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Abstract

Impaired myelin repair, or remyelination, is a hallmark of progressive multiple sclerosis (MS) that
drives brain degeneration and enduring neurological disabilities. Microglia crucially support
remyelination through myelin phagocytosis and lipid metabolism. However, in chronic
demyelinated MS lesions, microglia lose their reparative function by acquiring a foamy
dysfunctional phenotype characterized by accumulation of lipid droplets due to impaired
cholesterol processing of myelin debris. Here, we show a positive correlation between
dysregulation of neuregulin-1 and impaired oligodendrocyte remyelination in mice with chronic
demyelination. Therapeutic restoration of neuregulin-1 fosters myelin regeneration through
microglia-dependent mechanisms. We demonstrate that Nrg-1 signaling supports microglia
integrity and function in chronic demyelinated lesions by exploiting their capacity for the clearance
of myelin debris and cholesterol recycling, biosynthesis and efflux. These findings signify the
promise of neuregulin-1 as an endogenous target to facilitate microglia mediated-repair in

progressive MS in which there is an unmet need for new treatments.

Introduction

Remyelination is an essential repair process for restoring neural function, maintaining axonal
integrity, and reversing the symptoms of demyelination in multiple sclerosis (MS) 4. Unlike the
relapsing-remitting MS that some degree of spontaneous remyelination facilitates recovery,
myelin repair is severely impaired in progressive forms of MS causing irreversible damage to the
neural network and permanent neurological disabilities >°. Although the underlying molecular
mechanisms are yet to be elucidated, lack of support for the maturation of oligodendrocyte
progenitor cells (OPCs) to myelinating oligodendrocytes is thought to contribute to the

remyelination failure in chronic demyelinated lesions %3,



Microglia play diverse roles in CNS homeostasis and pathologies. In MS, microglia are
involved in both neurodegenerative events and repair processes, depending on the phenotype they
acquire through their interactions with the lesion environment 417, Growing evidence has shown
a pivotal role for microglia in remyelination, partially through their ability for myelin debris
phagocytosis and cholesterol recycling 822, Despite this potential, microglia often exhibit a
dysfunctional phenotype in chronic active lesions of progressive MS and with aging that is
characterized by impaired cholesterol metabolism and transport following myelin phagocytosis
and thereby formation of foamy phagocytes 8192326 |nefficiency of foamy microglia in
cholesterol processing is attributed to dysregulation of cholesterol biosynthesis and export
signaling pathways such as liver X receptors (LXRs) and peroxisome proliferator-activated
receptors (PPARs) 18192327.28 Hence, microglia dysfunction has been implicated in impaired
remyelination and consequently sustained demyelination and neurodegeneration 1819.23-25.29,
Abundance of foamy microglia in chronic active MS lesions 23032 however, provides an
opportunity for therapeutic interventions to restore their intrinsic capacity for remyelination. Thus,
it is imperative to unravel how the innate capacity of microglia for remyelination is regulated in
chronic demyelinated lesions.

In this study, we provide evidence that downregulation of neuregulin-1 (Nrg-1) in chronic
demyelinated lesions is associated with microglia dysfunction and underlies impaired
oligodendrocyte maturation and sustained demyelination in the brain. Nrg-1 is an important protein
in the developing and adult CNS with an established role in myelination 2°. We recently
implicated Nrg-1 dysregulation in pathogenesis of MS 3. Importantly, we identified a positive
immunomodulatory role for Nrg-1 in acute lesions of the experimental autoimmune

encephalomyelitis (EAE) mouse model of MS characterized by a shift from a pro-inflammatory to



an anti-inflammatory immune response %', Here, we investigated the role of Nrg-1 in chronic
demyelination using a mouse model of long-term cuprizone demyelination that recapitulates some
of the key features of progressive MS including impaired remyelination and degeneration.® We
report, for the first time, that pharmacological restoration of Nrg-1 levels allows remyelination in
chronically demyelinated white matter. The beneficial effects of Nrg-1 are found to be microglia-
dependent as microglia ablation from chronic demyelinated lesions abolishes Nrg-1 effects.
Mechanistically, Nrg-1 signaling promotes microglia integrity and function by exploiting their
capacity for myelin clearance and concomitant augmentation of microglial cholesterol
biosynthesis and efflux machinery through activation of LXR and PPARy pathways. Taken
together, this study unravels an endogenous mechanism that underlies impaired remyelination in
progressive MS, and introduces a therapeutic candidate as a regenerative therapy for the chronic

phase of MS.

Results

Remyelination is impaired in chronic demyelinating lesions despite the presence of OPCs
and is associated with dysregulation of Nrg-1p1.

We employed a cuprizone (CPZ) mouse model of demyelination that is well suited for
investigating the status of spontaneous remyelination in a progressive manner. We induced
demyelination in PDGFR-CreERT;R0sa26-mGFP(mT/mG) reporter mice that allows tracking
new OPCs progenies by GFP expression to study proliferation, maturation and remyelination by
newly generated oligodendrocytes in demyelinating lesions (Fig. 1 a). Mice were subjected to 5
and 10 weeks of CPZ diet to induce short-term verses long-term chronic demyelinated lesions,

respectively. To allow remyelination, CPZ mice underwent a recovery period for 2- and 4 weeks



with re-introduction of normal diet in short-term and chronic paradigms, respectively. We assessed
remyelination within the corpus callosum by Black Gold Il (BGII) staining that provides a high
resolution and myelin-specific histochemical detection method *. Our analyses confirmed robust
demyelination in the corpus callosum of CPZ mice after both short-term (86%) and chronic
demyelination (94%) compared to their age-matched healthy controls. Mice with short-term
demyelination showed significant spontaneous remyelination after 2 weeks of recovery achieving
68% of the baseline control myelination, while extent of remyelination in chronic demyelinated
lesions was inadequate (32% of baseline) even 4 weeks after CPZ withdrawal (Fig. 1 b-c).
Importantly, we found that impaired remyelination after prolonged demyelination occurs despite
the presence of GFP+ oligodendrocyte progenies in the corpus callosum. This suggests that
oligodendrocyte population is replenished; however, their maturation to myelin forming cells is
inhibited in the milieu of chronic demyelinated lesions.

We previously showed dysregulation of Nrg-11 in human MS lesions, as well as in lesions
of experimental autoimmune encephalomyelitis (EAE) mouse model of MS with a positive
association with disease pathogenesis and progression *¢. Given Nrg-1B1 is well-known for its
developmental role in myelination *, we sought to investigate the expression levels of Nrg-1p1 in
short-term and chronic CPZ lesions and determine its potential impact on the success of
remyelination. Immunohistochemical analysis revealed a significant decline of Nrg-1pB1 levels in
the cortex (89% and 85% reduction) and corpus callosum (90% and 91% reduction) of CPZ mice
after both short-term and chronic demyelination, respectively, compared to the age-matched
control mice (Fig. 1 d-k). Downregulation of Nrg-1p1 was restored significantly during the
recovery phased after short-term demyelination in the cortex and corpus callosum to 74% and 78%

of the baseline control levels, respectively. However, Nrg-1 decline persisted in chronic



demyelinated lesions with no restoration even after 4 weeks of recovery as there was still 84% and
89% reduction in the Nrg-1 expression levels in the cortex and corpus callosum, respectively,
compared to the baseline levels in the age-matched control mice (Fig. 1 d-k). These findings
indicated a positive correlation between persistent dysregulation of Nrg-1B1 in chronic
demyelinating lesions and impaired remyelination. To determine which cell types express Nrg-1
in the brain of healthy and cuprizone mice, we conducted co-immunolabeling for Nrg-1 and
various neural markers. Our immunohistochemical staining of the cortex and corpus callosum
showed that neurons and oligodendrocytes are the primary sources of Nrg-1 in the normal brain.
Nrg-1 is also localized in axons and is detected in the white matter (Supplementary Fig. 1a).
Microglia also express Nrg-1 in the healthy brain both in the cortex and corpus callosum, but to a
lesser degree. However, we did not detect immunohistochemical localization of Nrg-1 within
astrocytes, which was confirmed by z-stack optical slicing using a confocal microscope
(Supplementary Fig. 1a). These data confirmed our previous findings in the CNS of rodents .
Nrg-1 immunostaining in CPZ demyelinated lesions, at both short-term (5 weeks) and long-term
(10 weeks) timepoints showed that Nrg-1 is dramatically depleted in all expressing cell types.
These data suggest that downregulation of Nrg-1 within the white matter lesions likely reflects
oligodendrocyte loss as well as injury and loss of axons and/or reduction of neuronal Nrg-1.

We next asked whether the reduced levels of Nrgl are restored in both axons and
oligodendrocytes after short-term CPZ. Immunohistochemical co-localization analysis of Nrg-1 in
axons (marked by B-Tubulin 111, TUBIII) in the corpus callosum of mice with 5 weeks CPZ
showed 89% reduction in Nrg-1 expression compared to the baseline control levels
(Supplementary Fig. 1b). After 2 weeks of recovery, Nrg-1 levels were significantly increased in

axons (6.5-fold) compared to the 5 weeks CPZ mice. Axonal Nrg-1 was restored during the



recovery from short-term CPZ to 69% of the baseline levels but it remained significantly lower
than the control level. Nrg-1 expression was also markedly reduced (68%) in oligodendrocytes
(marked by APC) after 5 weeks CPZ compared to the control group (Supplementary Fig. 1c). After
2 weeks recovery, Nrg-1 levels were significantly improved in oligodendrocytes compared to the
5 weeks CPZ mice (2.6-fold increase) and were recovered to 83% of the baseline level that was no
longer statistically significant than the expression levels of Nrg-1 in the control mice. These data
suggest that CPZ demyelination results in significant reduction in Nrg-1 levels in both axons and
oligodendrocytes, although its reduction is more pronounced in axons. During the recovery period
after short-term demyelination, Nrg-1 levels were also significantly recovered in both axons and
oligodendrocytes; however, the degree of Nrg-1 restoration was higher in axons compared to
oligodendrocytes during the post-CPZ recovery period. Following short-term CPZ, both
populations also contributed to Nrg-1 recovery; however, the recovery in Nrg-1 levels was

proportional to the degree of Nrg-1 depletion in each cell type during CPZ demyelination.

Abundance of Lipid laden microglia is a hallmark of chronic CPZ lesions and in human
secondary progressive MS lesions.

Microglia play critical roles in remyelination 20224143 While microglia are abundant in chronic
demyelinating lesions, it has been shown that their reparative capacity diminishes with MS
progression as they acquire a disease-associated phenotype 181923253044 ‘One hallmark of chronic
demyelinated lesions is an accumulation of myelin-derived lipids within microglia 1232544 Here,
we also confirm the presence of microglia in chronic lesions post-mortem secondary progressive
MS (SPMS) using co-immunolabeling for CD11b that marks myeloid cells with TMEM119 (a

specific microglia marker). Our assessment also confirms the abundance of lipid-laden foamy



phagocytes within SPMS lesions, as indicated by Oil Red-O (ORO) staining for esterified lipid
droplets %% (Fig. 2 a). Information on human SPMS samples is provided in Supplementary Table
1. We found that most lipid-laden phagocytes in SPMS lesions were microglia
(CD11b+/TMEM119+). We previously reported a significant decline in the levels of Nrg-1 in the
chronic active lesions of SPMS * that correlates Nrg-1 dysregulation with the accumulation of
foamy microglia in these lesions. Likewise, in CPZ-induced chronic demyelinated lesions, our
findings correlate Nrg-1 downregulation with the abundance of ORO positive lipid-laden
phagocytes (Fig. 2 b). Of note, our assessment showed significant predominance of
CD11b+/TMEM119+ microglia in comparison to CD11b+/TMEM119- macrophages within
chronic demyelinated lesions after 2 weeks (87.12% vs. 12.75%, respectively) and 4 weeks (90.2%
vs. 9.76%, respectively) following CPZ withdrawal (Fig. 2 c-d). Altogether, our findings show
that remyelination is impaired in chronic CPZ demyelinated lesions despite the repopulation of
new oligodendroglial cells during the recovery period. This suggests that maturation of newly
formed oligodendrocytes into a myelinating phenotype is hindered. Thus, impaired remyelination
in the chronically demyelinated lesions may be attributed to the accumulation of foamy microglia

that are shown to have a diminished reparative capacity for remyelination®19:23.25.3044

Nrg-1p1 availability promotes remyelination in chronic demyelinated lesions in a microglia
dependent manner.

To determine whether Nrg-1 downregulation in chronic demyelinated lesions affects the process
of oligodendrogenesis and remyelination, we therapeutically restored the diminished levels of Nrg-
181 in PDGFRa-Cre mice after 10 weeks of CPZ demyelination by peptide therapy. During the

post-CPZ withdrawal recovery period, mice received 600ng (30pg/kg) of human recombinant Nrg-



1B1 peptide or vehicle (0.1% BSA in saline) per day by subcutaneous injections (Fig. 3 a-b) as we
had previously employed in EAE mice *°. This human recombinant Nrg-1B1 peptide is ~8 kDa
and contains the EGF-Like domain that is shared by all active Nrg-1 isoforms. Of note, the EGF-
like domain is necessary and sufficient for bioactivity of Nrg-1 ligand as it specifically and with
high affinity binds to ErbB3 or ErbB4 receptors that heterodimerizes with ErbB2 to activate Nrg-
1 downstream pathways®. It is also well-established that Nrg-1 ligand does not bind to EGF
receptor or ErbB1, and EGF also does not bind to ErbB3 or ErbB4. This peptide has been used
extensively for activation of Nrg-1 signaling 3637446 Importantly, Nrg-1p1 peptide is shown to
readily pass the blood-brain-barrier **. Our quantitative analysis of myelin by BGII signal intensity
confirmed a robust and significant degree of demyelination (~92% decrease) in the corpus
callosum of PDGFR-a Cre mice after 10 weeks of CPZ diet compared to the age-matched control
mice (Fig. 3 c-d). After 2 and 4 weeks of recovery period, the vehicle treated lesions showed low
degree of spontaneous remyelination (25% and 32%, respectively) compared to the normal
baseline of myelination. Nrg-1B1-treated mice at both time-points showed a significantly higher
level of remyelination compared to vehicle treated mice, with a more pronounced remyelination
after 4 weeks of recovery that restored myelination to 85% of the baseline levels in the age-
matched healthy controls (Fig. 3 c-d).

Since removal of myelin debris is critical for remyelination, we further asked whether Nrg-
1B1 treatment promotes clearance of damaged myelin in demyelinating lesions of CPZ mice. Our
quantitative immunohistochemical analysis for degraded myelin basic protein (dMBP) in the
corpus callosum showed a robust 50.71-fold increase after 10 weeks of CPZ diet compared to the
healthy controls with negligible baseline expression of dMBP, as expected (Fig. 3 c, €). During 2

weeks of spontaneous recovery post-CPZ diet, high levels of dMBP continued (59.18-fold) in



vehicle-treated CPZ mice compared to the basal levels of dMBP in the control healthy mice. Nrg-
1 treatment, however, significantly (24.29%) reduced dMBP in CPZ lesions during the 2-week
recovery period compared to the vehicle treated CPZ mice. After 4 weeks recovery, dMBP levels
showed an overall reduction in vehicle-treated mice (32.31%) compared to the 10 weeks CPZ
group. Nrg-1 treatment significantly reduced dMBP expression levels during the 4-week recovery
period compared to both vehicle-treated mice (35.5%) and mice with 10 weeks of CPZ
demyelination (56.34%) (Fig. 3 c, €). These findings suggest that Nrg-1 treatment promotes the
clearance of myelin debris in chronic demyelinating lesions.

We previously identified an immunomodulatory role for Nrg-1 in EAE mice in promoting
a pro-regenerative and disease-modifying phenotype in microglia *¢. Here, we investigated
whether the beneficial effects of Nrg-1p1 treatment on chronic remyelination is through microglia
regulation. Of note, we previously confirmed the expression of ErbB receptors in primary mouse
microglia and bone marrow derived macrophages in vitro under both control and activated states®.
Here, we further confirmed that CD11b+ cells (representing microglia and macrophages) express
all three Nrg-1 receptors (ErbB-2, ErbB-3, and ErbB-4) in the brains of healthy control and CPZ-
treated mice (Supplementary Fig. 2 a-c). We also assessed the expression pattern of ErbB-2, ErbB-
3 and ErbB-4 receptors in the corpus callosum after chronic demyelination and under Nrg-1
treatment. Our immunohistochemical analysis showed a robust reduction in the overall expression
levels of ErbB-2 (97%), ErbB-3 (95%), ErbB-4 (86%) receptors in chronic CPZ lesions compared
to the control mice that were not spontaneously recovered after 4 weeks of recovery post-CPZ
(Supplementary Fig. 2 a-c). Nrg-1 treatment, however, significantly increased the expression
levels of all ErbB receptors compared to the vehicle treated group that resulted in full restoration

of the ErbB3 and ErbB4 expression to the control basal level. Moreover, we specifically assessed



the expression levels of ErbB receptors in microglia that showed a similar pattern (Supplementary
Fig. 2a-c).

To determine the role of microglia in Nrg-1 mediated effects on remyelination, we ablated
microglia from the CNS by adding PLX5622, an inhibitor of CSF-1R (colony stimulating factor-
1 receptor) #/, to the diet of the mice starting from 1 week before CPZ-withdrawal and continued
throughout the treatment and recovery period. We first confirmed the efficacy of one-week
PLX5622 treatment in microglia ablation prior to the start of Nrg-1 treatment. Our
immunohistochemical assessment of Iba-1+ cells in the chronically demyelinated lesions of CPZ
showed pronounced depletion of microglia (88.92% decrease) in PLX5622 treated CPZ mice
compared to the non-PLX5622 treated counterparts at the start of Nrg-11 treatment that continued
with the same efficacy during the 4 weeks of Nrg-1 treatment (Fig. 3 b). These experiments showed
that the beneficial effects of Nrg-1B1 treatment on both removal of myelin debris and
remyelination were abolished in those chronic CPZ mice that received PLX5622 during the 2- and
4 weeks post-CPZ recovery to a level that was no longer statistically different than vehicle-treated
CPZ mice (Fig. 2 c-e).

We further assessed the degree of remyelination and ultrastructural properties of new
myelin in the corpus callosum of chronic CPZ using transmission electron microscopy (TEM)
(Fig. 3 f-}). Electron-micrographs showed extensive demyelination in the corpus callosum after 10
weeks of CPZ diet as expected (Fig. 3 g). Assessment of myelin g-ratio in the corpus callosum of
the 10-week CPZ group showed a significantly higher g-ratio value (0.863) indicative of lower
myelin thickness compared to the age-matched control group (0.685) (Fig. 3 h-i). After 4 weeks
of recovery post-CPZ, g-ratio of the vehicle treated group (0.806) was modestly yet significantly

improved compared to the 10-week CPZ value (0.863); however, it remained robustly and



significantly higher than the control mice (0.685) confirming our BGII myelin assessment that
showed poor spontaneous remyelination in chronic demyelinated lesions. Importantly, 4 weeks of
Nrg-1B1 treatment significantly increased the overall thickness of myelin in chronic CPZ mice
compared to both 10-week CPZ and 4-week vehicle-treated groups, evidenced by a reduced g-
ratio (0.725) that was no longer significantly different from the baseline g-ratio that was observed
in the age-matched control mice. In the PLX5622 treated animals, Nrg-1p1 treatment did not show
any beneficial effects on myelin g-ratio compared to vehicle treatment (0.810 in PLX+Nrg-1p1 vs.
0.811 in PLX+vehicle). The pooled g-ratio of quantified axons from every animal in each
treatment group also confirmed a significantly thinner myelin sheath in vehicle treated animals
compared to control, which was restored by administration of Nrg-1p1. This beneficial effect of
Nrg-1B1 on myelin thickness could no longer be observed in PLX5622 microglia-depleted mice
(Fig. 3 i). When we binned axons into different diameters, the same pattern in the g-ratio could
still be observed in all axon diameters across treatment groups (Fig. 3 i). Notably, in the lower
axon diameter bins, the difference between the treatment groups was more pronounced. By
investigating the frequency distribution of myelin g-ratio, we found that the percentage of thinly
myelinated axons (g-ratio > 0.8) was lower in Nrg-1p1-treated mice in comparison to vehicle-
treated mice (18.06% vs. 56.22%, respectively), while in PLX5622 treated groups, the percentage
was comparable between Nrg-131- and vehicle-treated groups (56.50% vs. 61.93%, respectively)
(Fig. 3 h-j). Moreover, the percentage of heavily myelinated axons (g-ratio < 0.6) was higher in
Nrg-1p1 treated mice compared to the vehicle treated group (7.98% vs. 1.64%, respectively) and
closer to the normal control mice (18.80%). In the PLX5622 treated groups, the percentage was

comparable between Nrg-1p1 and vehicle-treated mice (1.75% vs. 2.02%, respectively) (Fig. 3j).



We next asked whether Nrg-1B1 treatment after prolonged demyelination has any effects
on the number of myelinated axons. Analysis of the density of myelinated axons on electron-
micrographs of the corpus callosum showed a robust and significant decrease in the number of
myelinated axons after 10 weeks of CPZ-induced demyelination (14.5-fold) compared to age-
matched control mice, as expected (Fig. 3 k-1). After 4 weeks of recovery post-CPZ, there was no
significant improvement in the number of myelinated axons in vehicle-treated mice compared to
mice with 10 weeks CPZ, while mice with Nrg-1B1 treatment showed a significantly higher (5.3-
fold) number of myelinated axons compared to 10 weeks CPZ group. However, there was no
significant difference between Nrg-1p1-treated mice and their vehicle-treated counterparts. The
beneficial effect of Nrg-1B1 treatment was not observed in PLX5622 treated mice. Collectively,
these findings provided compelling evidence that Nrg-1 promotes chronic remyelination through

microglia-dependent mechanisms.

Nrg-1p1 treatment enhances OPC proliferation, oligodendrogenesis and oligodendrocyte
maturation partially through microglia

Impaired remyelination in chronic MS lesions has been attributed to a decline in the proliferation
of OPCs or their ability to differentiate into mature myelinating oligodendrocytes *. To determine
the impact of Nrg-1B1 treatment on various steps of the remyelination process, we took advantage
of PDGFRa-Cre mice to track OPCs progenies. First, we tracked newly generated OPCs during
the early recovery period after CPZ withdrawal by daily injections of EdU (Fig. 4 a). Our
immunohistochemical assessment of the demyelinated lesions of corpus callosum for Olig2, a
lineage marker of oligodendrocytes, confirmed a significant decrease in the number of

Olig2+/GFP+ oligodendroglia after 10 weeks of CPZ diet (78% decrease) compared to the age-



matched healthy control (Fig. 4 b-c). The population of Olig2+/GFP+ cells within the corpus
callosum increasingly recovered and reached the baseline control levels after 4 weeks recovery
period post-CPZ withdrawal, suggesting the spontaneous repopulation of the lesion site with
OPCs. Nrg-1P1 treatment significantly accelerated repopulation of Olig2+/GFP+ cells during the
early phase of recovery at 2 weeks post-CPZ compared to the vehicle treated counterparts (1.8-
fold) that restored oligodendrogenesis to a level comparable to the basal levels of the healthy
control mice. The same trend was observed at 4 weeks recovery period although the difference
between Nrg-1B1 and vehicle treated groups did not reach statistical significance (Fig. 4 c). The
effect of Nrg-1B1 persisted in mice that received PLX5622 suggesting that Nrg-1 effects on the
overall number of oligodendrocyte population was not microglia dependent (Fig. 4 b-c).
Furthermore, we assessed the proliferative activity of OPCs during the early phase of
remyelination by co-labeling of oligodendrocyte progenies marked as Olig2+/GFP+ cells with
EdU. We found a 1.7-fold increase in proliferating Olig2+/GFP+/EdU+ cells under Nrg-1p1
treatment after 2 weeks of recovery period compared to vehicle treatment (Fig. 4 d). This trend
persisted at the 4-week timepoint, where the population of Olig2+/GFP+/EdU+ cells increased by
1.8-fold in the vehicle-treated group compared to the 2-week recovery period. Nrg-1B1 treatment
further augmented the abundance of these newly generated cells (1.5-fold increase) during the 4-
week recovery period compared to the vehicle group. However, this increase was found to be
independent of microglia, as PLX5622 did not alter the outcomes of Nrg-1B1 and vehicle treatment
on the number of Olig2+/GFP+/EdU+ cells (Fig. 4 d). These results differ from Nrg-1-enhanced
remyelination that is microglia-dependent as shown above, suggesting Nrgl may regulate OPC
proliferation and oligodendrogenesis differently than remyelination in chronic demyelinated

lesions.



We next studied maturation of the newly generated oligodendroglia. Following a 10-week
CPZ diet, there was a significant depletion of APC+/GFP+ mature oligodendrocytes within the
corpus callosum consistent with demyelination. Two weeks after CPZ withdrawal, there was
approximately 51% spontaneous restoration of APC+/GFP+ mature oligodendrocytes in the
vehicle treated mice compared to the control group (Fig. 4 e-f). Of note, Nrg-1p1-treated mice
exhibited a significantly higher number of APC+/GFP+ oligodendrocytes compared to the vehicle-
treated group, reaching 90% of the baseline levels in the control conditions. Depletion of microglia
using PLX5622 resulted in significant attenuation (50%) in the beneficial effects of Nrg-1p1
treatment on maturation of the newly formed oligodendrocytes. Moreover, we found similar results
at the 4-week recovery timepoint. These data identify that Nrg-1B1 treatment enhances the
differentiation of OPCs to mature oligodendrocytes partially through microglia dependent
mechanisms.

We further examined the extent of oligodendrocyte maturation among the newly generated
oligodendrocytes during early remyelination. Our analysis revealed a 1.7-fold increase in
APC+/GFP+/EdU+ population with Nrg-1B1 treatment after 2 weeks of recovery compared to
vehicle (Fig. 4 e, g). This trend persisted at the 4-week recovery time point, where Nrg-151
treatment significantly enhanced oligodendrocyte maturation (1.55-fold increase). Importantly,
this augmentation was found to be unaffected by microglial depletion in Nrg-1B1 treatment group
at both 2- and 4 weeks recovery period. In summary, these findings demonstrate that Nrg-151
treatment fosters OPC proliferation, oligodendrogenesis and oligodendrocyte maturation. Nrg-11
promotes oligodendrocyte maturation and remyelination in a microglia-dependent manner, while

its effects on OPC proliferation is microglia-independent.



Nrg-1p1 treatment promotes microglia number and integrity in chronic demyelinating.
Excessive lipid accumulation in microglia by myelin phagocytosis and their impaired ability to
process and release cholesterol induce cell death in foamy microglia 82>, Given Nrg-1p1
treatment attenuated microglia foaminess, we next asked whether it promotes microglia integrity
and survival in demyelinating lesions. We first conducted microglia count by co-immunostaining
for CD11b and the microglia-specific marker P2Y12 in chronic CPZ lesions across all
experimental groups (Fig. 5 a-b). Our data confirmed the predominance of CD11b+P2Y 12+ cells
(indicative of microglia) over CD11b+P2Y12- cells (indicative of macrophages) within CPZ
demyelinated lesions at both 2- and 4 weeks post-CPZ withdrawal in vehicle and Nrg-1p1
treatments (Fig. 5 a-b). Nrg-1B1 treatment resulted in a significant increase in the abundance of
CD11b+P2Y12+ microglia at both 2 weeks (1.58-fold) and 4 weeks (1.43-fold) recovery
timepoints compared to vehicle treatment (Fig. 5 b). The number of CD11b+P2Y12- macrophages
remained unaffected in demyelinated lesions across all treatment groups and time points.

We next asked whether the elevated number of microglia under Nrg-1 treatment may
reflect an increase in their proliferative activity. We assessed the number of proliferating microglia
by co-labeling of EdU and CD11b in the lesions of CPZ mice that received EdU at week 10 post-
CPZ and during post-CPZ recovery period under vehicle and Nrg-1 treatments. Analysis of
EdU+/CD11b+ microglia in CPZ lesions after 10 weeks of demyelination showed a significant
4.49-fold increase in the proliferative activity of microglia compared to the healthy controls, which
was expected as demyelination elicits microgliosis (Fig. 5 c-d). Next, we analyzed microglia
proliferation during the earlier stage of remyelination post CPZ-induced demyelination.
Assessment of EQU+ CD11b+ cells during the 2 weeks of recovery post-CPZ showed a significant

decrease in microglia proliferation in the corpus callosum of vehicle treated mice (3.09-fold)



compared to those mice after 10 weeks of CPZ diet. Decrease in microglia proliferation was less
pronounced in the Nrg-1 treated mice (1.49-fold) compared to the mice with 10 weeks of CPZ
diet. Importantly, Nrg-1 treatment significantly enhanced microglia proliferation (2.07-fold)
compared to vehicle treatment during the 2-week recovery period (Fig. 5 c-d). Moreover, we found
that the long-term proliferation activity of microglia remained unchanged in the 4-week vehicle
treated mice compared to their proliferative status after 2 weeks of recovery. Nrg-1 treated mice
showed a significant rise in the number of EAU+ CD11b+ cells after 4 weeks of recovery that was
comparable to the number of proliferating microglia in mice with 10 weeks CPZ demyelination
and significantly higher (2.39-fold) than the vehicle treated counterparts.

We further examined whether Nrg-1B1 treatment promoted microglial abundance within
the chronically demyelinated lesions by mitigating their cell death that is a characteristic of
dysfunctional lipid droplet-rich foamy phagocytes 232°. Microglia cell death in remyelinating
lesions is reported to be mediated through necroptosis 2°. Our analyses revealed a significant
increase (8.53-fold) in the percentage of necroptotic microglia (marked by the necroptosis marker
RIP3) in the corpus callosum of mice after 10 weeks of CPZ demyelination compared to the age-
matched control mice (Fig. 5 e-f). During the recovery period, we observed a significantly higher
percentage of necroptotic microglia at 2 weeks (39.7%) and 4 weeks (36.3%) post-CPZ compared
to 10 weeks of CPZ diet (28.8%). Nrg-1p1 treatment significantly reduced the occurrence of
RIP3+/CD11b+ cells at both the 2-week (16.5%) and 4-week (15.6%) recovery periods. These
data show that Nrg-1 treatment promotes microglia proliferation and survival during the recovery
from CPZ-induced demyelination. Nrg-1 effects on microglia proliferation evolves over time,
whereas its positive effects on attenuating microglia necroptosis remains unchanged during the 2-

and 4-week recovery periods. Altogether, our findings indicate that the availability of Nrg-1p1



promotes microglial abundance and integrity within the chronic demyelinated lesions, which is

critical for remyelination.

Nrg-1p1 treatment attenuates microglia lipid load in chronic demyelinated lesions and
preserves myelin during active CPZ demyelination.

We next examined the effects of Nrg-1B1 treatment on microglia lipid load within the chronically
demyelinated lesions of CPZ mice. We studied esterified lipids by ORO staining as an indicator
of the accumulation of intracellular myelin-derived cholesterol, a characteristic phenotype of
foamy microglia and macrophages **?°. ORO intensity measurement showed a notable and
significant increase in the overall levels of esterified lipids within the corpus callosum following
10 weeks of CPZ diet (5.66-fold) compared to the age-matched healthy mice. During the post-CPZ
recovery period, the levels of esterified lipids were generally decreased over time in both vehicle-
and Nrg-1- treated mice (Fig. 6 a-b). We further assessed the degree of intracellular myelin-derived
cholesterol accumulation per microglia by normalizing the ORO signal intensity to the number of
Iba-1+ cells per area in each treatment group (Fig. 6 c-d). Our findings revealed a robust and
significant reduction (72%) in the intracellular esterified lipids in microglia following Nrg-1p1
treatment after a 2-week recovery period indicating that Nrg-1p1 treatment attenuates the
intracellular accumulation of lipids and foaminess in microglia within the chronic CPZ
demyelinated lesions. We also assessed the degree of ORO accumulation in demyelinating lesions
of corpus callosum in PLX5622 treated CPZ mice and found no significant difference in the
lesional levels of ORO of mice under the vehicle and Nrg-1B1 treatments in comparison to their
respective counterparts (Fig. 6 a-b). We also examined the ORO content in the remaining microglia

that persisted after PLX5622 treatment in CPZ mice under both vehicle and Nrg-1 treatments. Our



quantitative analysis of Iba-1+ cells showed that the number of remaining microglia was
comparable between the PLX5622-vehicle and PLX5622-Nrg-1p1 treated mice (Fig. 6 e-f).
Moreover, there was no difference in the cellular ORO content of Iba-1+ microglia (indicative of
foaminess) between the PLX5622-vehicle and PLX5622- Nrg-1B1 treated mice, suggesting no
significant effect of Nrg-1B1 on the lipid load of the small population of microglia (~11%) that
were not depleted by PLX5622 treatment. Given astrocytes are shown to phagocytose myelin
debris and process lipids in demyelinating lesions*®, we next studied the involvement of astrocytes
in lipid processing in the absence of microglia in PLX5622 treated CPZ mice, and whether Nrg-
1B1 treatment can influence astrocytic lipid processing. Analysis of ORO in GFAP+ astrocytes
demonstrated the presence of ORO inside astrocytes (Fig. 6 g-h). Nrg-1B1 treatment significantly
reduced intracellular astrocytic ORO content (37.98%) in CPZ lesions of PLX5622 treated mice
compared to the vehicle treated counterparts indicating the potential of Nrg-1 treatment in
enhancing astrocyte lipid processing following microglia depletion.

We further investigated the potential impact of Nrg-1B1 treatment on the expression of
cholesterol efflux transporter, ABCA-1, in the chronic CPZ-induced demyelinated lesions.
Immunohistochemical analysis of ABCA-1 expression levels in CD11b+ myeloid cells revealed
that Nrg-1B1 treatment results in a significant increase (2.06-fold) in ABCA-1 levels per myeloid
cell at 2 weeks post-CPZ diet compared to the vehicle treated CPZ mice (Fig. 6 i-j). However, no
significant differences were observed at the 4-week recovery endpoint. These findings indicate that
Nrg-1B1 treatment plays a role in the clearance of myelin debris and modulation of the cholesterol
efflux machinery by microglia in the chronically demyelinated lesions.

Next, we asked whether availability of Nrg-1B1 treatment during active CPZ demyelination

could preserve myelin. One week after the start of CPZ diet, mice received daily vehicle or Nrg-



1B1 treatment for 9 weeks until the experimental endpoint at the week 10 post-CPZ diet (Fig. 6 k).
Analysis of myelination with BGII staining revealed that vehicle treated mice showed 89%
reduction in myelination in the corpus callosum after 10 weeks of CPZ diet compared to the healthy
baseline myelination. Nrg-1p31 treatment resulted in significant preservation of myelin (58% of
baseline myelin content in control mice) that was 5.25-fold higher than the myelin content of
vehicle treated 10-week CPZ mice (Fig. 6 I). Moreover, we assessed the levels of degraded myelin
in CPZ lesions to confirm these data. Immunohistochemical analysis showed a robust increase in
dMBP levels in the corpus callosum of vehicle treated mice (49.29-fold) after 10 weeks of CPZ
diet compared to the healthy control mice, which was attenuated significantly (3.03-fold) in mice
that received Nrg-1B1 treatment confirming myelin preservation (Fig. 6 m-n). Furthermore,
assessment of ORO levels for accumulation of cellular lipid load in phagocytic cells in the corpus
callosum of vehicle treated CPZ mice after 10 weeks of demyelination showed a significant (9.89-
fold) increase in ORO compared to the baseline observed in the control mice. Nrg-1p1 treatment
resulted in a 4.45-fold decrease in ORO signal compared to the vehicle treated counterparts that
was no longer significantly different from control mice (Fig. 6 o0-p). Altogether, these data indicate
that the availability of Nrg-1 during active CPZ demyelination period can preserve and/or

regenerate myelin.

Nrg-1p1 treatment enhances remyelination in demyelinated lesions of EAE mice.

We evaluated the effects of Nrg-1B1 treatment on oligodendrogenesis and remyelination in another
chronic mouse model of MS, EAE, which represents an immunologically relevant disease model.
In our previous work, we showed that Nrg-1B1 is depleted in EAE lesions and its therapeutic

restoration positively modulates adaptive and innate immune responses including promoting a pro-



regenerative phenotype in microglia, and attenuating the disease severity by significant reduction
in clinical scoring . Here, we first examined the effects of Nrg-1p1 on oligodendrocytes in EAE
lesions after 14 days of treatment (600 ng/day or 30ug/kg) starting at the EAE peak (around day
17-19 post EAE induction), as we previously described®®. Analysis of Olig2+ oligodendrocytes in
the EAE spinal cord lesions showed that Nrg-1B1 treatment significantly increased (1.58-fold) the
overall number of oligodendrocytes compared to vehicle treated EAE mice (Fig. 7 a-b). To
specifically determine the effects of Nrg-1B1 treatment on generation of new oligodendrocytes,
EAE mice received EdU during the treatment period. We found a significant increase (4.60-fold)
in the number of newly generated oligodendrocytes (Olig2+/EdU+) in the remyelinating lesions
of Nrg-1 treated EAE mice compared to the vehicle treated EAE mice (Fig. 7 a, c).
Ultrastructural assessment of myelin g-ratio in the spinal cord of EAE mice at 42 days post
EAE induction (~25 days after the EAE peak) demonstrated a significantly higher g-ratio value
(0.70) compared to the age-matched control group (0.67) indicative of lower myelin thickness in
EAE lesions (Fig. 7 d-e). EAE mice that received Nrg-1p1 treatment showed a significant
improvement in myelin g-ratio (0.66) compared to the vehicle-treated mice that was restored to
the baseline g-ratio of the healthy control mice (Fig. 7 e). Pooling of the calculated g-ratio from
each animal within experimental groups further demonstrated a significant decrease in g-ratio
across all axon diameters (Fig. 7 f). Additionally, frequency distribution of myelin g-ratio revealed
significant changes in the pattern of myelin thickness following Nrg-1p1 treatment (Fig. 7 g).
We further analyzed the number of microglia and macrophages in EAE lesions after 2
weeks of Nrg-1B1 treatment. Our assessments showed no changes in the abundance of microglia
(CD11b+/TMEM119+ cells) in EAE lesions under Nrg-1 treatment (Fig. 7 h), which confirms our

previous report®. Assessment of macrophages (CD11b+/TMEM119- cells) in EAE lesions also



showed no significant changes between Nrg-1 and vehicle treated EAE (Fig. 7 h). However,
analysis of ORO showed a significant reduction (24.43%) in the cellular lipid load in the EAE
lesions of Nrg-1p1 treated mice compared to the vehicle treated counterparts (Fig. 7 i). Moreover,
we analyzed cumulative disease burden for each animal as area under the curve from daily clinical
scoring of EAE mice for 42 days. These data showed that Nrg-1f1 treatment starting at the peak
of the disease reduces EAE disability compared to the vehicle treated mice that was significantly
different at several timepoints (Fig. 7 J). However, the overall area under the curve did not reach
the statistical significance point (p=0.054). Of note, our previous study in a larger number of mice
and at various therapeutic timepoints showed a significant decrease in the disease severity of the
EAE mice that received Nrg-1p1 treatment at the EAE onset, peak, post-peak as well as
prophylactically at the time of EAE induction 2°. Taken together, our results in two chronic
demyelinating animal models of MS demonstrate the beneficial effects of Nrg-1 treatment on

promoting oligodendrogenesis that results in enhanced remyelination.

Ablation of endogenous Nrg-1 results in spontaneous demyelination and suppresses
remyelination in chronic demyelinated lesions

We sought to further elucidate the impact of endogenous Nrg-1 on remyelination of chronically
demyelinated CPZ lesions using a loss of function approach. We ablated Nrg-1 in adult mice using
a tamoxifen inducible Cre conditional Nrg-1 knockout (Nrg1™f: UBC-Cre ER™) model (Nrg-1
cKO). Upon Cre expression, exons 7-9 of Nrg-1 are excised, which encode EGF-like active
domain that is crucial for Nrg-1 signaling °°. We confirmed 79% and 80% reduction in the
expression of Nrg-1 EGF-like domain in the cortex and corpus callosum of Nrg-1 cKO mice,

respectively, compared to the Cre negative wild type (WT) mice (Fig. 8 a-c). At 16 weeks after



the start of tamoxifen injection (i.e. 14 weeks after 2 weeks of washout period), BGII myelin
analysis showed 48% decrease in BGII myelin staining in the corpus callosum of Nrg-1 cKO mice
spontaneously compared to WT controls (Fig. 8 d-e). Nrg-1 cKO mice that underwent 10 weeks
of CPZ diet and 4 weeks of recovery period (i.e. 10+4 weeks paradigm), they showed significantly
less spontaneous remyelination (60% decrease) during the recovery period as compared to the
vehicle treated WT CPZ mice. Further analysis of dMBP in Nrg-1 cKO mice on normal diet at 16
weeks post-tamoxifen showed a significant and robust increase in dMBP levels (35.33-fold
increase) compared to the negligible basal level of dMBP in the age-matched WT counterparts,
confirming spontaneous demyelination (Fig. 8 f-g). Nrg-1 cKO mice that received CPZ diet for 10
weeks also showed a significantly higher level of dMBP (1.44-fold) compared to the Nrg-1 cKO
mice on normal diet, although the difference was not significantly different than WT mice after 10
weeks of CPZ diet. When treated with exogenous Nrg-1B1 peptide in a rescue strategy during post-
CPZ recovery period, BGII staining showed a significant increase in remyelination (4.15-fold) in
CPZ demyelinated lesions of Nrg-1 cKO mice; however, it did not reach the levels observed in
Nrg-1pB1 treated CPZ WT mice (Fig. 8 d-e). Analysis of dMBP also showed that exogenous Nrg-
1B1 treatment significantly reduced degraded myelin in both WT (1.86-fold) and Nrg-1 cKO mice
(1.79-fold) compared to their vehicle-treated counterparts. Assessment of ORO revealed a
significant increase in the lipid load of both WT (8.59-fold) and Nrg-1 cKO mice (11.08-fold) after
10 weeks of CPZ diet compared to their counterparts on normal diet that was decreased to the basal
levels during the 4-week recovery period post CPZ withdrawal irrespective of exogenous Nrg-131
treatment (Fig. 8 h-i). These data show that Nrg-1 KO mice show significant spontaneous
demyelination as evidenced by a decrease in myelination in corpus callosum and a concomitant

increase in dMBP. However, there was no changes in the basal level of tissue and cellular lipids



(ORO) in demyelinating lesions of Nrg-1 cKO mice at the timepoint that we studied (Fig. 8 h-i).
Of note, we examined myelination status of the brain in Nrg-1 cKO mice at the start of CPZ diet
(i.e. two weeks after tamoxifen injection). Our analysis of BGII staining showed comparable levels
of myelination in Nrg-1 cKO mice at 2 weeks post-tamoxifen compared to the age-matched WT
control mice (Supplementary Fig. 3 a-b). We complemented our analysis with immunostaining for
dMBP and found no detectable degraded myelin in Nrg-1 cKO mice at 2 weeks post tamoxifen
and the start of CPZ diet (Supplementary Fig. 3 c-d). We also examined the presence of Iba-
1+/DAPI+ cells and there was no change in the abundance of microglia between the Nrg-1 cKO
and wildtype mice. Of note, we confirmed that microglia express ErbB-2, ErbB-3 and ErbB-4
receptors in Nrg-1 cKO mice (Supplementary Fig. 3e). These data suggest the absence of
demyelination and microgliosis in Nrg-1 cKO mice at the start of CPZ-diet at 2 weeks post-
tamoxifen.

Ultrastructural analyses of myelin g-ratio also revealed that Nrg-1 ablation results in
significant spontaneous thinning of the myelin sheath (Fig. 8 j-m). Under CPZ demyelination, the
overall g-ratio value in the Nrg-1 cKO group was not significantly different than the WT
counterparts. The pooled g-ratio of all quantified axons from each group revealed a pattern
suggesting higher g-ratios (i.e. lower myelin thickness) across all the axons in Nrg-1 cKO mice
compared to WT controls (Fig. 8 j-k). Exogenous Nrg-1f1 treatment led to a significant increase
in the overall myelin thickness in Nrg-1 cKO mice as indicated by a decrease in g-ratio (0.775),
demonstrating the efficacy of Nrg-1B1 treatment in promoting myelin thickness (Fig. 8 k-I).
Binning the axons into different diameters revealed consistent pattern of changes in g-ratio across
all axon diameters (Fig. 8 1), with more pronounced differences in axons with lower diameters.

The frequency distribution of myelin g-ratio also showed an increased percentage of thinly



myelinated and a decreased percentage of heavily myelinated axons in Nrg-1 cKO mice on a
normal diet (43.85% and 4.63%, respectively) compared to WT controls (17.62% and 19.81%,
respectively) (Fig. 8 m). Under CPZ demyelination and after 4 weeks of recovery period, the
percentage of thinly myelinated axons was higher, in Nrg-1 cKO group compared to WT mice
(68.56% in WT vs. 83.85% in Nrg-1 cKO). The percentage of heavily myelinated axons was
negligible in these two groups (1.29% in WT vs. 0.07% in Nrg-1 cKO). However, with exogenous
Nrg-1pB1 treatment, Nrg-1 cKO mice in the rescue group showed a reduced frequency distribution
of thinly myelinated and a higher percentage of heavily myelinated axons 4 weeks after CPZ
withdrawal (42.07% and 6.19%, respectively). These results confirm that endogenous Nrg-1 is
important for proper brain myelination in adulthood and plays an important role in remyelination
during chronic demyelinating episodes.

We next asked whether spontaneous disruption of myelin and reduced remyelination
capacity in Nrg-1 cKO mice is a result of reduced oligodendrocyte numbers. Using
immunohistochemical analysis for Olig2 and APC, we found a slight but not significant decrease
(21%) in the abundance of Olig2+ cells in Nrg-1 cKO mice on a normal diet compared to WT
controls (Supplementary Fig. 4 a, c). Following a 10-week CPZ diet, the number of Olig2+ cells
dropped significantly in both WT and Nrg-1 cKO mice, as expected. After a 4-week recovery
period post-CPZ withdrawal, both WT and Nrg-1 cKO mice showed comparable replenishment in
the number of Olig2+ cells, although the levels failed to return to the control baseline (47% and
44% of baseline, respectively). Treatment with Nrg-181 during the recovery period restored the
number of Olig2+ cells to the baseline levels in WT mice (92% of baseline). An increase was also
observed in Nrg-1 cKO mice after Nrg-1B1 treatment (74% of baseline), although it was less

pronounced than WT mice. Analysis of APC immunostaining also revealed a comparable number



of APC+ mature oligodendrocytes within the corpus callosum of Nrg-1 cKO mice on a normal
diet compared to WT controls (Supplementary Fig. 4 b, d). After 10 weeks of CPZ diet, as
expected, APC+ mature oligodendrocytes were scarcely present in the WT and Nrg-1 cKO mice.
Following 4 weeks of recovery, the number of APC+ cells in the vehicle treated WT mice and
Nrg-1 cKO mice was not statistically different. Moreover, Nrg-1p1 treatment led to a comparable
increase in the number of APC+ cells in both WT mice and Nrg-1 cKO mice reaching the levels
close to the baseline healthy aged-matched control mice. Altogether, we show that while ablation
of endogenous Nrg-1 interrupts the process of myelination in the adult brain during homeostasis
or in remyelination after a chronic demyelinating condition, it does not affect the number of

oligodendrocytes per se within the 16-week conditional knockout timepoint in this study.

Nrg-1p1 promotes the capacity of microglia for myelin clearance and cholesterol recycling
and release through PPARy and LXR mediated machinery.

We next aimed to identify the cellular and molecular mechanisms by which Nrg-1B1 treatment
regulate microglia function during the remyelination process using relevant in vitro platforms. In
pure primary mouse cortical microglia cultures, we activated microglia, with lipopolysaccharide
(LPS), a well-known pro-inflammatory stimulus, along with interferon-gamma (IFN-y), an MS
pathogenic cytokine. Nrg-1B1 treatment was added to the microglia cultures in both control non-
activated and activated (LPS+IFN-y) states. To assess the effects of Nrg-1B1 on the capacity of
microglia for phagocytosis of myelin debris, primary microglia were exposed to myelin fragments
extracted from yellow fluorescent protein (YFP) transgenic mouse (129 Tg (CAGEYFP)
7AC5Nagy/J) to allow tracking myelin phagocytosis. Of note, in this transgenic mouse, YFP is

expressed under beta-actin promoter that is in the cytoskeleton associated with myelin sheath. We



verified specificity and co-localization of YFP signal in myelin fragments phagocytosed by
microglia by fluoromyelin staining and confocal Z-stack images (Supplementary Fig. 5 a-b).
Analysis of YFP signal intensity in microglia exposed to myelin fragments showed that LPS+IFN-
vy activated microglia exhibited higher ability for myelin phagocytosis compared to non-activated
control microglia after 6 and 24 hours of myelin exposure (1.73-fold at 6hr and 1.94-fold at 24 hr)
(Fig. 9 a-c, Supplementary Fig. 5c). Nrg-1B1 treatment significantly promoted myelin
phagocytosis of activated microglia (2.98-fold at 6hr and 3.11-fold at 24 hr), while it had no
significant effect on non-activated control microglia suggesting that Nrg-1 primarily modulates
inflammatory microglia. We further investigated the inflammatory status of microglia under Nrg-
1 treatment. Our quantitative PCR of activated microglia confirmed robust upregulation of several
key pro-inflammatory cytokines including TNF-« (223.58-fold), IL-6 (300.36-fold), and IL-15
(87.87-fold) compared to non-activated microglia in culture. Nrg-1 treatment in activated
microglia culture significantly reduced upregulated levels of TNF-« (4.42-fold), IL-6 (5.41-fold),
IL-15 (4.50-fold) compared to non-treated activated microglia (Fig. 9 d). Nrg-1 treatment in
control non-activated microglia had no effects on the baseline of cytokine expression in microglia.

To determine whether the elevated extent of myelin phagocytosis would result in
cholesterol accumulation within microglia, we stained microglia cultures under various conditions
with Filipin Il (FIl) and ORO, which detect free cholesterol and esterified lipids, respectively
(Fig. 9 e). We observed a significant increase in both Flll (4.6-fold) and ORO (2.1-fold) signal
intensity in LPS+IFN-y-activated microglia with Nrg-1p1 treatment after 24 hours of myelin
exposure compared to non-treated activated microglia (Fig. 9 e-f). When myelin exposure was
prolonged to 72 hours, FlIl and ORO levels in activated microglia were higher compared to non-

activated microglia (FIIl: 1.74-fold, ORO: 1.99-fold) (Supplementary Fig. 5 c-e). However, in



contrast to its promoting effects on cholesterol accumulation at 24 hours, Nrg-131-treated activated
microglia had comparable FIll and ORO content at 72 hours similar to the levels detected in non-
treated activated microglia (Supplementary Fig. 5 c-e).

We next examined whether the positive effects of Nrg-1B1 treatment on reduced
intracellular cholesterol is a result of enhanced cholesterol efflux. To this end, we assessed the
expression levels of two key cholesterol efflux transporters, Abcg-1 and Abca-1, in microglia as
well as their cholesterol release to the media. Our quantitative PCR on microglia revealed that
exposure to myelin fragments triggered an upregulation in Abcg-1 and Abca-1 mRNA expression
in non-activated control microglia (8.25-fold in Abcg-1 and 1.98-fold in Abca-1) compared to the
control microglia with no myelin exposure (Fig. 9 g). Activation with LPS+IFN-y resulted in a
significant downregulation of Abcg-1 (89.59%) in microglia exposed to myelin compared to the
non-activated microglia with myelin exposure. Although Abca-1 expression also showed (36.85%)
decrease in activated microglia with myelin exposure compared to non-activated microglia, it was
not statistically significant. Nrg-1p1 treatment had no significant effects on the expression levels
of Abcg-1 and Abca-1 mRNA in activated microglia compared to non-treated activated microglia
(Fig. 99).

Next, we studied cholesterol release by microglia under various conditions. We found a
significant elevation in the cholesterol concentration of microglia conditioned media (MCM)
across all conditions after 72 hours following myelin exposure, indicating the ability of microglia
in processing of cholesterol in phagocytosed myelin, and its release extracellularly to their
microenvironment (Fig. 9 h). Notably, upon activation with LPS+IFN-y, myelin-exposed
microglia exhibited a significant (20%) decrease in their cholesterol release. Nrg-1p1 treatment

resulted in a significant increase in cholesterol concentration (1.56-fold) of the MCM from



activated microglia, demonstrating a positive role for Nrg-1 in enhancing cholesterol recycling and
release by microglia during the phagocytosis of myelin debris.

We further examined whether the effects of Nrg-1p1 treatment on microglia cholesterol
recycling and release are mediated through ErbB receptors. We used two specific inhibitors of
ErbB-2 and ErbB-3, two key receptors that collaboratively mediate Nrg-1 signaling through
heterodimerization. ErbB-3 has the ligand domain that allows binding to Nrg-1, while ErbB-2 has
the tyrosine kinase domain to activate downstream pathways *>°*. Heterodimerization of these two
receptors with each other and with ErbB4 is critical for activity of Nrg-1 signaling. We first
performed a concentration gradient study for Mubritinib (TAK-165) that is a potent and selective
inhibitor of ErbB-2, and TX1-85-1 that potently inhibits ErbB-3 receptors and can also bind to
ErbB-2 with a lower affinity. Multiple concentrations of TAK-165 (100nM, 250nM, 500nM,
1uM), and TX1-85-1 (2uM, 5uM, 10uM), alone and in combination, were tested to determine
non-toxic and effective concentrations. For this proof-of-concept study, we first used primary
cultures of mouse neural progenitor cells (NPCs) that highly express ErbB receptors*® and yield a
high number of cells in culture for the initial proof-of-concept testing (Supplementary Fig. 6). For
toxicity, Live/Dead Assay was performed in NPC culture after 24 hours of treatment with the ErbB
inhibitors. While these ErbB inhibitors slightly decreased cell viability, the survival rate of NPCs
was reduced more significantly at 1uM for TAK165 and at 10uM for TX1-85-1 and robustly with
the combination of 1uM of TAK165 + 10uM of TX185-1. For evaluating the efficacy of these
inhibitors in blocking Nrg-1 effects, we treated the cells with ErbB inhibitors for 4 hours followed
by 1-hour Nrg-1 treatment. Then, immunostaining for phosphorylated Erk1/2, a known
downstream effector of Nrg-1/ErbB signaling, was performed. We found Tx1-85-1 at 2uM and

5uM, and the combination of Tx1-85-1 (2uM) + TAK165 (250nM) and Tx1-85-1 (5uM) +



TAK165 (500nM) were effective in reversing the Nrg-1 induced activity of Erk1/2 in NPCs to its
baseline control level while being relatively non-toxic (Supplementary Fig. 6). Next, we tested
these concentrations in primary mouse microglia culture and confirmed similar results as NPCs
(Supplementary Fig. 7). Our proof-of concept study in microglia showed the same efficacy for
Tx1-85-1 at 2uM and 5uM and for Tx1 and TAK165 combination at [Tx1-85-1 (2uM) + TAK165
(250nM)] and [Tx1-85-1 (5uM) + TAK165 (500nM)] in blocking microglia Erk1/2
phosphorylation (Supplementary Fig. 7). Thus, we used Tx1-85-1 (2uM) and [Tx1-85-1 (2uM) +
TAK165 (250nM)] for further studies in microglia. Using these concentrations in cultures of
activated microglia that were treated with myelin particles, we found that co-inhibition of ErbB-2
and ErbB-3 receptors or solitary inhibition of ErbB-3 completely abolishes the positive effects of
Nrg-1 on microglia cholesterol recycling and release (Fig. 9 i) confirming the involvement of Nrg-
1/ErbB signaling in these processes.

To further unravel the molecular mechanisms underlying the effects of Nrg-1p1 on
cholesterol transport and release in microglia, we studied two key pathways involved in these
processes, the Liver X Receptor (LXR) and the Peroxisome Proliferator-Activated Receptor
Gamma (PPARy). LXR is known to regulate cholesterol processing and release®. PPARy is
implicated in lipid metabolism in myeloid cells and can modulate the expression of LXRa, along
with other genes involved in fatty acid and cholesterol metabolism 272853, To verify whether Nrg-
1 mediated effects on cholesterol excretion in LPS+IFN-y activated microglia is mediated through
the LXR and PPARY pathways, we functionally blocked these pathways in microglia by GSK2033
and GW9662, respectively. To determine the optimal concentration of these inhibitors, we first
conducted a gradient cell toxicity assay (Supplementary Fig. 8 a-c). Our analyses identified 10uM

for GW9662 and 1uM for GSK2033 as effective concentrations in our experiments. Next, qPCR



analyses showed that blockade of LXR and PPARYy significantly suppresses ABCA-1 and ABCG-
1 expression in activated microglia with or without Nrg-1p1 treatment, with the LXR antagonist
GSK2033 exhibiting a more pronounced effect (Supplementary Fig. 8 d-e). Importantly, our
functional assessment confirmed the involvement of LXR and PPARy in Nrg-1 effects on
cholesterol release by microglia because the beneficial effects of Nrg-1B1 were abrogated by
blocking these pathways (Fig. 9 j). These findings identified that Nrg-131 promotes the capacity
of microglia for cholesterol release through the LXR and PPAR-y mediated cholesterol efflux

machinery.

Nrg-181 treated microglia promote oligodendrocyte maturation and myelination via
paracrine factors.

Since we found that Nrg-1B1 treatment promotes cholesterol release of activated microglia after
myelin phagocytosis, we next investigated whether the increased cholesterol release by microglia
promotes the capacity of OPCs for differentiation to mature myelinating oligodendrocytes. We
designed a series of in vitro experiments in which we exposed mouse primary cortical OPCs to
microglia conditioned media (MCM) from different conditions as described above with or without
myelin exposure. We also included a control condition where OPCs were treated with Nrg-151
directly®”. We first evaluated OPC transition into mature myelinating oligodendrocytes after 14
days in culture. Our analysis showed maturation of OPCs to oligodendrocytes in vitro as many
cells expressed the oligodendrocyte marker O4 under various conditions (Fig. 10 a-b). Intensity
measurement of O4 expression in these cultures revealed a significant increase in the maturation
level of oligodendrocytes (2.15-fold) in cultures directly treated with Nrg-1B1 treatment compared

to the control cultures. We also found the direct effects of Nrg-1B1 on promoting the number of



mature oligodendrocytes (1.49-fold) and expression level (3.00-fold) of myelin basic protein
(MBP) compared to the control cultures. These data confirmed the known positive effects of Nrg-
1B1 on oligodendrocytes in vitro (Fig. 10 a-c). Importantly, our analysis of OPC cultures treated
with the MCM of Nrg-1B1 treated activated microglia (LPS+IFN-y+Nrg-1p1) exposed to myelin
exhibited significantly elevated levels of O4 expression (1.66-fold) compared to the MCM of
LPS+IFN-y+ activated microglia exposed to myelin and all other microglia conditions, albeit the
number of O4+ cells was comparable (Fig. 10 b). Moreover, MCM of myelin+LPS+IFN-y+Nrg-
1B1 treated microglia significantly enhanced the expression levels of MBP in oligodendrocytes
(1.68-fold) compared to the myelin+LPS+IFN-y condition (Fig. 10 c). Our analysis showed no
effects from the MCM of Nrg-1p1-treated microglia that were not exposed to myelin fragments
on oligodendrocyte maturation, suggesting that Nrg-1p1 treatment promotes the capacity of
activated microglia for supporting OPC maturation through myelin phagocytosis and lipid
processing. These data also ruled out the potential direct effects of any residual Nrg-1 treatment in
MCM on OPC maturation, as there were no beneficial effects from the MCM of Nrg-1pB1 treated
activated microglia without exposure to myelin fragments.

Next, we sought to determine whether activated microglia treated with Nrg-1B1 can
promote the myelination capacity of oligodendrocytes in a paracrine manner. To this end, we
cultured OPCs with MCM from myelin exposed activated microglia with and without Nrg-1p51
treatment on nanofibrous scaffolds designed to mimic axonal structures and provide a platform for
oligodendrocytes to ensheath and myelinate (Fig. 10 d-e). We maintained oligodendrocytes for 4
weeks to ensure adequate time for maturation and myelination. Our myelination assessment using
MBP immunostaining revealed that direct addition of Nrg-1B1 treatment to oligodendrocyte

cultures significantly promoted the number (1.7-fold) and length (2.4-fold) of myelin sheaths per



wrapping oligodendrocyte (Fig. 10 d-e), which we had shown previously*’. Oligodendrocytes that
were exposed to MCM from Nrg-1pB1 treated activated microglia exposed to myelin fragments also
showed a significant increase in both the number (2.01-fold) and length (2.86-fold) of myelin
sheaths per oligodendrocyte compared to the control MCM. Importantly, blocking ErbB receptors
in microglia completely reversed the positive effects of MCM from the Nrg-1pB1 treated microglia
on oligodendrocyte myelination. These in vitro results support our in vivo data that availability of
Nrg-1pB1 fosters the potential of activated microglia to promote maturation of OPCs to myelinating

oligodendrocytes through paracrine interactions that are mediated through ErbB receptors.

Transcriptomic analysis attests Nrg-1 treatment enhances microglial phagocytosis,
cholesterol metabolism and cell survival in chronic cuprizone lesions

To further confirm our in vivo data regarding the effects of Nrg-1B1 treatment on microglia within
the chronic CPZ lesions, we conducted bulk RNA sequencing on CD11b+ microglia isolated from
the corpus callosum of control and CPZ mice 2 weeks after withdrawal of CPZ by magnetic
activated cell sorting (MACS). Of note, our immunohistochemical analysis of chronic CPZ lesions
determined that ~90% of CD11b+ cells constitute microglia (marked by TMEM119) (Fig. 4 c-d),
confirming that microglia represent a large population of MACS isolated CD11b+ cells. RNAseq
of isolated microglia from chronic CPZ lesions identified 382 differentially expressed genes
(DEG) compared to the age-matched control group (Supplementary Fig. 9 a-c). The list of 382
DEG is provided in Source Data File. Among these transcripts, we detected an upregulation in
select genes related to phagocytosis and cell death and downregulation of genes involved in lipid
metabolism and cell survival in microglia within demyelinating lesions (Supplementary Fig. 9, b-

c). Comparing Nrg-1 and vehicle treatment, 619 DEG were identified including select genes



associated with inflammation, phagocytosis, lipid metabolism and biosynthesis, cholesterol
transport and efflux. The list of 619 DEG is provided in Source Data File. Moreover, there was an
upregulation in some cell survival genes, while some genes implicated in cell death were
downregulated in Nrg-1 treated mice compared to the vehicle treated counterparts. We also found
significant upregulation of some genes associated with Akt, a key downstream pathway of Nrg-1
signaling, in Nrg-1 treated mice compared to vehicle counterparts. Overall, these complementary
microglia transcriptomics data further confirm our in vivo and in vitro findings that Nrg-1
treatment increases microglia integrity and their capacity for phagocytosis and processing of

myelin debris in chronic demyelinated lesions.

Discussion

In this study, we demonstrate that spontaneous remyelination is impaired after prolonged brain
demyelination in mice. Remyelination failure is also a hallmark of chronic lesions in progressive
MS, where it has been largely attributed to a maturation arrest of OPCs to myelinating
oligodendrocytes >3, Using a cuprizone (CPZ) model of chronic demyelination that results in
impaired remyelination, and transgenic PDGFRa-Cre mice, we show that adequate remyelination
fails despite the repopulation of oligodendrocyte lineage cells in these lesions. We provide
evidence that correlates impaired oligodendrocyte maturation and remyelination with persistent
dysregulation of Nrg-1 in chronically demyelinating lesions, a pathology that we had previously
reported in human SPMS lesions 6. Short-term CPZ demyelination also results in downregulation
of Nrg-1 in the brain. However, following a recovery period, Nrg-1 expression is restored to its
baseline levels in acute demyelinated lesions that is correlated with successful spontaneous

remyelination. We show that Nrg-1 is primarily expressed by neurons and that it is also localized



in axons, and by oligodendrocytes in the adult brain as reported previously *4° While the
underlying mechanisms of Nrg-1 downregulation in demyelinated lesions needs in-depth
investigations, it may reflect the loss of mature oligodendrocytes that are a major source of Nrg-1
and/or declined neuronal/axonal source of Nrg-1 due to degeneration and injury. In fact, the
persistent depletion of Nrg-1 in chronic CPZ lesions and the lack of its restoration during the
recovery period after prolonged demyelination supports this hypothesis that neurodegeneration
and loss of mature oligodendroglia may attribute to Nrg-1 depletion in chronic demyelinated
lesions. Furthermore, Nrg-1 restoration in acute CPZ lesions is attributed to the recovery of Nrg-1
levels in both axonal and oligodendroglial populations. Collectively, these findings identify Nrg-
1 dysregulation as an endogenous mechanism that appears to be an underlying cause of poor
remyelination in chronic demyelinated lesions. Therapeutically, we show that restoration of Nrg-
1 is sufficient to support remyelination of chronically demyelinated axons by facilitating the
transition of newly generated oligodendrocytes into a mature myelinating phenotype.
Mechanistically, our parallel in vitro and in vivo findings reveal that Nrg-1B1 exerts its
remyelination effects largely through modulation of microglia by shifting their phenotype from
foamy dysfunctional to a reparative state characterized by enhanced myelin phagocytosis and
cholesterol recycling and release. Adult mice with conditional ablation of Nrg-1 also show
spontaneous demyelination and poorer remyelination following chronic CPZ-induced
demyelination that further corroborates the impact of Nrg-1 dysregulation on impaired
remyelination in chronic demyelinated lesions.

In the homeostatic adult brain, OPCs and oligodendrocytes maintain a low-rate level of
cholesterol synthesis as they rely partially on other glia and neurons for the provision of cholesterol

455 Evidence from MS and chronic CPZ demyelinated lesions also shows that cholesterol



biosynthesis by neurons contributes to remyelination by supporting OPC proliferation®®. However,
in chronic demyelinating lesions, astrocytes and myelin debris-clearing microglia become less
efficient in supplying cholesterol to oligodendrocytes that contributes to sustained demyelination
18192325 Microglia are highly plastic cells capable of adopting diverse phenotypes to perform
various functions within the CNS 14435758 In MS, microglia within active lesions are typically
activated and engaged in either promoting or resolution of neuroinflammation and facilitating the
repair processes %65 Microglia promote remyelination through various mechanisms that include
clearance of myelin debris by phagocytosis, intracellular recycling of myelin derived cholesterol,
and supporting oligodendrocytes maturation and myelination by paracrine secretion of cholesterol
as well as growth factors and cytokines such as activin-A, IGF1, IL1p, and TNFq 18:1922:2541-43,66-
70, In lesions of progressive MS, microglia are abundantly present 262032, However, with aging and
chronicity of MS, microglia lose their capacity to support remyelination 1819232544 Thjs inability
is attributed to accumulation of intracellular myelin-derived lipids and acquiring a foamy
phenotype 8192325 The overloading of myelin debris and the burden of myelin processing
eventually drive microglial dysfunction, with senescence as one proposed mechanism 18:19.232529,
Recently, evidence from a genetic model of remyelination failure showed an upregulation in the
lipid binding and lipid metabolism related genes, as well as an accumulation of neutral lipids within
microglia that further support the crucial role of microglial lipid metabolism in successful
remyelination "t. Here, we demonstrate the abundance of lipid-laden dysfunctional foamy
microglia within chronic lesions of human SPMS, as well as the brain of chronic CPZ mice. This
is in agreement with previous studies that showed the existence of these cholesterol-laden foamy
phagocytes within active MS lesions and in the rim of chronic mixed active/inactive lesions

(chronic active lesions) of MS, both of which are present in the progressive phase of the disease



26.30-32 Altogether, it is increasingly recognized that the presence of foamy microglia is not only a
marker of chronic demyelination but also contributes to sustained neuroinflammation 1819232572,

We provide evidence that the downregulation of Nrg-1 appears to be an underlying
mechanism that drives microglia dysfunction. Mechanistically, our collective data suggest that
microglia within the corpus callosum of Nrg-1 treated CPZ mice demonstrate a pro-remyelination
profile characterized by enhanced myelin phagocytosis, cholesterol metabolism and efflux that
consequently promote microglia health by increasing their proliferation and reducing microglia
cell death. This restoration of cholesterol recycling and excretion with Nrg-1 treatment likely
underpins the reduction in lipid-laden microglia in chronic CPZ lesions and enhanced
remyelination that we have observed in this study. Recent evidence shows that an increase in the
intracellular levels of cholesterol precursors and derivatives following myelin internalization
activates LXR pathway, a key regulator of lipid homeostasis 823, Activation of LXR as well as
PPAR-y pathways is shown to facilitate the removal of excess cholesterol and preventing the
formation of toxic lipid droplets 1827287375 However, as MS lesions progress to a chronic state,
microglia accumulate cholesterol and are laden with lipid droplets that form cholesterol crystals
18192425 Formation of these foamy phagocytes is shown to be the result of incomplete recycling
of lipids from the internalized myelin debris, partly due to insufficient LXR activation 1819232572,
Our in vitro findings also confirm an increase in phagocytosis of myelin debris along with a
defective cholesterol efflux in pro-inflammatory primary microglia compared to homeostatic
microglia.

Our data establish that Nrg-1 treatment elevates cholesterol excretion via modulation of
LXR and PPAR-y pathways. Recent studies have shown that promoting the activity of LXR

pathway can enhance remyelination of demyelinated lesions %77, Reports from the cardiovascular



system also suggest that Nrg-1 enhances cholesterol release in macrophages that attenuate
formation of foamy macrophages and atherosclerosis 8. The role of LXR and PPAR-y in
modulating microglial phenotype extends beyond cholesterol metabolism. These pathways also
exert anti-inflammatory effects in microglia by attenuating the expression levels of pro-
inflammatory cytokines via trans-repression of target genes of nuclear factor kappa B (NF-xB) "
81 We previously demonstrated that Nrg-1 treatment supports a phenotype shift in microglia and
macrophages from pro-inflammatory to neuroprotective and pro-regenerative states in EAE, acute
lysolecithin-induced demyelination, and spinal cord injury models 63782 Here, we also confirm
that Nrg-1 treatment reduces the expression of pro-inflammatory cytokines in activated microglia.
Thereby, we propose that by activating the LXR and PPAR-y pathways, Nrg-1 may not only
augment cholesterol efflux but also support a shift in microglia inflammatory profile towards a
phenotype conducive to tissue repair and remyelination. This effect was indeed observed in our in
vitro experiments, where the conditioned media collected from activated microglia treated with
Nrg-1 promoted maturation of OPCs and supported myelination by the resulting oligodendrocytes.
Our in vitro data also provide direct evidence that Nrg-1 mediates its positive effects on microglia
myelin phagocytosis, lipid processing and oligodendrocyte myelination through ErbB-2 and ErbB-
3, as blocking these receptors reversed Nrg-1 effects. However, further molecular studies are
required to identify the intracellular cascades between Nrg-1/ErbB signaling and LXRs and PPARs
pathways. In the PNS, Nrg-1 signaling, through heterodimerization of ErbB-2/ErbB-3 receptors,
also supports cholesterol biosynthesis in Schwann cells by coordinating the activity of downstream
Ca2*/CAMK and MAPK pathways and regulating the expression of Maf transcription factor 82,
Thus, Nrg-1 may regulate cholesterol biosynthesis through various downstream pathways and in

a context dependent manner. Overall, our findings underscore the potential of Nrg-1 treatment for



augmenting remyelination of chronically demyelinated white matter by promoting the reparative
capacity of microglia for remyelination.

We demonstrate that the effect of Nrgl on oligodendrocyte maturation and remyelination
is microglia dependent while its effect on OPC proliferation is microglia independent. These
differential outcomes may reflect the complexity and multi-step processes that are involved in
oligodendrogenesis and oligodendrocyte maturation and remyelination. OPC proliferation and
oligodendrocyte maturation represent different steps of these processes that are regulated by
various cell types in the CNS including microglia 885, While mechanistic studies are required to
elucidate Nrg-1 regulation of OPC proliferation and oligodendrocyte maturation and myelination
in demyelinating lesions, our current evidence suggests that Nrg-1 plays a more prominent role in
regulating microglia lipid processing that is associated with remyelination. Given our data that
Nrg-1 can regulate OPCs and oligodendrocytes directly, it is plausible that Nrg-1 promotes OPC
proliferation through direct effects in vivo %.

Although our in vivo and in vitro findings established the importance of microglia in
mediating the beneficial effects of Nrg-1 treatment on remyelination, we cannot rule out its
potential effects on astrocytes and their role in promoting lipid metabolism and remyelination in
chronic demyelinating lesions. A recent study in acute lesions of LPC-induced demyelination has
demonstrated that astrocytic downregulation of cholesterol biosynthesis pathways can lead to
remyelination failure 8. The presence of myelin debris and accumulation of lipid droplets have
been shown in astrocytes within active demyelinating lesions of various diseases including MS 4°
indicating the capacity of astrocytes for myelin phagocytosis and lipid processing. Our study also
shows the ability of astrocytes in accumulating and processing lipids intracellularly in

demyelinating lesions of CPZ mice in the absence of microglia that is enhanced by Nrg-1 treatment



providing evidence for the potential role of Nrg-1 in regulating astrocytic lipid processing. Our
previous work also demonstrated that Nrg-1 treatment attenuate astrocyte reactivity to
inflammatory stimuli including their expression of chondroitin sulfate proteoglycans (CSPGs) &
that are known to inhibit remyelination 88°, Nonetheless, while astrocyte-mediated effects of Nrg-
1 on remyelination is plausible, our current data from the chronic CPZ lesions affirms a prominent
role for microglia as PLX5622 markedly reversed Nrg-1 beneficial effects on remyelination
especially at the 2-week recovery period. Of note, PLX5622 also depletes border associated and
monocyte derived macrophages %*°!. However, our immunohistochemical characterization of
CPZ-induced demyelinated lesions of corpus callosum showed that ~90% of CD11b myeloid cells
are P2Y12 expressing microglia.

Nrg-1 treatment significantly increases microglia proliferation and reduces their
necroptosis that collectively lead to an increase in the abundance of microglia within remyelinating
lesions. We found that the effects of Nrg-1 on microglia proliferation evolves over time, whereas
its positive effects on microglia survival remains unchanged during the recovery periods. Recent
evidence suggests that necroptosis is a main pathway causing inflammatory microglial cell death
in demyelinated lesions °. Necroptosis is mediated by receptor-interacting protein kinase 1 and 3
(RIPK1, RIPK3) and mixed lineage kinase domain-like protein (MLKL) and is associated with
inflammation and cell lysis °2. Blocking necroptosis by inhibiting RIPK1 is shown to modulate
neuroinflammation and promote remyelination °3%. A study on skin flap transplantations has
shown that Nrg-1 treatment successfully inhibits necroptosis and pyroptosis in ischemic flaps *°.
This effect was through the inhibition of STING (stimulator of interferon genes) activity. STING
is a protein involved in secretion of several pro-inflammatory cytokines through AKT

phosphorylation that is a well-known downstream pathway for Nrg-1 signaling 3. Activation



of AKT downstream of the Nrg-1 signaling is also shown to prevent neurotoxicity °*8, Overall,
our findings in chronic CPZ lesions point to the beneficial role of Nrg-1 in maintaining microglia
integrity within chronic demyelinated lesions and thereby provides a supportive environment for
remyelination.

Our Nrg-1 knockout studies provide further support that endogenous Nrg-1 plays an
important role in myelination and maintaining myelin integrity. We found that conditional ablation
of Nrg-1 in the adult CNS results in white matter hypomyelination and myelin thinning over time.
Moreover, when Nrg-1 cKO mice were challenged with chronic CPZ demyelination, they showed
an even lower degree of remyelination in the absence of Nrg-1 signaling, which could be rescued
by exogenous Nrg-1 in chronic CPZ lesions of these mice. An early study also showed that a
decrease in Nrg-1 type Ill expression in Nrg-1*/ heterozygote mice lead to hypomyelination in the
PNS *°. Deficiency of Bacel, an essential enzyme for Nrg-1 processing and ligand release, also
leads to disruption of myelination in both the PNS and CNS of Bacel null mice 199191 Moreover,
Nrg-1/ErbB signaling plays important roles in maturation of Schwann cells and oligodendrocytes
35,37,40.102-104 " Although these developmental studies suggest the importance of endogenous Nrg-1
signaling in CNS myelination, the direct role of Nrg-1 in oligodendrocyte development and
myelination is still controversial. For instance, removal of oligodendrocytic Nrg-1 signaling
through knockout of Nrg-1 or its receptors is shown to result in their maturation arrest and
hypomyelination of the CNS 9419 However, other studies revealed that knockout of Nrg-1/ErbB
signaling from oligodendrocytes has no effects on overall CNS myelination, while overexpression
of Nrg-1 resulted in hypermyelination of the CNS %, Of note, many of these studies are in
developmental models. Here, in the adult mice, we show that Nrg-1 knockout does not affect the

abundance of oligodendrocytes in the corpus callosum, while it eventually leads to myelin



disruption. The differential effects of Nrg-1 ablation on oligodendrocytes verses myelination
suggest that Nrg-1 might be dispensable for oligodendrogenesis in the adult brain due to other
compensatory mechanisms. Overall, further studies using oligodendrocyte and neuron specific
Nrg-1 and/or ErbB receptor knockout are required to deconstruct the ramifications of Nrg-1
dysregulation in each cell type, and the underlying mechanisms of Nrg-1 signaling in regulating
oligodendrogenesis and myelination in adulthood. Nonetheless, in demyelinating lesions, our
current study in chronic CPZ lesions combined with our previous studies in EAE and MS white
matter lesions®’ show that endogenous Nrg-1 is depleted from both axons and oligodendrocytes,
which recapitulate the knockout model used in this study. Evidence from single nuclei RNA
sequencing (snRNA-seq) of MS lesions and controls demonstrate that Nrg-1 is mainly expressed
in mature oligodendrocytes 9719 which is consistent with our data regarding Nrg-1 protein
expression in the white matter of mice. Importantly, these studies collectively suggest that Nrg-1
expression is largely absent in oligodendrocyte clusters in the late-stage chronic lesions in
progressive MS, while it is detected in early lesions and in lesions of relapsing remitting MS
(RRMS) 107108 'Nrg-1 transcripts are enriched in remyelinating oligodendrocytes in active MS
lesions, whereas Nrg-1 expression is absent in inactive cores %, Taken together, existing single
nuclei RNA-seq databases support our findings in chronic CPZ mice that Nrg-1 expression
declines in chronic lesions, and its expression is associated with remyelinating lesions.

In conclusion, our study unravels dysregulation of Nrg-1 as an endogenous mechanism that
underpins remyelination failure in chronic demyelinated lesions. Importantly, we show the
potential of Nrg-1 as a treatment for promoting remyelination in chronic white matter lesions by
shifting the phenotype of dysfunctional lipid-laden foamy microglia towards a pro-remyelinating

state. From a clinical point of view, many people with MS eventually transition to a progressive



form of the disease in which disabilities accumulate due to impaired remyelination. There are
currently minimal regenerative therapies available to successfully support remyelination in chronic
lesions and alleviate neurodegeneration and the burden of progressive MS 10, Nrg-1 is also known
as a susceptibility gene in schizophrenia and bipolar disorder, where a group of affected individuals
show abnormalities within the white matter 1116 Translationally, Nrg-1 peptide therapy is
approved by the US Food and Drug Agency (NCT03388593) for Phase I1/111 trials in cardiac repair
1% indicating its safety for human application. Nrg-1p1 peptide also freely passes the blood-CNS-

barrier through receptor mediated processes 7

in which is a major consideration for
pharmacological based therapies for the CNS. Hence, Nrg-1 shows translational potential as a

disease relevant therapeutic target for further investigations in progressive MS.

Methods
Mice and Animal studies

All procedures involving animals and experimental protocols received approval from the
University of Manitoba’s Animal Ethics Care Committee, following the Canadian Council of
Animal Care's guidelines for the care and use of research animals [Protocol #: 20-065 (AC11646)
and 24-054 (AC11942)]. Mice lines that were used in this study were on a C57BL/6J background
unless otherwise is stated. Mice were kept in standard plastic cages in a room with a 12-hour
light/dark cycle and access to drinking water and pelleted food ad libitum. Room temperature was
between 19-21°C with humidity between 29-32 Relative Humidity (RH). PDGFRa-CrefR™ mice
(Jackson Lab stock # 018280) 8 and the membrane-tethered Rosa26-mGFP(mT/mG) (Jackson
Lab Stock # 007676) were purchased from the Jackson Laboratory, both on a C57/BL6J

background, and cross-bred to obtain PDGFRa-CreER™: Rosa26mGFP (mT/mG) (in short



PDGFRa-Cre) mice. Following mouse primers were used for genotyping of PDGFRa-Cre line:
PDGFR Cre F (TCAGCC TTAAGC TGG GAC AT), PDGFR CreR(ATG TTT AGC TGG CCC
AAA TG), PDFGR ITC F (CAA ATG TTG CTT GTC TGG TG), PDFGR ITC R (GTC AGT
CGA GTG CAC AGT TT), Rosa (mT/mG) WT F (AGG GAG CTG CAG TGG AGT AG), Rosa
(mT/mG) MU F (TAG AGC TTG CGG AAC CCT TC), Rosa (mT/mG) Co R (CTT TAA GCC
TGC CCA GAA GA). All experiments included age-, sex-, and genotype-matched mice as
controls. For Nrg-1 conditional knockout mice, the CRISPR/Cas9 system was utilized to generate
mutant mice harboring floxed alleles of the Nrgl gene (Nrg1™), similar to the previously
described global knockout Nrg-1 mice 5°1%°, The Nrg1™™ mice were then bred with Cre driver mice
to generate Nrg1™M: UBC-Cre ER™ mice (Nrgl Cre). The loxP sites flanked exons 6-8, which
encode the EGF-like domain of Nrg-1, the biologically active domain present in all Nrg-1 isoforms
330 Upon tamoxifen administration, Cre recombination results in the ablation of the EGF-like
domain. It should be noted that embryonic knockout of Nrg-1 is lethal due to its essential role in
heart development 3312°. This conditional knockout line was established and maintained in our
laboratory. The following primers were used in genotyping of Nrg-1 knockout mice: UBC Cre F
(GAC GTC ACC CGT TCT GTT G), UBC Cre R (AGG CAAATT TTG GTG TAC GG), Nrg-1
3' Lox-P site WPG1249 (CTG CCT TCA ATC TAT GAC TAG TTT ATG), Nrg-1 3' Lox-P site
WPG1311 (CCG GCC TCT CAT TTG AGT TCT), Nrg-1 5' Lox-P site WPG1253 (GTG CAT
ACT CAG TGG TCC AT), Nrg-1 5' Lox-P site WPG1254 (GTC TGA CTG CCAACATTCT).
Additionally, adult mice (12 weeks old) expressing enhanced yellow fluorescent protein (EYFP)
121 were used in this study to extract EYFP+ myelin particles from the central nervous system.
These mice were from a transgenic colony [strain 129-Tg (ACTB-EYFP)2Nagy/J; in short: EYFP

Tg] maintained at the University of Manitoba, Winnipeg, Canada. The initial colony founders were



generously supplied by Dr. Andras Nagy from the Lunenfeld-Tanenbaum Research Institute in
Toronto, Ontario, Canada. All animals were provided by the Central Animal Facility, University

of Manitoba, Canada.

Cuprizone induced demyelination, tamoxifen and EdU administration, and Nrg-1 treatment.

Male and female mice from the PDGFRa-Cre (123 mice), Nrg1l-Cre (99 mice) and C57BL6 (61
mice) were enrolled in our in vivo cuprizone animal studies. At 4-6 weeks of age and two weeks
before the start of cuprizone feeding, PDGFRa-Cre (100mg/kg) and Nrg1-Cre (18FOmg/kg) mice
were intraperitoneally (1.P.) injected with tamoxifen to induce recombination. Tamoxifen
(Biosynth, Cat. No. FT27994) was prepared in corn oil (Sigma Aldrich, Cat. No. C8267) at
30mg/ml concentration, and PDGFRa-Cre and Nrgl-Cre mice received 100mg/kg and 180mg/kg
of tamoxifen daily for five days, respectively. At 6-8 weeks of age, male and female PDGFRa-
Cre, Nrgl-Cre and C57BL6 mice were provided with either a standard milled rodent diet (North
American Lab supplies) as a control or the same diet mixed with 0.2% w/w cuprizone (CPZ)
[bis(cyclohexanone) oxaldihydrazone] (Thermo Scientific, Cat. No. A10628.22). This CPZ diet
was continued for a total of 5 or 10 weeks to induce short-term or chronic demyelination,
respectively. Following this period, the mice were switched back to a regular diet to allow for
remyelination (Fig. 1 a). The animals were randomly assigned to either a vehicle or an Nrg-1
treatment group. Those in the Nrg-1 group received daily subcutaneous (S.C.) injections of Nrg-
1B1 peptide (~8 kDa), containing the bioactive epidermal growth factor (EGF)-like domain
(Shenandoah Biotechnology, USA, Cat. No. 100-46), at a dose of 600 ng/mouse/day (equivalent
to 30 pug/kg). Mice in the vehicle group were given the same volume of a solution containing 0.1%

bovine serum albumin (BSA) (Sigma-Aldrich, Cat. No. A9647) in saline, which was used as the



preparation medium for Nrg-1B1. To track proliferating cells, EAU (5-ethynyl 2"-deoxyuridine)
(Biosynth Carbosynth Group, Cat. No. NE08701) was injected intraperitoneally (12.5 mg/kg body
weight, in PBS) to mice according to the experimental timelines presented in the figures. EdU is a

thymidine analogue incorporated into the DNA during cell cycle 122,

Microglia depletion

To achieve pharmacological depletion of microglia from the central nervous system (CNS),
PLX5622 (Cayman Chemical, Cat. No. 28927), a colony stimulating factor 1 receptor (CSF-1R)
inhibitor, was incorporated to the diet of the mice at a concentration of 1200 ppm #7123, The
administration of PLX5622 was started at week 9 of CPZ diet (1 week prior to CPZ withdrawal)

and was continued until the study endpoint, either 2- or 4 weeks post-CPZ withdrawal.

EAE induction, clinical scoring, and treatments

Eight-week-old C57BL/6J mice (N=15) were obtained from the University of Manitoba’s Central
Animal Facility. EAE was induced by immunization with myelin oligodendrocyte glycoprotein
(MOG)35-55 %, After a 7-day acclimatization period, mice were immunized with 100pL (50pg)
of MOG 35-55 peptide emulsified in complete Freund’s adjuvant (CFA), which includes
incomplete Freund’s adjuvant with 5 mg/mL heat-inactivated Mycobacterium tuberculosis H37Ra
(Fisher Scientific, Cat. No. DF0639-60-6). A 50 uL emulsion was injected subcutaneously (s.C.)
on each side of the tail base. Additionally, 300 ng of pertussis toxin (List Biological Laboratories)
was administered intraperitoneally (i.p.) on days 0 and 2 post-immunization. EAE mice were

monitored daily, with clinical scores recorded as per previous methods 6. EAE mice were then



randomly divided into vehicle and Nrg-1B1 treatment groups, receiving daily s.c. injections of
either Nrg-1pB1 peptide (600 ng/day) or vehicle as described above. Treatments were administered
starting at the peak of the disease around day 17-19 (clinical score of 2.5-3) until day 42 post EAE

induction.

Tissue processing

At designated endpoints, mice were deeply anesthetized with a mixture of isoflurane and propylene
glycol (Fisher scientific, Cat. No. P3551) (40:60 v/v) and perfused with cold 0.1M phosphate-
buffered saline (PBS) followed by 3.5% paraformaldehyde (PFA, Sigma, Cat. No. P6148) for
immunohistochemical analysis. Brain tissue was then post-fixed overnight at 4°C in 10% sucrose
(Sigma, Cat. No. S0389) within 3.5% PFA, then cryoprotected in 20% sucrose for an additional
24-48 hours and finally embedded in Tissue-Tek®-OCT (Electron Microscopy Sciences, Cat. No.
62550-01). Brain samples were sectioned at 16 um thickness using a cryostat (Leica Biosystems)

and stored at -80°C for subsequent analysis.

Immunofluorescence staining

Three coronal brain sections, spaced 100um apart, were chosen from each animal for each
immunohistochemical analysis. Frozen slides were first air-dried at room temperature (RT) and
then rinsed with PBS for 5 minutes. Sections were blocked for 1 hour at RT with a solution
containing 1% BSA , 5% non-fat milk, and 0.3% Triton X-100 (Sigma, Cat. No. T9284) in PBS.
Next, the tissue sections were incubated overnight with the primary antibody in blocking solution

at 4°C. After rinsing with PBS, the sections were incubated with the secondary antibodies (Alexa



405, Alexa 488, Alexa 568, or Alexa 647 conjugated; 1:500; Invitrogen) suitable for co-labeling
with anti-mouse, anti-rabbit, anti-rat, anti-chicken, or anti-goat targets. Nuclear staining was
performed with 4',6-diamidino-2-phenylindole (DAPI, Sigma, Cat. No. D9542), and the sections
were cover-slipped with Mowiol mounting medium. Antibody specificity was confirmed with both
a negative control, excluding the primary antibody in the immunostaining protocol or using 1gG
isotope control, as well as a positive control using tissues known to express the target antigen
(Supplementary Fig. 10). All samples were processed in parallel under the same condition and
imaged using a Zeiss LSM700 Spectral Confocal Microscope or a Zeiss Axiolmager M2
fluorescence microscope (Zeiss) under consistent settings. The following primary antibodies were
used in this study: Abca-1 (rabbit, 1:200, Sigma, Cat. No. SAB4300712), APC (mouse, 1:50,
Millipore, Cat. No. OP80); CD11b (rat, 1:25, DSHB Cat. No. M1/70.15.11.5.2-s), EGF domain-
specific Nrg-1B1 (goat, 1:200, R&D, Cat. No. AF396NA), ErbB-2 (rabbit, 1:50, Santa Cruz
Biotechnology Inc, Cat. No. SC-284), ErbB-3, rabbit, 1:200, New England Biolabs Ltd, Cat. No.
12708S, ErbB-4 (mouse, 1:200, Santa Cruz Biotechnology Inc, Cat. No. sc-8050), p44/42 MAPK
-(ERK) (rabbit, 1:250, Cell Signaling, Cat. No. 4695), GFAP (mouse, 1:800, Millipore, Cat. No.
MAB360), B-Tubulin I (mouse, 1:500, Millipore, Cat. No. T8660), GFP (mouse, 1:500, Millipore
Cat. No. MAB3580), Iba-1(rabbit, 1:500, Wako Cat. No. 019-19741), MBP (mouse, 1:1000,
Biolegend, Cat. No. 836504), MBP (rat, 1:200, Millipore, Cat. No. MAB386), dMBP (mouse,
1:250, Abnova, Cat. No. MAB8817), 04 (mouse, 1:200, R&D, Cat. No. MAB1326), Olig2 (rabbit,
1:1000, Millipore, Cat. No. AB9610), P2Y12 (rabbit, 1:200, Anaspec, Cat. No. 55043A), RIP3
(rabbit, 1:50, Pro Sci, Cat. No. 2283), Tmem-119 (mouse, 1:100, Abcam, Cat. No. ab209064).
The following secondary antibodies were used in this study (all 1:600): Alexa Fluor® 405 (goat

anti-mouse, Invitrogen Cat. No. A31553), Alexa Fluor® 405 (goat anti-rabbit, Invitrogen Cat. No.



A48254), Alexa Fluor® 488 (goat anti-mouse, Invitrogen Cat. No. A11029), Alexa Fluor® 488
(goat anti-Rabbit, Invitrogen Cat. No. A11034), Alexa Fluor® 488 (goat anti-Rat, Invitrogen Cat.
No. A11006), Alexa Fluor® (568 goat anti-mouse, Invitrogen Cat. No. A11031), Alexa Fluor®
568 (goat anti-Rabbit, Invitrogen Cat. No. A11036), Alexa Fluor® 568 (goat anti-Rat, Invitrogen
Cat. No. A11077), Alexa Fluor® 568 donkey anti-goat, Invitrogen Cat. No. A11055), Alexa
Fluor® (647 goat anti-Mouse, Invitrogen Cat. No. A21236), Alexa Fluor® 647 (goat anti-Rat,
Invitrogen Cat. No. A-21247), Alexa Fluor® 647 (goat anti-Rabbit, Invitrogen Cat. No. A21245),

Alexa Fluor 647 Azide, Triethylammonium Salt, Invitrogen Cat. No. A10277).

Black Gold Il myelin staining

Black Gold Il staining (Black Gold Il myelin stain [Histo-Chem Inc., 1BGII, Cat. No.1BGII]) was
carried out following the manufacturer's protocol. Briefly, tissue sections were incubated in 0.3%
Black Gold Il at 60°C for 12—-20 min until the finest myelin fibers were visibly stained. The slides
were then fixed in 1% sodium thiosulfate (Sigma, Cat. No. 217263) for 3 min, rinsed in deionized
water, dehydrated via a series of gradated ethyl alcohols, cleared in xylene for 30 minutes, and
cover-slipped with Permount permanent mounting media (Fisher Chemical, Cat. No. SP15500). A
total of 3 sections were examined per mouse, and 3-5 mice (both male and female) were analyzed

per group.

ORO and Filipin 111 staining in vitro and in vivo

ORO staining was performed on PFA fixed cultured cells and tissue sections to visualise esterified

lipids according to the manufacturer’s instructions. Briefly, cells and tissue sections were washed



in 60% isopropanol for 3 minutes, followed by staining with 0.3% ORO (Thermo Scientific
Chemicals, Cat. No. AAA1298914) for 15 minutes. To determine the number of cultured cells per
imaging field, hematoxylin incubation was used to counterstain for nuclei. Filipin Il staining was
utilized to detect free cholesterols in PFA fixed cells. The cells were incubated with 50 pg/ml of
Filipin 111 (Sigma-Aldrich, Cat. No. F-9765) for 2 hours. To determine the number of cells per
imaging field, Propidium lodide (Polysciences, Cat. No. 03748-100) (1mg/mL) counterstaining
for nuclei was used. Imaging was done using a Zeiss Axiolmager M2 fluorescence microscope
(Zeiss). Images were analyzed by measurement of the integrated density of the ORO and Filipin

I11 signal using the ImageJ software.

Transmission electron microscopy

To process the tissues for electron microscopy, mice were deeply anesthetized with a mixture of
isoflurane and propylene glycol (60:40 ratio) and perfused with ice-cold Sorensen’s Phosphate
buffer, followed by perfusion with a solution of 2% PFA and 2% glutaraldehyde in Sorensen’s
Phosphate buffer as we described before 3. The corpus callosum within the region of interest was
dissected and fixed again in 2% PFA/2% glutaraldehyde (Sigma, Cat. No. G5882) in Sorensen’s
Phosphate buffer for 2 hours and stored in Sucrose/Phosphate buffer at 4°C until used. Specimens
were further fixed with 1% Osmium tetroxide (Electron Microscopy Sciences, Cat. No.
19100(EM)) at room temperature for 2 h and dehydrated through a series of graded ethanol, with
a final methanol wash. Tissue was then transitioned through Propylene oxide (Electron
Microscopy Sciences, Cat. No. 20401(EM)) and embedded in resin. Resin was allowed to cure in
at 60°C for 30 hours. Samples were flat embedded to ensure the correct sectioning orientation for

visualization of axons/myelin. Blocks were trimmed on a Leica EM Trim 2 (Vienna, Austria) with



a milling diamond. Sections 0.5-1um thick were cut on a Leica ARTOS 3D (Vienna, Austria)
ultramicrotome with a diamond knife and stained with toluidine blue to determine to region of
interest. Thin sections were taken at 80-100nm and placed on 100 or 200 mesh Cu Grids from
EMS (Cat. No. G200-Cu, Cat. No. G100-Cu) and stained with Uranyless (Cat. No. 22404) and
Lead citrate (Cat. No. 22410 from EMS). Images were acquired using a Phillips CM10 Electron
Microscope Model PW 6020/15 (Eindhoven, Netherlands) with a Tungsten filament (60 kV) at
800 — 64,000 x magnification with an Advantage HR-B Digital CCD camera and AMT software.
Myelin g-ratio (the ratio of inner to outer diameter of myelinated axons) was used as a measure of
myelination. Image J software was used for measurements on high-resolution digital images from
non-overlapping, sequential microscope fields within the demyelinated area. For analysis, a grid
was added to the images with evenly spaced tile dimensions. All axons present at the intersections
of the grid lines were used for measurements. A minimum of 200 axons and 3 images were
evaluated for each animal. The examiner was blinded to the experimental conditions and
conducted all counts on the same computer with the same grid settings for consistency across all

animals.

Magnetic-Activated Cell Sorting (MACS) and RNA sequencing

RNA sequencing was conducted on microglia/macrophages isolated from chronic CPZ mice (44
C57BL6 mice) using MACS sorting. Animals were euthanized under deep anesthesia induced by
an isoflurane and propylene glycol (60:40 ratio) mixture, followed by cervical dislocation. Brains
were quickly removed and placed in cold artificial cerebrospinal fluid (aCSF, 2 brains per each N
and N=3-5 per group). The corpus callosum was dissected and enzymatically dissociated using a

solution containing kynurenic acid 0.2 mg/ml (Sigma, Cat. No. K3375), trypsin 1.33 mg/ml



(Sigma, Cat. No. T1005), and hyaluronidase 0.2 mg/ml (Sigma, Cat. No. H6254) for 20 minutes
at 37°C. The enzyme solution was then replaced with 1 mg/ml trypsin inhibitor (Sigma, Cat. No.
10109878001), and the cell suspension was filtered through a 40um cell strainer. Cell labeling was
performed using specific antibodies according to the MicroBead kit protocols (Miltenyi Biotec).
Microglia/macrophages were labeled with an anti-CD11b antibody (1:10; Miltenyi Biotec, Cat.
No. 130-093-636). Antibody incubation was carried out for 20 minutes at 4°C, followed by a 10-
minute wash with PBS. Cells were isolated by passing the labeled cell suspension through
magnetic columns (Miltenyi Biotec, Cat. No. 130-042-401) attached to a magnetic separator
(Miltenyi Biotec, Cat. No. 130-091-051). RNA was extracted from the sorted cells by
homogenization in TRI Reagent (Sigma, Cat. No. T9424), followed by purification using the
PureLink RNA Mini Kit (Thermo Fisher Scientific, Cat. No. 12183018A). Library preparation and
RNA sequencing were performed at Genome Quebec using the Illumina NovaSeq PE 100
platform. Transcriptomics analysis was conducted using Galaxy workflows 111113 and the iDEP
platform 24, Alignment of transcripts to the mouse genome (mm10) was performed with the
HISAT2 package, and gene counts were extracted using the featureCounts package. Differential
gene expression was identified using the DESeq2 package, with criteria set at a False Discovery
Rate (FDR) of less than 0.05 and fold changes greater than 2. Gene Ontology pathway analysis
was performed with FDR values calculated using the Benjamini—Yekutieli method, applying a

threshold of 0.05.

Total RNA isolation and quantitative PCR

Total RNA was extracted from isolated microglia using TRIzol reagent (Thermo Fisher Scientific,

Cat. No. 15596026) according to the manufacturer’s guidelines. DNase-treated RNA samples



were then used for quantitative PCR (qPCR) with a QuantiFast SYBR Green RT-PCR kit (Qiagen,
Cat. No. 204154), following the manufacturer’s instructions. Reactions were conducted using a
LightCycler (RocheDiagnostics) as previously described 8. Analysis of results was performed
with LightCycler software version 3.5 (Roche diagnostics). Expression values were normalized to
the mean of two housekeeping genes (Rplp0, Gapdh). Quantification was achieved via the ACt
method, with values normalized to experimental control samples (set to 1). All primers were
designed for optimal efficiency with criteria including primer length (18-22 bp), melting
temperature (52-58 °C), GC content (40-60%), minimal repeats and amplicon length (<220 bp).
All primers were intron spanning. Primers were designed using Primer-BLAST against mouse
reference sequences (I11b, NM_008361; 116, NM_031168; Tnf, NM_001278601; Abcal,
NM_013454; Abcgl, NM_009593; Rplp0, NM_007475; Gapdh, NM_001289726) and validated
for specificity. The following mouse primers were used for qPCR: Illb F
(GCAACTGTTCCTGAACTCAACT), Illib R (ATCTTTTGGGGTCCGTCAACT), 1I-6
F(TAGTCCTTCCTACCCCAATTTCC), -6 R (TTGGTCCTTAGCCACTCCTTC), Tnf F
(CCCTCACACTCAGATCATCTTCT), Tnf R (GCTACGACGTGGGCTACAG), Abcal F(CTG
TTT CCC CCA ACT TCT G), Abcal R (TCT GCT CCA TCT CTG CTT TC), Abcgl F (TCT
TTG ATG AGC CCA CCA GT), Abcgl R (GGG CCA GTC CTT TCA TCA), Rplp0 F (AGA
TTC GGG ATATGC TGT TGG C), Rplp0 R (TCG GGT CCT AGA CCAGTG TTC), Gapdh F

(AGGTCGGTGTGAACGGATTTG), Gapdh R (TGTAGACCATGTAGTTGAGGTCA).

Myelin preparation

Animals were euthanized under deep anesthesia induced by an isoflurane and propylene glycol

(60:40 ratio) mixture, followed by cervical dislocation. Myelin was extracted from the brains of 7



male and female EYFP-Tg mice (12 weeks old) 8. The brains were first homogenized (5-10%
(w/v) in a 0.32 M sucrose solution and centrifuged at low speed (200xg) for 5 minute to remove
large cell debris. Then, the supernatant was carefully layered over a 0.85 M sucrose solution and
centrifuged at 75,000xg for 30 min. The resulting interphase, which contained partially purified
myelin, was carefully collected, rinsed with water, and centrifuged again at 75,000xg for 25
minutes. To induce osmotic shock, the myelin was incubated in water for 15 minutes, followed by
another centrifugation step at 12,000xg for 25 minutes. The pellet was then resuspended in a 0.35
M sucrose solution, layered on top of a 0.85 M sucrose solution, and centrifuged for 1 hour at
15,000xg. After this step, the purified myelin was rinsed with water and subjected to a final
centrifugation for 30 minutes at 15,000xg. The pellet was then resuspended in sterile PBS,

homogenized thoroughly, and stored at —80 °C until further use.

Preparation of electrospun polycaprolactone (PCL) nanofibers

Transparent solution 12% wi/v polycaprolactone (PCL) in fluorinated alcohol of 2,2,2-
trifluoroethanol (TFE) was prepared by dissolving PCL polymers in TFE with sufficient stirring
under room temperature. An adjustable high-voltage power supply was used to apply 10 kV DC
voltage. The PCL solution was placed in a 5-mL syringe and loaded into a Harvard Apparatus PhD
2000 syringe pump (with a continuous flow rate of 0.2ml/min. Under a chemical fume hood, the
positive electrode of the high-voltage power supply was clamped directly to a needle (23 G). The
negative electrode was connected to a metallic rotatory collector wrapped with aluminum foil.
Collecting circular 12mm diameter cover glasses were placed on the aluminum foil surface using
double-sided carbon tape. The distance between the needle and collector was set to 12cm and the

speed of the collector was set on 377 xg toward the needle to produce relatively aligned PCL fibers.



The quality of the fiber’s alignment and density was assessed using a tabletop Hitachi scanning
electron microscope (TM-1000, HITACHI). All electro-spun fibrous membranes on the cover
glasses were detached from the collector and placed in 24 well plates under vacuum for 24 hours
to ensure the evaporation of the solvent. The samples were then washed with 70% ethanol for 5
min and then three times with DPBS for 5 min each. The samples were then exposed to UV for 1

hour to be sterilized.

Isolation of mouse microglia, OPC and NPCs for in vitro studies

Microglia and OPCs cultures were isolated from male and female neonatal CD1 mouse pups (PO-
P2) 3637, A total number of 160 CD1 mouse pups were used in our in vitro studies. Briefly, mice
were euthanized under deep anesthesia induced by an isoflurane and propylene glycol (60:40 ratio)
mixture and then decapitated. Cerebral cortices, followed by enzymatic digestion at 37°C for 45
minutes in a solution containing papain (0.9 mg/ml; Sigma, Cat. No. P4762), L-cysteine (0.2
mg/ml; Sigma, Cat. No. A8199), and EDTA (0.2 mg/ml; Sigma, Cat. No. E6758) diluted in HBSS
(Invitrogen, Cat. No. 14175079). The resulting cell suspension was then filtered through a 40um
cell nylon strainer and transferreCD1d to poly-D-lysine (PDL, Sigma, Cat. No. P6407)-coated
flasks in Dulbecco’s modified Eagle medium (DMEM, Invitrogen, Cat. No. 11960-044) medium
supplemented with 10% fetal bovine serum (FBS, Gibco, by Thermo Fisher Scientific, MD, USA,
Cat. No. 10082-147) and 1% penicillin—streptomycin—neomycin (PSN, Invitrogen, Cat. No.
1564005). Cultures were incubated at 37°C in a 5% COz environment, with media refreshed every
2-3 days. After 10-12 days and upon reaching confluence, cultures were shaken (on shaker,
Thermo Fisher scientific-2314) for 2h at 250 rpm at 37°C and the supernatant media containing

microglia were collected. Then the cells were seeded in PDL coated dishes in complete DMEM



media with 10% FBS. For collection of OPCs, after the removal of microglia, the medium was
refreshed, and the cultures were shaken overnight for 16-18 hours at 0.66 xg at 37°C. The OPC-
containing medium was filtered through a 40-um cell nylon strainer (BD Biosciences, Cat. No.
21008-949), centrifuged at 168 xg for 10 min, and transferred to uncoated Petri dishes (Fisher
Scientific, Cat. No. FB0875712) to eliminate astrocytes and the remaining microglia. After 1 hour,
the media was collected again, centrifuged for 10 min at 168 xg, and the isolated OPCs were
collected. These cells were then plated for use in various conditions as described below.

Animals were euthanized under deep anesthesia induced by an isoflurane and propylene
glycol (60:40 ratio) mixture, followed by cervical dislocation. Adult NPCs were isolated from the
subventricular zone (SVZ) of three 6-8 weeks old C57BL/6 mice.'?® Brains were transferred into
ice-cold artificial cerebrospinal fluid (aCSF), and the SVZ was micro-dissected and enzymatically
dissociated for 20 min at 37 °C using trypsin, hyaluronidase, and kynurenic acid (all Sigma).
Digestion was stopped with trypsin inhibitor (Sigma), and cells were resuspended in serum-free
medium (SFM) includes DMEM/F12 (Invitrogen, Cat. No. 21331020) supplemented with
NaHCO:s (Sigma Cat. No. S5761), glucose (Sigma Cat. No. G7021), HEPES (Sigma Cat. No.
H3537), transferrin (Sigma Cat. No. T2252), insulin (Sigma Cat. No. 15500), putrescine (Sigma
Cat. No. P7505), selenium selenite (Sigma Cat. No. S5261), progesterone (Sigma Cat. No. P6149),
PSN, and L-glutamine (Invitrogen Cat. No. A2916801). Cultures were maintained in SFM
containing fibroblast growth factor 2 (FGF2, Shenandoah, Cat. No. 200-12), EGF (Shenandoah

Cat. No. 200-53), and Heparin (Sigma Cat. No. H3149) for analysis.
Inhibition of ErbB receptors

To investigate if the effects of Nrg-1 are through ErbB receptors, we combined microglia

activation, Nrg-1, and myelin treatment with ErbB inhibitors. Two ErbB inhibitors were used:



Mubritinib or TAK-165 that is a potent and selective inhibitor of ErbB-2 (Selleckchem, Cat. No.
S2216) and TX1-85-1 that potently inhibits ErbB-3 receptors, which can also bind to ErbB-2 with
a lower affinity (Cayman, Cat. No. 19164). Multiple concentrations were used for each inhibitor
based on previous studies to determine efficacy and toxicity of TAK 165 (100nM, 250nM, 500nM,
1 uM), and Tx1-85-1 (2, 5, 10 uM). Cultures were treated with ErbB-2 and ErbB-3 receptor
inhibitors (alone or in combination) for 4 hours, followed by 1 hr of Nrg-1 treatment. Toxicity
assessment was performed at 24 hours using a Live/Dead Viability/Cytotoxicity Kit. For
assessment of efficacy, immunostaining was conducted for pErk1/2, a known downstream

pathway of Nrg-1/ErbB signaling.

Microglia experiments

Microglia were seeded on PDL-coated 8-well multi-chamber glass slides (20,000 cells per well,
LabTek, Invitrogen Cat. No. 12-565-5) for immunofluorescence assessments, and on 6-well plates
(200,000 cells per well) in complete DMEM media. 24 hours after the initial seeding, the cells
were switched to serum free Dulbecco’s modified Eagle media supplemented with PSN and treated
with vehicle (0.1% BSA), Nrg-1B1 (200ng/ml), lipopolysaccharide (LPS, Sigma, Cat. No. L4516)
(100 ng/ml) + IFNy (20 ng/ml, R&D Systems, Cat. No. 1240-1) or Nrg-1B1 + LPS + IFNy with or
without ErbB-2 and/or ErbB-3 inhibitors. Various assessments were conducted in these conditions

as described below.
Phagocytosis experiments

EYFP+ myelin particles were added to each condition at 100ug/ml. Cells seeded on glass slides

were fixed after 6 or 24 hours with 3% PFA and co-labeled with DAPI to assess myelin



phagocytosis by microglia (YFP signal intensity/DAPI). Purity and specificity of myelin particles

were confirmed with Fluoromyelin (Thermo Fisher scientific, Cat. No. F34652).

Assessment of lipid and cholesterol accumulation and transport pathways

Microglia were stained with Filipin 111 or Oil-Red-O (ORO). Microglial expression of cholesterol
biosynthesis and release pathways was conducted through gPCR on RNA lysates collected after 6
and 72 hours. The conditioned media was also collected from each condition after 72 hours for
assessment of cholesterol content and for use in OPC maturation and myelination assays as
described below. Cholesterol content of conditioned media was measured using the Amplex™
Red Cholesterol Assay Kit (Invitrogen, Cat. No. A12216) per manufacturer’s instructions. To
investigate if the effects of Nrg-1 are through cholesterol efflux machinery, we combined
microglia activation, Nrg-1, and myelin treatment with pharmacological antagonists of the
upstream pathways to cholesterol efflux transport pathways, namely LXR (GSK2033; Tocris, Cat.
No. 5694) and PPARy (GW9662; Santa-Cruz, Cat. No. sc-202641). Multiple doses were used for
each inhibitor based on previous studies to determine their efficacy and toxicity (GSK2033: 0.5,
1, 5,10 and 20 uM, GW9662: 1, 5, 10, 15 and 20 uM). Toxicity assessment was done using a
Live/Dead Viability/Cytotoxicity Kit (Invitrogen, Cat. No. L3224). RNA lysates and conditioned
media were collected from these conditions after 72 hours, for g°PCR and assessment of cholesterol

content, respectively.

Cholesterol measurement
To determine the concentration of cholesterol in the conditioned media of the microglia, the

Amplex™ Red Cholesterol Assay Kit (Invitrogen, A12216) was used. In summary, microglia



conditioned media was diluted in the reaction buffer provided in the kit. A working solution of
300 uM Amplex® Red reagent containing 2 U/mL HRP, 2 U/mL cholesterol oxidase, and 0.2
U/mL cholesterol esterase in the reaction buffer was prepared and added to the conditioned media
in each well. A no cholesterol condition (blank) as negative control and a gradient of known
cholesterol concentrations (from 0 to 2 pug/ml) were used to create a standard curve. The reactions
were incubated in 37° C protected from light for 30 minutes and the fluorescence signal was
measured every 2 minutes in a fluorescence microplate reader using excitation in the range of 530
560 nm and emission detection at ~590 nm. The cholesterol concentrations were interpolated based
on the standard curve, using the GraphPad Prism software after correcting for the initial dilution

rate of the samples in the reaction buffer.

OPC proliferation and maturation assays

For assessment of OPC maturation in the presence of microglia conditioned media (MCM), OPCs
were plated on PDL-coated 8-well multi-chamber glass slides at 20,000 cells per well in complete
DMEM media. After 24 hours, the cells were divided into 10 different conditions: vehicle treated,
Nrg-1pB1 treated (200 ng/ml), and MCM treated from the 4 microglia conditions (vehicle, Nrg-1p1,
LPS + IFNy, Nrg-1B1 + LPS + IFNy) without and with myelin exposure. The media was changed
to OPC culture media (DMEM [Invitrogen], insulin [10 pg/ml], Apo-transferrin [100 pg/ml],
sodium selenite [5.2 ng/ml], hydrocortisone [18 ng/ml, Sigma, Cat. No. H0135], putrescine [16
pg/ml], progesterone [6.3 ng/ml], biotin [10 ng/ml, Sigma, Cat. No. B4639], N-acetyl-L-cysteine
[5 png/mi], BSA (100 pg/ml), 1% B27, and PSN [Invitrogen]) along with the treatment specific to
each condition. For MCM treated conditions, MCM was added to the OPC culture medium at a

ratio of 1:1. The cultures were maintained at 37°C and 5% CO;and the media was refreshed every



other day. After 14 days, the cells were fixed with 3% PFA and used for immunostaining. For
assessment of OPC proliferation, 10 uM EdU was added to the OPC culture medium, and the same
experiments were repeated. After 72 hours, the cells were fixed with 3% PFA and used for

immunostaining.

Myelination assay

To assess the myelination capacity of oligodendrocytes treated with MCM, OPCs were seeded on
PDL-coated glass coverslips in 24-well plates in the presence of electrospun polycaprolactone
(PCL) nanofibers at 20,000 cells per well in complete DMEM medium. After 24 hours, the media
was switched to OPC culture media treated with and without Nrg-1 or treated with MCM from
various experimental conditions including LPS + IFNy + myelin treated, Nrg-1p1 + LPS +
IFNy+myelin treated microglia with or without ErbB receptor inhibitors. For MCM treated
conditions, MCM was added to the OPC culture medium at a ratio of 1:1. The cultures were
maintained at 37°C and 5% COz and the media was refreshed every other day. After 28 days, the

cells were fixed with 3% PFA and used for immunostaining.

Human brain MS specimens

Post-mortem frozen brain tissues from people with MS were obtained from The Multiple Sclerosis
and Parkinson’s Tissue Bank situated at Imperial College, London. Donors had provided informed
consent during life of their willingness to donate to the bank. There was no financial compensation
for their decision. All MS tissues were obtained and utilized with approval from the institutional
ethics committee at the University of Calgary (Ethics No.: REB15-0444-REN11). Four brain tissue

samples from individuals with chronic MS, each containing active lesions, were analyzed in this



study. The lesions met the morphologic criteria for active inflammatory demyelinating process
characteristic of MS when stained with Hematoxylin/Eosin (H&E) and Luxol Fast Blue (LFB).
Detailed information on individual MS samples is available in Supplementary Table 1. Human
frozen tissue sections were fixed with 3.5% PFA and immunostained using similar procedures that

we described above for mouse tissue.

Statistical analysis

For all analyses, we ensured unbiased evaluation by employing randomization and blinding to
experimental conditions. All graphs were generated with GraphPad Prism versions 8 and 10. Data
are presented as means * standard error of the mean (SEM), and a p-value of <0.05 was considered
statistically significant in all the analyses. When two groups were compared, two tailed unpaired
Student’s t-test was used. When comparing more than two groups, One-way ANOVA with
Tukey’s post-hoc correction was applied. For comparisons involving two variables across more
than two groups, two-way ANOVA was used, with Tukey’s or Fisher’s post-hoc test applied to
compare means at each time point. Details for each statistical analysis are described in the figure

legends.

Data availability

All data presented in this study are included in the article and its accompanying Supplementary
Information and Source Data Files. RNA sequencing data are deposited in Gene Expression
Omnibus database (GEO) under accession code: GSE282653

[https://www.ncbi.nlm.nih.gov/geo/query/acc.cqi?acc=GSE282653].
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Figure legends

Figure 1: Impaired remyelination in chronic demyelinated lesions is associated with
persistent dysregulation of Nrg-1. a) Schematic of experimental design for induction of short-
term and chronic long-term cuprizone (CPZ) demyelination in tamoxifen inducible PDGFRa-
CreFR™:R0sa26mGFP(MT/mG) reporter mice (PDGFRa-Cre) for tracking OPCs and
oligodendrocytes by GFP expression (green). b, c¢) Corpus callosum was assessed for
demyelination and remyelination. Black Gold Il (BGII) staining (purple) of the corpus callosum
shows short-term demyelination is followed with significant remyelination after 2 weeks of
recovery. In contrast, remyelination is impaired after chronic demyelination, despite the presence
of GFP+ OPC progeny (green). One Way ANOVA- Tukey's multiple comparisons test (two-
sided); short-term study: N=5 PDGFRa-Cre mice /group; chronic study: N=3 mice for control and
CPZ 10wk, N=4 PDGFRa-Cre mice/group. Each mouse is a biological replicate. Black dashed
lines in ‘b’ demarcate CC. d-g) Immunostaining for Nrg-1 (red) the cortex and corpus callosum
after short-term and chronic demyelination/recovery. White dashed lines in ‘e’ demarcate CC. h-
i) Nrg-1 protein is downregulated significantly after short-term demyelination the cortex and
corpus callosum but was restored significantly during the recovery period. h and i: One Way
ANOVA- Tukey's multiple comparisons test (two-sided); N=5 PDGFRa-Cre mice (biological
replicates)/group. j-k) After chronic demyelination, Nrg-1 expression was significantly
downregulated in the cortex and corpus callosum that persisted during the 4 weeks recovery. One
Way ANOVA- Tukey's multiple comparisons test (two-sided); j: N=3 mice for control, N=4
PDGFRa-Cre mice for CPZ 10wk and CPZ 10+4wk; k: N=3 PDGFRa-Cre mice for control and
CPZ 10wk, N=4 PDGFRa-Cre mice for CPZ 10+4wk. Each mouse is a biological replicate. Source

data are provided as a Source Data file.



Figure 2: Lipid laden microglia are abundant in human progressive MS lesions and in
chronic CPZ demyelinated lesions. a) Representative images from chronic active demyelinating
lesions from specimens acquired from individuals with secondary progressive MS.
Immunostaining for CD11b (red) as a marker of microglia and macrophages and TMEM119 (grey)
as a specific marker of microglia showed abundance of CD11b+TMEM119+ microglia in these
lesions. ORO staining (purple) of the same tissue sections showed intracellular accumulation of
cholesterol in CD11b+TMEM119+ microglia at the rim and to some level, within the lesion, while
cholesterol accumulations was not detected within the normal appearing white matter (NAWM).
Black and white dashed boxes identify the magnified fields illustrated in each panel. b) Iba-1
(green) and DAPI (blue) immunostaining and ORO staining (purple) of the chronically
demyelinated CPZ lesions of corpus callosum show the abundance of phagocytes with myelin-
derived lipid accumulation. ¢) Immunostaining of microglia with CD11b (green), TMEM119 (red)
and DAPI (blue). d) After 2- and 4 weeks of recovery after CPZ (10+2wk CPZ and 10+4wk CPZ
mice), analysis of CD11b+TMEM119+ cells showed that microglia are the predominant cells in
the chronic demyelinated lesions of CPZ as compared to CD11b+TMEM119- cells (macrophages).
No healthy control group was included in this experiment as the aim was to analyze the abundance
of microglia verses macrophages within CPZ demyelinated lesions. Two Way ANOVA- Tukey's
multiple comparisons test (two-sided); N=4 PDGFRa-Cre mice (biological replicates)/group.

Source data are provided as a Source Data file.

Figure 3: Nrg-1 promotes remyelination in chronic cuprizone lesions in a microglia
dependent manner. a) Animal study design. b) Iba-1 immunostaining (green) confirms successful

microglia depletion in PLX5622. One Way ANOVA- Tukey's multiple comparisons test (two-



sided), PDGFRa-Cre mice (N=3 control, N=5 10WCPZ, N=4 10WCPZ+PLX5622, 10+4wk and
10+4wk-PLX5622. Each mouse is a biological replicate. c) BGII staining (purple), dMBP (red)
and GFP (green). d-e) BGII and dMBP intensity shows extensive demyelination after 10WCPZ.
Poor remyelination after 2- and 4 weeks recovery. Nrg-1B1 significantly increased remyelination
and decreased dMBP. PLX5622 treatment abolished Nrg-1p1 effects. White and black dashed
lines in ‘c’ demarcate CC. One Way ANOVA- Tukey's multiple comparisons test (two-sided); d
(BGII): PDGFRa-Cre mice for CPZ10wk+2wkN/D, (N=3 control, 10wkCPZ, PLX5622+Vehicle,
PLX5622+Nrg-1, N=5 vehicle, N=4 Nrg-1); for CPZ10wk+4wk N/D: (N=3 control and
10wkCPZ, N=4 vehicle, Nrg-1, PLX5622+Vehicle, PLX5622+Nrg-1). e (dMBP): PDGFRa-Cre
mice for CPZ10wk+2wk N/D (N=4 control, 10wkCPZ, PLX5622+Vehicle, N=5 vehicle and Nrg-
1, N=3 PLX5622+Nrg-1); CPZ10wk+4wkN/D: N=4 PDGFRa-Cre mice/group. Each mouse is a
biological replicate. f) Electron-micrographs. g) 10WCPZ mice showed significant demyelination
(higher g-ratio) compared to control. Post-CPZ recovery led to low degree of remyelination in
vehicle mice. Nrg-1B1 increased myelin thickness which was reversed in PLX5622 mice. One
Way ANOVA- Tukey's multiple comparisons test (two-sided); PDGFRa-Cre mice (N=3 control,
10wkCPZ, PLX5622+Vehicle, N=4 vehicle, Nrg-1 and PLX5622+Nrg-1). h-i) The g-ratio
patterns were consistent across different axon diameters, with Nrg-1 mice having fewer thinly
myelinated axons and more heavily myelinated axons compared to vehicle mice. In PLX5622
mice, the effect of Nrg-1B1 was not significant. Two Way ANOVA-Tukey's multiple comparisons
test (two-sided); PDGFRa-Cre mice (N=3 control, 10wkCPZ, PLX5622+Vehicle, N=4 vehicle,
Nrg-1and PLX5622+Nrg-1. Each mouse is a biological replicate. k-1) Density of myelinated axons
significantly decreased after 10WCPZ compared to control. No significant improvement in vehicle

mice. Nrg-1B1 significantly increased myelinated axons compared to 10WCPZ mice. No



difference between Nrg-1B1 and vehicle. Nrg-1p1 effect was not observed in PLX5622 mice. One
Way ANOVA- Tukey's multiple comparisons test (two-sided); PDGFRa-Cre mice (N=3 control
and 10wkCPZ; N=4 vehicle, Nrg-1, PLX5622+Vehicle and PLX5622+Nrg-1). Each mouse is a

biological replicate. Source data are provided as a Source Data file.

Figure 4: Nrg-1p1 treatment promotes oligodendrogenesis and oligodendrocyte maturation
in chronic CPZ lesions partially through microglia. a) Schematic of study design. b) Images
from the chronic CPZ lesions of corpus callosum at 12-week and 14-week time points from
PDGFRa-Cre mice show new oligodendrocytes marked as GFP+ (green), Olig2 (red) and EdU
(grey). ¢) Quantification of Olig2+/GFP+ cells shows a significant decrease in oligodendrocytes
after LOWCPZ compared to control. Dotted line delineates the total count of Olig2-expressing cells
in control mice, while the control column signifies the baseline of new oligogenesis characterized
by Olig2+/GFP+ cells. Nrg-1pB1 significantly promoted Olig2+/GFP+ cells at 2 weeks post-CPZ
compared to the vehicle counterpart irrespective of microglia depletion. The same pattern was
observed at 4 weeks after CPZ withdrawal, but the effects of Nrg-1B1 treatment were not
statistically significant. One Way ANOVA- Tukey's multiple comparisons test (two-sided);
PDGFRa-Cre mice (N=3 control, 10wkCPZ, 10+2wk PLX5622+Vehicle; N=5 10+2wk+Vehicle;
N=4 10+2wk Nrg-1, 10+2wk PLX5622+Nrg-1, 10+4wk Vehicle, 10+4wk Nrg-1, 10+4wk
PLX5622+Vehicle, 10+4wk PLX5622+Nrg-1). d) OPC proliferation was assessed by EdU
injection during the first week of recovery. Nrg-1B1 promotes OPC proliferation and
oligodendrogenesis (Olig2+GFP+EdU+) in a microglia independent manner. One Way ANOVA-
Tukey's multiple comparisons test (two-sided); PDGFRa-Cre mice (N=5 10+2wk+Vehicle; N=4

10+2wk Nrg-1, 10+2wk PLX5622+Nrg-1; 10+4wk+Vehicle; 10+4wk Nrg-1; 10+4wk



PLX5622+Vehicle; 10+4wk PLX5622+Nrg-1; N=3 10+2wk PLX5622+Vehicle). e) Images show
newly mature oligodendrocytes marked by APC (red), EdU (grey) and GFP (green). f)
Quantification of APC+GFP+ cells confirms loss of oligodendrocytes after 10WCPZ. Nrg-1p1
significantly enhanced repopulation of mature oligodendrocytes after 2 and 4 weeks of recovery
in a microglia-dependent manner. One Way ANOVA- Tukey's multiple comparisons test (two-
sided); PDGFRa-Cre mice (N=3 control, 10wkCPZ, 10+2wk PLX5622+Vehicle; N=5
10+2wk+Vehicle; N=4 10+2wk Nrg-1, 10+2wk PLX5622+Nrg-1; 10+4wk+Vehicle; 10+4wk
Nrg-1; 10+4wk PLX5622+Vehicle; 10+4wk PLX5622+Nrg-1). g) Nrg-1p1 promoted the
maturation of new oligodendrocytes (APC+GFP+EdU+) during 2- and 4 weeks recovery that was
independent of microglia. One Way ANOVA- Tukey's multiple comparisons test (two-sided);
PDGFRo-Cre mice (N=4 10+2wk+Vehicle; 10+2wk Nrg-1, 10+2wk PLX5622+Nrg-1;
10+4wk+Vehicle; 10+4wk Nrg-1; 10+4wk PLX5622+Vehicle; 10+4wk PLX5622+Nrg-1; N=3
10+2wk PLX5622+Vehicle). Each mouse is a biological replicate. Source data are provided as a

Source Data file.

Figure 5: Nrg-1p1 treatment increases microglia number within chronically demyelinated
lesions by attenuating microglial cell death and enhancing microglia proliferation. a) Co-
immunostaining of CD11b (green), P2Y 12 (red), a specific marker of microglia, and DAPI (blue)
in 10+2wk and 10+4wk CPZ mice. b) Nrg-1B1 treatment promoted the number of
CD11b+/P2Y12+ microglia compared to vehicle. No control group was included as the aim was
to analyze the abundance of microglia verses macrophages during the recovery phase after CPZ
demyelination. Two Way ANOVA- Tukey's multiple comparisons test (two-sided). PDGFR-Cre

mice: N=4 biological replicates for 10+2wk Vehicle and 10+4wk Vehicle groups and N=4



biological replicates for 10+2wk Nrg-1 and 10+4wk Nrg-1 groups. c-d) Analysis of EdU+
(grey)/CD11b+ (green) cells in 10WCPZ lesions showed a significant increase in proliferating
microglia compared to healthy controls. Analysis of EAU+/CD11b+ cells (red arrowheads) during
the 2 weeks recovery post-CPZ showed a significant decrease in proliferating microglia compared
to 10WCPZ mice. Nrg-1B1 treatment significantly enhanced microglia proliferation compared to
vehicle treatment in 10+2wk mice. Microglia proliferation over 4 weeks recovery period remained
unchanged in vehicle treated mice compared to their proliferative status after 2 weeks of recovery.
Nrg-1 treated mice showed a significant rise in the number of EdU+/CD11b+ cells that was
comparable to the number of proliferating microglia in L0WCPZ mice and significantly higher
than the 10+4wk Vehicle mice. One Way ANOVA-Tukey's multiple comparisons test (two-sided),
PDGFR-Cre mice: N=4 biological replicates/group e-f) Assessment of microglia necroptosis
within CPZ lesion using co-immunolabeling of RIP3 (red), CD11b (green) and DAPI (blue) (white
arrowhead) revealed a significant increase in necroptotic microglia at 10+2wk and 10+4wk time
points, which was attenuated by Nrg-1B1 treatment. One Way ANOVA-Tukey's multiple
comparisons test. PDGFR-Cre mice: N=4 biological replicates for 10+2wk Vehicle, 10+4wk
Vehicle and 10+2wk Nrg-1 groups and N=3 biological replicates for 10+2wk Nrg-1group. Source

data are provided as a Source Data file.

Figure 6: Nrg-1p1 treatment attenuates microglia lipid load in chronic CPZ lesions and
preserves myelin during active demyelination.

a) ORO (purple) was analyzed for esterified lipid in the CC of control and chronic CPZ mice. b)
ORO significantly increased in 10WCPZ mice. Following CPZ withdrawal, ORO decreases in

vehicle and Nrg-1B1 treated mice. PLX5622 partially reverses Nrg-1 effects. One Way ANOVA-



Tukey's multiple comparisons test (two-sided); PDGFR-Cre mice, N=4 mice for Control,

10WCPZ, 10+2wk Vehicle, 10+2wk Nrg-1, 10+2wk PLX5622+Vehicle, 10+2wk
PLX5622+Nrg-1, 10+4wk Nrg-1, 10+4wk PLX5622+Vehicle, N=3 for 10+4wk Vehicle. Each
mouse is a biological replicate. c-d) ORO (purple, black arrowhead) Analysis in Iba-1+ microglia
(green, white arrowhead) showed a significant decrease by Nrg-1p1 compared to vehicle. One
Way ANOVA-Tukey's multiple comparisons test (two-sided); PDGFR-Cre mice; N=5 mice for
10+2wk Vehicle; N=4 mice for 10+2wk Nrg-1 and 10+4wk Nrg-1; N=3 mice for 10+4wk Vehicle.
Each mouse is a biological replicate. e-f) Number of microglia was comparable between the
PLX5622-Vehicle and PLX5622-Nrg-1 mice. lba-1+ microglia (green, white arrowhead)
contained ORO (purple, black arrowhead) and Nrg-1 had no effect on microglia ORO content.
Unpaired Student-t-test (two-sided), PDGFR-Cre mice, N=4 mice/group. g-h) In PLX5622 mice,
ORO (purple, black arrowhead) was observed in GFAP+ astrocytes (red) which was significantly
reduced by Nrg-1B1. Unpaired Student-t-test (two-sided), PDGFR-Cre mice, N=4 mice/group.
Each mouse is a biological replicate. In c, e, and g, no control group was included as this analysis
assessed microglia and astrocytes lipid load in demyelinating lesions. i-j) ABCA-1 (red) increased
in CD11b+ cells (green) with Nrg-1p1 at 10+2wk compared to vehicle. One Way ANOVA-
Tukey's multiple comparisons test (two-sided); PDGFR-Cre mice, N=4 mice/group. Each mouse
is a biological replicate. k-1) BGII (purple) analysis showed 10WCPZ results in significant
demyelination and Nrg-1pB1 treatment during active demyelination preserves myelin compared to
vehicle. m-n) dMBP (red) was reduced by Nrg-131 compared to vehicle. o-p) Significant reduction
in ORO (purple) under Nrg-1p1. White dashed lines in ‘m’ demarcate CC. For I, n, p: One Way
ANOVA-Tukey's multiple comparisons test (two-sided); PDGFR-Cre mice, N=4 mice/group.

Each mouse is a biological replicate. Source data are provided as a Source Data file.



Figure 7: Nrg-1p1 treatment promotes remyelination in EAE lesions. a) Images of new
oligodendrocytes [Olig2 (red) and EdU (white)] in EAE lesions. b) Olig2+ oligodendrocytes were
significantly higher under Nrg-131 compared to vehicle. c) Olig2+/EdU+ new oligodendrocytes
significantly increased with Nrg-1 treatment. Unpaired t-test (two-sided), C57/BL6 mice, N= 4
biological replicates/group. No control group as the aim was to analyze oligodendrocytes in EAE.
d-e) Myelin g-ratio on electron-micrograph of spinal cord EAE lesions exhibited a significant
reduction in myelin thickness compared to control. Nrg-1B1 significantly increased the thickness
of myelin in EAE lesions compared to vehicle, reaching the baseline levels. One Way ANOVA-
Tukey's multiple comparisons test (two-sided), C57/BL6 mice, N= 4 biological replicates/group.
f) Pooling of the g-ratio values per axon diameter showed a decrease with Nrg-1p1 across all axon
diameters. g) Frequency distribution of g-ratio showed an increase in heavily myelinated axons
and a decrease in thinly myelinated fibers with Nrg-1B1. Two Way ANOVA-Tukey's multiple
comparisons test (two-sided), C57/BL6 mice, N=4 biological replicates/group. h) Nrg-1p1 did not
change number of (CD11b+ (white)/ TMEM119+ (red) /DAPI+ (blue) microglia in EAE lesions.
Number of CD11b+ (white)/ TMEM119- (red)/ DAPI (blue) macrophages also showed no changes
under Nrg-1p1. One Way ANOVA- Tukey's multiple comparisons test (two-sided), C57/BL6
mice, N= 5 biological replicates/group. i) Nrg-1B1 significantly reduced ORO in EAE lesions
compared to vehicle. Unpaired t-test (two-sided), C57/BL6 mice, N=5 biological replicates/group.
No control group was included as the aim was to analyze the ORO in EAE demyelinated lesions.
j) Analysis of daily clinical scoring of EAE mice for 42 days post-EAE induction showed that Nrg-
1B1 treatment at the peak of disease reduces EAE disease burden compared to vehicle treated mice
that was significantly different at several timepoints. However, the overall area under the curve

did not reach the statistical significance point. Two Way ANOVA-Tukey's multiple comparisons



test (two-sided) for daily clinical score and Mann Whitney test- two-sided for area under the curve.
C57/BL6 mice, N=7/vehicle, N=8/ Nrg-1B1. No control group as neurological recovery was

compared in EAE mice under treatments. Source data are provided as a Source Data file.

Figure 8: Ablation of endogenous Nrg-1 results in spontaneous demyelination and suppresses
remyelination in chronic CPZ lesions. a) Study design. b-c) Knockout of Nrg-1 EGF domain
(red) was confirmed in the brain of Nrg-1 cKO mice. Unpaired t-test (two-sided), Nrg-1 cKO mice
and WT littermate, N=3 biological replicates/group. d-e) BGII staining (purple) revealed
significant demyelination in Nrg-1 cKO mice at 16wk post-tamoxifen as compared to WT controls.
After 4wk recovery, Nrg-1 cKO mice showed less remyelination compared to WT. Nrg-1p1
treatment promoted remyelination in Nrg-1 cKO mice. One Way ANOVA-Tukey's multiple
comparisons (two-sided), Nrg-1 cKO mice and WT littermate, N=4 biological replicates/group. f-
g) dMBP (red) was detected in Nrg-1 cKO mice. Nrg-1 cKO mice on 10WCPZ diet showed higher
dMBP compared to counterparts on normal diet. Exogenous Nrg-1B1 reduced dMBP in WT and
Nrg-1 cKO mice compared to vehicle counterparts. One Way ANOVA-Tukey's multiple
comparisons (two-sided), Nrg-1 cKO mice and WT littermate, N=4 biological replicates/group. h-
i) ORO was significantly increased in WT and Nrg-1 cKO mice after 10WCPZ compared to
counterparts on normal diet. One Way ANOVA-Tukey's multiple comparisons (two-sided), Nrg-
1 cKO mice and WT littermate, N=4 biological replicates/group. j-k) Myelin g-ratio on electron-
micrographs showed a significant decrease in myelin thickness in Nrg-1 cKO compared to WT on
normal diet and was significantly lower in WT and Nrg-1 cKO at 4wk post-CPZ compared to
counterparts on normal diet. Nrg-1B1 treatment promoted remyelination and g-ratio in Nrg-1 cKO

mice compared to vehicle counterparts. One Way ANOVA-Tukey's multiple comparisons (two-



sided), Nrg-1 cKO mice and WT littermate, N=5 biological replicates except for 10+4wk WT
(N=4). I) These changes were similar across axon diameters. M) The frequency distribution of g-
ratio showed a lower percentage of thickly myelinated fibers in Nrg-1 cKO mice compared to WT.
m) In CPZ mice and 4wk post-CPZ, thinly myelinated axons were frequent in vehicle treated WT
and Nrg-1 cKO mice. Thickly myelinated axons were more frequent in Nrg-1p1-treated cKO mice.
One Way ANOVA-Tukey's multiple comparisons (two-sided), Nrg-1 cKO mice and WT
littermate, N=5 biological replicates except for 10+4wk WT (N=4). Source data are provided as a

Source Data file.

Figure 9: Nrg-1/ErbB signaling promotes microglial myelin phagocytosis and cholesterol
recycling and release through PPARy and LXR pathways. a) Microglia isolated from CD1
mice are cultured in 4 different conditions: 1) control), 2) control+Nrg-1p1, 3) LPS+IFN-y, 4)
LPS+IFN-y+Nrg-1B1. Images of microglia exposed to myelin (green) isolated from YFP mice
with insets showing magnified cells. b) Z-stack of magnified field confirms myelin phagocytosis
(YFP+myelin: green) by microglia [Iba-1+ (red)/ DAPI+ (blue)]. c) After 24 hours, Nrg-1p1
significantly enhanced myelin phagocytosis (YFP signal) by activated microglia. One Way
ANOVA-Tukey's multiple comparisons (two-sided), N=4 independent culture (biological
replicates). d) Nrg-1B1 significantly reduced mMRNA expression of IL-14, IL6 and TNF-« in
activated microglia. One Way ANOVA-Tukey's multiple comparisons (two-sided), N=5
independent culture (biological replicates). e-f) Filipin 11l (blue) and ORO (purple) that stain free
cholesterol and esterified lipids, respectively were enhanced by Nrg-1B1 in microglia that were
exposed to myelin. One Way ANOVA-Tukey's multiple comparisons (two-sided), N=4 for Filipin

I11 and N=3 for ORO independent culture (biological replicates). g) Abcg-1 and Abca-1 expression



were reduced in activated myelin-exposed microglia and remained unaffected by Nrg-1p1. One
Way ANOVA-Tukey's multiple comparisons (two-sided), N=4 independent culture (biological
replicates). h) Cholesterol levels in MCM were significantly elevated after myelin exposure.
Activation of myelin-exposed microglia led to a decrease in cholesterol release that was enhanced
with Nrg-1p1. One Way ANOVA-Tukey's multiple comparisons (two-sided), N=4 independent
culture (biological replicates). i) Inhibition of ErbB3 receptor alone or in combination with ErbB2
receptor reversed Nrg-1 effects on enhanced cholesterol release by activated microglia. One Way
ANOVA-Tukey's multiple comparisons (two-sided) One Way ANOVA- Tukey's multiple
comparisons (two-sided), N=4 for control+Nrg-1, TX 2uM+Nrg-1, TX 2uM+TAK 250nM+Nrg-
1, and N=3 for control, TX 2uM, TX 2uM+TAK 250nM independent culture (biological
replicates). j) PPARYy antagonist GW9662 and LXR antagonist GSK2033 were added to microglia
cultures to functionally block these pathways. Nrg-1p1 effects on cholesterol release was
diminished by PPARYy and LXR blockade. One Way ANOVA-Tukey's multiple comparisons (two-
sided), N=4 independent culture (biological replicates). No non-activated control microglia
condition was included as this experiment assessed myelin phagocytosis and processing in

activated microglia. Source data are provided as a Source Data file.

Figure 10: Nrg-1, through ErbB receptors, promotes the capacity of activated microglia in
facilitating OPC maturation and myelination. a) a) OPCs from CD1 mice were cultured in the
presence of MCM from various microglia condition for 14 days to assess their maturation using
co-immunolabeling for O4 (red), MBP (white) and DAPI (blue). Control conditions with only
OPC media and direct Nrg-1p1 treatment (200ng/ml) were included. b) Direct addition of Nrg-

1B1 to OPCs cultures resulted in a significant increase in O4 expression level in oligodendrocytes.



OPCs cultured in the presence of MCM from activated microglia exposed to myelin and treated
with Nrg-1B1 displayed markedly higher O4 expression compared to control or other MCM treated
conditions, although the number of O4+ cells remained unchanged. One Way ANOVA- Tukey's
multiple comparisons test (two-sided), N=4 CD1 mice independent culture (biological replicates).
c) Nrg-1B1 treated OPCs showed enhanced maturation, as evidenced by both an increase in the
number of MBP+ cells and the expression of MBP. OPCs treated with MCM from activated and
myelin-exposed Nrg-1p1-treated microglia showed a higher MBP signal intensity compared to
other MCM conditions. One Way ANOVA- Tukey's multiple comparisons test (two-sided), N=4
CD1 mice independent culture (biological replicates). d-e) OPCs were cultured on electro-spun
nanofibrous scaffolds for 4 weeks. Myelination was assessed by MBP immunostaining. The
quantity and length of myelin sheath per each wrapping oligodendrocyte exhibited a significant
increase in oligodendrocyte cultures treated directly with Nrg-1B1 or with MCM from activated
and myelin-exposed microglia treated with Nrg-1B1, as compared to MCM from non-Nrg-1 treated
microglia. Inhibition of microglial ErbB receptors abolished the positive effects of Nrg-1 treated
MCM on myelination. One Way ANOVA- Tukey's multiple comparisons test (two-sided), N=4
CD1 mice independent culture (biological replicates). Source data are provided as a Source Data

file.



Editorial Summary:

Dysfunction of microglia in lipid processing after myelin phagocytosis contributes to the
impaired remyelination in progressive multiple sclerosis. Here, the authors link depletion of
neuregulin-1 in chronic demyelinated lesions to microglia foaminess that can be reversed
therapeutically to promote remyelination in mice.

Peer review information: Nature Communications thanks Jerome Hendriks and the other
anonymous reviewer(s) for their contribution to the peer review of this work. A peer review file
is available.
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