenerating axons were excluded
(Fig. 9A-E,H). We found that the proportion of remyelinated
axons was significantly reduced following IFN-vy treatment
consistent with impaired spontaneous remyelination (Fig. 9)).
Both heparanase inhibitors PI-88 and OGT2155 rescued the
negative effect of IFN-vy and significantly increased the pro-
portion of remyelinated axons at 14 dpl (Holm-Sidak post-
test, p<<0.01, p<0.0001). The g-ratio analysis revealed that
remyelinated axons in the IFN-y group exhibited thinner
myelin (higher g-ratio) compared with mice in other groups
(Fig. 9K). Linear regression analysis of axon diameter versus
g-ratio demonstrated a significant increase in g-ratio following
IFN-7y treatment (Fig. 9L), which was in turn rescued by PI-88
(Fig. 9M) and OGT2155 (Fig. 90) treatment. The distribution of
axonal diameter within the lesion suggested that axonal swelling
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Figure 8.

Excessive IFN--y signaling blocks OPC differentiation following demyelination in a cell-autonomous manner and is associated with the activation of Wnt/Bmp target genes in

OPCs. A, Wild-type and /FN-yRT cKO were subjected to lysolecithin-mediated focal demyelination of the spinal cord with or without coadministration of 10 eg/ml PI-88. To assess the formation
of newly generated oligodendrocytes, animals were killed at 7 d post-lesion (7 dpl). Olig2 (Red) and CC1 (green) colocalization was used to assess OL differentiation. B-D, The densities of
0lig2™ oligodendrocytes lineage cells (cells/mm? B) and Olig2*CC1™ postmitotic oligodendrocytes (€) was quantified along with the percentage of CC1™ oligodendrocytes (D; n = 3—5 mice/
group; mean == SEM). Holm—Sidak test: #p << 0.05, #:p << 0.01, s:p < 0.001 for each pairwise comparison following two-way ANOVA. Red denotes p values compared with control wild-
type, while green denotes p values compared with IFN-yRT cKO group. E, F, Two-way ANOVA did not reveal a significant interaction between genotype and PI-88 treatment on all parameters
(p=0.28, p=0.17, p=0.09; Extended Data Fig. 8-1). G, H, Quantification of Wnt target gene expression Apcdd? (G) and BMP target gene /d4 (H) was determined in Pdgfra™ OPCs at 7 dpl
(n=4-5 mice/group, mean = SEM) and at 5 dpl (Extended Data Fig. 8-2). t test: *p << 0.05. Both Wnt and Bmp target genes were regulated in an /FN-yR1-dependent manner in OPCs.

Scale bar, 20 m. ns denotes not significant.

among healthy-appearing axons was not a significant feature (Fig.
9P). Interestingly, the rescue of hypomyelination by PI-88 and
OGT2155 was more efficient among small-diameter axons (<2
pm). The distribution of g-ratios demonstrated a significant
increase in thinly remyelinated axons following IFN-vy treatment,
which was rescued by PI-88 and OGT2155 (Fig. 9Q). Importantly,
neither heparanase inhibitor induced axonal damage following de-
myelination. We have previously shown that PI-88 does not
induce axonal injury (Saraswat et al., 2020). Here, OGT2155 simi-
larly did not increase axonal damage compared with control
(p=0.26; Fig. 9I). Unlike PI-88 (Saraswat et al., 2020), the hepara-
nase inhibitor OGT2155 did not substantially improve spontane-
ous remyelination compared with control lesion (percentage of

remyelinated axons, p =0.12; Fig. 9J,P). However, we did observe a
small but significant increase in myelin sheath thickness of remye-
linated axons following OGT2115 treatment (Fig. 9K,N,Q).
Together, these data demonstrate that heparanase inhibition in
demyelinating lesion rescues the degenerative effects of IFN-y
and improves remyelination of inflammatory demyelinating
lesions.

Discussion

Multiple sclerosis is a devastating autoimmune disease character-
ized by chronic demyelination. While the causes for failed
remyelination in human disease are unknown, the presence of
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following one-way ANOVA. Scale bar, 2 um.

nondividing OPCs in chronic MS lesions (Wolswijk, 1998;
Kuhlmann et al.,, 2008) suggests that pathologic quiescence may
prevent OPC activation and thereby impair oligodendrocyte
recruitment and differentiation following demyelination (Dietz

et al, 2016). IFN-vy acts on human OPCs to induce PRRXI
expression and pathologic quiescence in vitro, and PRRXI pre-
vents successful engraftment and remyelination following trans-
plantation (Wang et al., 2018). As such, we hypothesized that
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IFN- 7y may directly contribute to pathologic quiescence in OPCs
by upregulating PRRX1 following demyelination. In this study,
we found that PRRX1 was indeed expressed in OPCs present
within chronic MS lesions and that IFN-vy signaling critically
influenced the lesion environment and OPC quiescence follow-
ing experimental demyelination in mice. Importantly, IFN-y
acted directly on OPCs recruited into the region of demyelin-
ation as OPC-specific ablation of IFN-yRI rescued the IFN-
y-mediated effects on quiescence. In addition to other ECM
components (Lau et al., 2013), we recently showed that the hep-
aranome has a profound effect on OPC recruitment and differ-
entiation following demyelination and that sulfatases act to
promote inhibitory Wnt and Bmp signaling (Saraswat et al.,
2020). In the current study, we have extended these observations
to show that modification of the heparanome by the inhibition
of heparanase, via either PI-88 or OGT2115, rescues the proin-
flammatory effects of IFN-y on OPC recruitment and lesion
environment.

Unlike EAE and multiple sclerosis itself, IFN-vy production
by CD4" Thl cells is not thought to be a key hallmark of toxin-
based experimental models of demyelination such as lysolecithin
and cuprizone (Ghasemlou et al., 2007; Remington et al., 2007).
As such, we first characterized the effect of exogenous IFN-vy on
lesion formation and focused on the effects on OPC recruitment.
IFN- vy exacerbated the lysolecithin-induced demyelination, lead-
ing to increased lesion volume and cell death following demye-
lination with attendant axonal injury consistent with its well
described role as a proinflammatory cytokine. This was likely
mediated by direct IFN-+y signaling on microglial/macrophage
cells as we noted substantially increased Irfl within Ibal™ cells.
Indeed, we observed increased iNOS expression among macro-
phages coincident with an activated ramified morphology con-
sistent with polarization toward the proinflammatory phenotype
M1, as observed previously (Miron et al., 2013). In addition,
IFN-y-augmented lesions displayed pronounced astrogliosis sur-
rounding the demyelinated region that was substantially greater
than matched control lesions. IFN-+y along with numerous other
cytokines induce reactive astrogliosis (Balasingam et al., 1994).
While we cannot exclude that IFN-vy directly induced astrogliosis
following demyelination, we did not observe Irfl expression in
astrocytes at 5d postlesion, suggesting that if direct IFN-y signal-
ing occurred in astrocytes, it was transient in nature. Astrogliosis
following IFN-vy treatment would be also expected as a result of
microglial-mediated release of TNF-« and other proinflammatory
mediators. Similar to our results, in both MS tissue and EAE,
astrocytes are less responsive to IFN-y compared with both
microglia and oligodendrocyte lineage cells (Ren et al., 2011).

Paracrine influences of IFN-y modulate many aspects of the
OPC response to demyelination. Genomic IFN-y receptor dele-
tion accelerates OPC recruitment proliferation following cupri-
zone-mediated demyelination (Mafa et al., 2006), but it is not
known whether IFN-vy signaling on OPCs directly influences
recruitment or contributes to pathologic quiescence following
demyelination. Unlike previous studies, which have largely
focused on the role of IFN- v signaling in postmitotic oligoden-
drocytes (for review, see Lin and Popko, 2009), to investigate the
role of OPC autonomous IFN- 7 signaling, we used conditional
deletion of IFN-yRI1 in NG2-expressing OPCs. Interestingly,
while endogenous IFN-v signaling did not alter OPC prolifera-
tion or recruitment, conditional deletion of IFN-yRI resulted in
accelerated differentiation at 7 dpl. Furthermore, we found that
conditional IFN-yR1 deletion was sufficient to overcome the
negative effects of exogenous IFN-7y treatment while not
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influencing the increased astrogliosis and microglial cell infiltra-
tion (data not shown). Together, this suggests that cell-autono-
mous IFN-vy signaling in OPCs is critically important in the
regulation of recruitment and differentiation following inflam-
matory demyelination. Human OPC-autonomous IFN-y signal-
ing acts via STAT1 activation and upregulates PRRX1 to cause
cell cycle arrest (Wang et al., 2018). Herein, we show that STAT1
and PRRX1 upregulation is a common hallmark in chronic
active MS lesions with numerous PRRX1-expressing quiescent
OPCs present in the lesion border and within the lesion core.
This is consistent with a key role of IFN-+y and participation of
PRRXI1 in the failure of remyelination in MS.

Previous studies have suggested that low-level or prior expo-
sure to IFN-vy exerts a protective role in MS and EAE (Ottum et
al,, 2015). A low dose of IFN-vy induces moderate endoplasmic
reticulum stress in mature oligodendrocytes and inhibits the
unfolded protein response (UPR) and apoptosis (Lin and Popko,
2009; Ottum et al.,, 2015). Indeed, IFN-y exposure before the
induction of EAE is protective and prevents demyelination (Lin
et al., 2007). We found that coadministration of IFN-+y at the
time of demyelination resulted in impaired OPC-oligodendro-
cyte differentiation. This effect may be a result of the failed
recruitment of OPCs or the activation of the UPR. Intriguingly,
both Wnt and Bmp target gene expression in OPCs was depend-
ent on IFN- v signaling, and the deletion of IFN-y receptors in
OPCs resulted in the downregulation of both target genes during
the period of maximal oligodendrocyte generation. Wnt and Bmp
signaling are key pathways that inhibit OPC differentiation and
remyelination (Mabie et al., 1997; Grinspan et al., 2000; Fancy et al,,
2009; Feigenson et al., 2009; Sabo et al., 2011). There is accumulat-
ing evidence that link IFN-+y signaling with Wnt activation (Nava
et al,, 2010) and, via inhibition of TGF-f1 (Ishida et al., 2004), the
activation of Bmp signaling (Yuan et al,, 2018; Ning et al., 2019).
We previously found that IFN- 7y treatment of human OPCs indu-
ces a gene expression signature that is consistent with the activation
of Wnt signaling (REACTOME_SIGNALING_BY_WNT, GSEA
q=2.6 x 107 Wang et al, 2018). Furthermore, IFN-7y treatment
upregulated glypican-2 (GPC2) in hOPCs. GPC2, a cell surface hep-
aran sulfate proteoglycan, is a known regulator of Wnt signaling (Li
et al, 2017). These data suggest that the IFN-+y pathway may inti-
mately regulate Wnt and Bmp signaling following demyelination.
In contrast, we did not observe that the regulation of Wnt and Bmp
targets genes at an earlier time point during which time OPCs are
actively recruited into the region of demyelination and are under-
going rapid proliferation. This suggests that the mechanisms by
which IFN-vy influences OPC recruitment and differentiation are
distinct and provide novel insight into the mechanisms by which
Wnt/Bmp pathways become dysregulated in inflammatory demye-
linating disease.

The local heparanome surrounding OPCs is critical in the
regulation of OPC recruitment, differentiation, and the overall
success of remyelination (Saraswat et al., 2020). Our previous
RNA-sequencing analysis of human OPCs exposed to IFN-y
suggested that the heparanome might be directly regulated by
IFN-y. Intriguingly, IFN-y dimer binding to HSPG and to IFN-
v receptors are mutually exclusive events (Sadir et al., 1998). As
such, we investigated the potential for PI-88, a heparin mimetic
known to block sulfatases (Hossain et al., 2010) and heparanases
(Parish et al., 1999), and thereby to rescue the negative effects of
IFN-vy following demyelination. PI-88 treatment was able to
oppose the effects of IFN-y on human OPC proliferation, differ-
entiation, and STAT signaling in vitro, and, following IFN-
y-augmented demyelination, to improve OPC recruitment and
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remyelination as well as to reduce cell death, axonal injury, reac-
tive gliosis, and the macrophage bias toward an iNOS-expressing
M1 phenotype. As PI-88 blocks endosulfatases (Sulfl/2) to
improve OPC recruitment and differentiation following demye-
lination (Saraswat et al., 2020), we first tested whether PI-88
blocks IFN-y signaling in a sulfatase-dependent manner. In cul-
tured hOPCs, which do not express heparanase (HPSE1 and
HPSE2), SULF2 knockdown had no effect of IFN-vy signaling
and did not influence PI-88-mediated antagonism of IFN-vy.
Consistent with previous reports (Sarrazin et al., 2005), this sug-
gested that PI-88, acting as a heparan sulfate mimetic, could
directly bind to and block IFN-y. Similarly, conditional deletion
of Sulfl/2 in NG2-expressing OPCs increased OPC density, as
shown previously (Saraswat et al., 2020), but sulfatase deletion
did not influence the effects of IFN-vy on reduced OPC prolifera-
tion or recruitment. Together, this suggests distinct nonoverlap-
ping mechanisms of sulfatase deletion and PI-88 treatment
following IFN-y treatment.

While heparanases (HPSE1/2) are not expressed by mouse
OPCs (Zhang et al,, 2014) or human OPCs (Wang et al., 2018),
heparanase expression has been widely reported in microglial/
macrophage and endothelial cells. HPSE expression is induced in
microglial cells following proinflammatory LPS stimulation
(Lively and Schlichter, 2013), and directly contributes to their acti-
vation (Gutter-Kapon et al,, 2016) and migration (Takahashi et al.,
2008). Heparanase can be induced in neurons and astrocytes fol-
lowing vascular damage (Zhang et al., 2006; Changyaleket et al.,
2017). Likewise, endothelial heparanase can be induced following
stimulation with proinflammatory cytokines such as IFN-vy
(Edovitsky et al., 2006). Thus, while a role for heparanase in MS
has not been described, it is highly likely that heparanases are pres-
ent and active in demyelinating lesions (Changyaleket et al., 2017).
In support of this, we also noted increased presence of Hpsel and
Hpse2 in IFN-y augmented demyelinated lesions (data not
shown). As PI-88 is also a potent inhibitor of heparanase (Parish
et al,, 1999), we sought to further test whether the inhibition of
heparanase could rescue the effects of IFN-y on OPC recruitment
and proliferation. Treatment with OGT2115, a small-molecule
nonheparan mimetic heparanase inhibitor (McKenzie, 2007), was
equally effective as PI-88 in the rescue of both OPC recruitment
and proliferation to control levels. This indicates that heparanase
itself likely contributes to IFN-y-mediated effects on OPC dynam-
ics, and, therefore, it is probable that the degradation of heparan
sulfate on the HSPG core by endogenous heparanases facilitates
IFN-y signaling following demyelination. While the clinical land-
scape for heparanase inhibitors is yet to be fully explored, several
lead compounds have been identified. The most studied PI-88 is
being investigated for the treatment of various cancer indications
such as hepatocellular carcinoma (Liu et al, 2014), melanoma
(Lewis et al, 2008), and prostate cancer (Khasraw et al., 2010).
Apart from PI-88, three heparan sulfatase mimetics have entered
clinical trials but small-molecule inhibitors have yet to be studied
(Sanderson et al., 2017). However, given the broad interest in hepar-
anase inhibitors in cancer, these molecules will likely be forthcom-
ing and present an attractive target to overcome IFN-+y-mediated
remyelination failure.

While the deposition of CSPGs and their negative roles fol-
lowing demyelination have received much attention in the past,
much less research has focused on the roles of HSPG following
demyelination. The role of HSPG expression on OPCs has not
been widely studied. In cultured OPCs, sulfation of newly syn-
thesized HSPG is required for the proliferative and antidifferen-
tiation effects of FGF-2 (Bansal and Pfeiffer, 1994). HSPG
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deposition has been shown in MS lesions (van Horssen et al.,
2006), and accumulates around small callosal lysolecithin lesions
(Macchi et al., 2020). Ndst1, a key enzyme in the biosynthesis of
heparan sulfate, is enriched among OPCs and OLs in this zone.
Intriguingly, preventing HSPG deposition by deletion of OPCs
and oligodendrocyte-expressed NdstI promotes OPC prolifera-
tion but does not influence resultant oligodendrocyte density.
HSPGs (Syndecan 3 and Glypican 1) are expressed by human
and rodent OPCs (Winkler et al., 2002; Sim et al., 2006) and
likely provide a substrate for IFN-vy binding in OPC culture.
Additional studies will be needed to delimit which HSPGs are in-
fluential in terms of IFN-vy binding and the induction of OPC
quiescence.

In conclusion, we show that OPC autonomous IFN-y signaling
acts to limit recruitment following demyelination and may result in
pathologic quiescence leading to chronic demyelination. The hepar-
anome regulates numerous aspects of OPC signaling following de-
myelination, and, herein, we show that pathologic IFN- vy signaling
affecting OPCs is dependent on the heparanome. As such, we show
that heparanase inhibition acts to prevent IFN-y signaling and res-
cue the negative sequelae associated with IFN-y. In addition to the
roles of sulfatase-mediated modulation of the heparanome on OPC
dynamics following demyelination (Saraswat et al., 2020), a thera-
peutic strategy focused on the heparanome represents a promising
approach to promoting myelin repair. Together, our findings define
a novel therapeutic target for reversing pathologic quiescence in
OPCs and altering the pathologic lesion microenvironment for the
treatment of demyelinating disease.
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