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BMP receptor blockade overcomes extrinsic
inhibition of remyelination and restores
neurovascular homeostasis
Mark A. Petersen,1,2,3,† Reshmi Tognatta,1,2,† Anke Meyer-Franke,1,2 Eric A. Bushong,4

Andrew S. Mendiola,1,2 Zhaoqi Yan,1,2 Abinaya Muthusamy,2 Mario Merlini,2

Rosa Meza-Acevedo,1,2 Belinda Cabriga,1,2 Yungui Zhou,1,2 Reuben Thomas,2

Jae Kyu Ryu,1,2,5 Hans Lassmann,6 Mark H. Ellisman4,7 and Katerina Akassoglou1,2,5

†These authors contributed equally to this work.

Extrinsic inhibitors at sites of blood–brain barrier disruption and neurovascular damage contribute to remyelina-
tion failure in neurological diseases. However, therapies to overcome the extrinsic inhibition of remyelination are
not widely available and the dynamics of glial progenitor niche remodelling at sites of neurovascular dysfunction
are largely unknown.
By integrating in vivo two-photon imaging co-registered with electron microscopy and transcriptomics in chronic
neuroinflammatory lesions, we found that oligodendrocyte precursor cells clustered perivascularly at sites of lim-
ited remyelination with deposition of fibrinogen, a blood coagulation factor abundantly deposited in multiple
sclerosis lesions. By developing a screen (OPC-X-screen) to identify compounds that promote remyelination in the
presence of extrinsic inhibitors, we showed that known promyelinating drugs did not rescue the extrinsic inhib-
ition of remyelination by fibrinogen. In contrast, bone morphogenetic protein type I receptor blockade rescued the
inhibitory fibrinogen effects and restored a promyelinating progenitor niche by promoting myelinating oligoden-
drocytes, while suppressing astrocyte cell fate, with potent therapeutic effects in chronic models of multiple scler-
osis.
Thus, abortive oligodendrocyte precursor cell differentiation by fibrinogen is refractory to known promyelinating
compounds, suggesting that blockade of the bone morphogenetic protein signalling pathway may enhance remye-
linating efficacy by overcoming extrinsic inhibition in neuroinflammatory lesions with vascular damage.
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Introduction
Regeneration of CNS myelin fails in several neurological diseases,
including multiple sclerosis, neonatal brain injury and stroke.1 In
these conditions, cell-extrinsic cues in the microenvironment
inhibit remyelination by blocking multipotent oligodendrocyte
precursor cells (OPCs) from differentiating into mature, myelin-
producing oligodendrocytes.2 A critical barrier to therapeutic
advances in chronic demyelinating diseases such as multiple
sclerosis is the inability to overcome this inhibitory lesion environ-
ment and halt disease progression.3,4 Small molecules that en-
hance the intrinsic pathways of OPC differentiation and
remyelination have been identified in drug screens.5–9 However,
these drugs have failed to overcome disease-relevant extrinsic
inhibitors of OPC differentiation such as chondroitin sulfate pro-
teoglycans (CSPGs) and inflammatory cytokines and fail to pro-
mote oligodendrocyte differentiation in aged OPCs.10–12 Whether
promyelinating compounds can overcome the inhibitory micro-
environment at sites of increased vascular permeability remains
unknown.

In multiple sclerosis, blood–brain barrier disruption allows the
blood coagulation factor fibrinogen to enter the CNS.13 Fibrinogen
deposition is one of the earliest events in multiple sclerosis patho-
genesis and persists in chronically demyelinated lesions but is
minimal in remyelinated lesions.14–16 In progressive multiple
sclerosis, fibrinogen is detected in the cortex and CSF and corre-
lates with neuronal and cortical loss.17,18 In demyelinating models,
genetic or pharmacological depletion of fibrinogen promotes
remyelination.14,19 Fibrinogen activates bone morphogenetic pro-
tein (BMP) receptor signalling in OPCs and neural precursor cells to
inhibit remyelination and neurogenesis, respectively.14,20

Fibrinogen induces a cell fate switch of NG2 + (encoded by CSPG4)
OPCs to astrocytes via BMP receptor activation,14 suggesting a role
for fibrinogen in the extrinsic inhibition of remyelination by induc-
ing OPC-derived astrogenesis in the neurovascular niche.
Furthermore, when fibrinogen is converted to fibrin, it induces oxi-
dative stress and pro-inflammatory polarization of microglia and
macrophages,21,22 which is toxic to OPCs and contributes to remye-
lination failure.23,24 This suggests a critical role for increased vas-
cular permeability and fibrinogen deposition in the maintenance
of an inhibitory microenvironment in chronic neurological dis-
eases. However, the remodelling of the neurovascular niche at
sites of blood–brain barrier disruption and its relationship with
remyelination failure remains poorly understood.

Here, we show that the extrinsic inhibition of remyelination by
fibrinogen activates signalling pathways in OPCs that could not be
overcome by known promyelinating compounds. In contrast, in-
hibition of the BMP type I receptor rescued the inhibitory effects of
fibrinogen on remyelination by restoring the cell fate of OPCs to
mature oligodendrocytes with therapeutic effects in chronic mod-
els of experimental autoimmune encephalomyelitis (EAE). By inte-
grating transcriptomics with in vivo two-photon imaging co-
registered with electron microscopy in chronic neuroinflammatory
lesions, we show that OPCs accumulate at sites of fibrinogen de-
position with active BMP signalling and limited remyelination.
Thus, known promyelinating compounds do not overcome BMP

receptor activation and abortive OPC differentiation by fibrinogen,
suggesting that BMP pathway inhibition may enhance the regen-
erative potential of the promyelinating progenitor niche at sites of
cerebrovascular damage.

Materials and methods
Detailed methods are provided in the Supplementary material.

Animals

All animal protocols were approved by the Committee of Animal
Research at the University of California, San Francisco, and in accord-
ance with the National Institutes of Health and ARRIVE guidelines.

Data availability

The raw data files from the bulk RNA-sequencing (RNA-seq) are
deposited in the Gene Expression Omnibus under GEO: GSE166675.
The raw data from serial block face electron microscopy (SBEM)
are deposited in the Cell Image Library under http://cellimageli
brary.org/groups/54355. Other study data are available from the
corresponding author, upon reasonable request .

Results
NG2 cells cluster perivascularly at sites of fibrinogen
deposition with limited remyelination

NG2 cells, also referred to as OPCs, are progenitor cells in the adult
CNS closely associated with the vasculature with unique potential
to promote remyelination.25 To study NG2 cells and neurovascular
dysfunction in neuroinflammation, we generated NG2-
CreERTM:RosatdTomato/+ :Cx3cr1GFP/ + mice. We performed in vivo two-
photon imaging and transcriptomic profiling of NG2 cells and
microglia during chronic EAE induced by the epitope of amino acids
35–55 of myelin oligodendrocyte glycoprotein (MOG35–55 EAE)
(Supplementary Fig. 1). We used extravasation of 70 kDa Oregon
GreenTM Dextran as a marker of acute blood–brain barrier leakage,
and fibrinogen immunohistology as a marker of chronic blood–brain
barrier leakage and local coagulation. At peak EAE, perivascular clus-
ters consisted primarily of microglia, and NG2 cells were evenly dis-
tributed in the spinal cord parenchyma (Fig. 1A and Supplementary
Fig. 2A). However, in chronic EAE, perivascular clusters also con-
sisted of NG2 cells, with more than�80% of NG2 cell clusters located
at or within 30mm of a blood vessel (Fig. 1A, Supplementary Fig. 2B
and Supplementary Video 1). NG2tdTomato + cells in the clusters had
glial-like morphology characterized by multiple branched processes
in the spinal cord parenchyma, distinguishable from NG2tdTomato +

pericytes with elongated processes along the blood vessel wall
(Supplementary Fig. 2C). Fibrinogen is deposited around leaky blood
vessels and is necessary for EAE pathogenesis.26–28 Acute dextran
leakage was highest at peak EAE, while fibrinogen deposition
increased over time and was highest at chronic EAE (Fig. 1B).
Sustained fibrinogen detection is consistent with impaired fibrinoly-
sis and fibrin deposition in multiple sclerosis lesions.13 Endothelial
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Figure 1 NG2 cells cluster perivascularly at sites of fibrinogen deposition and limited remyelination in chronic neuroinflammation. (A) In vivo two-
photon maximum intensity projection images of microglia (green), NG2 cells (red) and the vasculature (blue, 70 kDa Oregon GreenTM Dextran) in NG2-
CreERTM:RosatdTomato/ + :Cx3cr1GFP/ + age-matched healthy control mice at the peak of clinical signs (peak EAE, mean score 3) and at chronic EAE (mean
clinical score 2.1). Images shown are from mice on Days 17 (peak) and 35 (chronic) after the induction of EAE. Scale bar = 50 mm. Quantification of NG2
cells and microglial clusters in control (n = 4 mice), peak (n = 5 mice) and chronic (n = 6 mice) EAE. Values are mean ± SEM, *P5 0.05, n.s. = not signifi-
cant (two-way ANOVA with Bonferroni’s multiple comparisons test). (B) Microscopy of spinal cord sections from unimmunized healthy mice (control)
and MOG35-55-EAE mice at peak and chronic stages of disease immunostained for fibrinogen (green). Nuclei are stained with 40,6-diamidino-2-
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cell activation in peak and chronic EAE white matter lesions was
shown with increased VCAM1 and PLVAP, a marker of endothelial
fenestrae in leaky CNS vessels,29 as well as ultrastructural analysis
(Supplementary Fig. 3). In chronic EAE, NG2 clusters aggregated peri-
vascularly only at sites of fibrinogen deposition (Fig. 1C and
Supplementary Fig. 4A) and often co-localized with microglial clus-
ters (Fig. 1A and Supplementary Fig. 2A). These results suggest dy-
namic glial remodelling of the neurovascular interface at sites of
fibrinogen deposition during neuroinflammation.

To assess myelin within perivascular NG2 clusters using in vivo
two-photon imaging, we applied MitoTrackerVR Deep Red, a lipo-
philic myelin label.30 Significant myelin disruption, characterized
by blebbing of myelin sheaths, was present near NG2 clusters,
whereas normal-appearing myelin sheaths appeared at sites with-
out clusters (Fig. 1D and Supplementary Fig. 4B). To study myelin
ultrastructure at the perivascular NG2 clusters, we developed a
method to co-register the two-photon-imaged volume in EAE mice
with 3D SBEM using microcomputed tomography [Fig. 1E and
Supplementary Video 2 (available from figshare, doi:10.6084/
m9.figshare.14981190)]. We observed inflamed veins with endothe-
lial activation, attachment of leucocytes at the endothelial surface,
perivascular astrogliosis and inflammation, in part with debris-
containing macrophages [Fig. 1F(i), G(i) and Supplementary
Fig. 3C]. In the parenchymal lesions, we found two distinct patterns:
the first was characterized by infiltration of elongated cells with
low cell density, some of which contained osmiophilic degradation
products. In these areas, axons were predominantly demyelinated,
and remyelination was sparse [Fig. 1F(ii) and G(i)]. In other areas,
there were more dense clusters of small cells with small rims of
perinuclear cytoplasm containing some mitochondria, but few
other organelles, which were reminiscent of NG2 cells [Fig. 1G(ii)].
Remyelinated axons were closely adjacent to these cell clusters,
while in areas distant from the clusters, axons were demyelinated
[Fig. 1F(iii) and G(ii)]. Away from the perivascular NG2 cells, we
observed normal-appearing perivascular CNS tissue, astrocytic
glia limitans and axons with normal myelin thickness [Fig. 1F(iv)].
These results suggest that perivascular NG2 clusters are associated
with inflammation, gliosis, frank demyelination and limited
remyelination.

Transcriptomic profiling of NG2 cells reveals
regulation of vascular, immune and coagulation
pathways

To study the transcriptomic changes in NG2 cells in chronic EAE,
we performed RNA-seq on NG2tdTomato + cells collected from the
spinal cords of MOG35-55 EAE mice or healthy controls

(Supplementary Fig. 5A). We identified 1241 differentially
expressed genes [false discovery rate (FDR) 5 0.05; ± 1 log2 fold
change] in the setting of chronic EAE compared to the control, of
which 738 were downregulated (60%) and 503 upregulated (40%)
(Fig. 2A and Supplementary Table 1). Unsupervised gene clustering
analysis identified nine distinct gene clusters (Fig. 2B and
Supplementary Table 1). Gene ontology (GO) analysis revealed that
chronic EAE activated inflammatory and antigen-presentation
genes in clusters 1–4, including the GO pathway terms ‘Positive
regulation of acute inflammatory response’, ‘Positive regulation of
T cell mediated cytotoxicity’, ‘Antigen processing and presenta-
tion’ and ‘Cellular response to interferon-beta’ (Fig. 2B and
Supplementary Table 1). Canonical antigen presentation genes
such as Cd74, H2-DMa and B2m were significantly upregulated in
EAE (Fig. 2B and Supplementary Table 1), which was consistent
with reports suggesting immune-like functions of oligodendrocyte
lineage cells in disease.31,32 Interestingly, GO analysis of downre-
gulated gene clusters 5–9 revealed pathways related to vascular
and blood–brain barrier homeostasis such as ‘Angiogenesis’,
‘Regulation of Wnt signaling pathway’, ‘Vasculogenesis’, ‘Blood
vessel development’ and ‘Cell junction organization’ (Fig. 2B and
Supplementary Table 1). In accordance, gene networks involved in
‘Blood vessel maintenance’, ‘Wound healing and blood coagula-
tion’ and ‘Tight junctions’ were globally repressed in EAE (Fig. 2C
and Supplementary Table 2). Gene set enrichment analysis of dif-
ferentially expressed genes identified the top two downregulated
gene sets as ‘Regulation of cell junction assembly’ (normalized en-
richment score = 1.7, P5 0.01) and ‘Negative regulation of coagula-
tion’ (normalized enrichment score = 1.7, P5 0.01) (Fig. 2D and
Supplementary Table 2). Expression of tissue factor pathway in-
hibitor (Tfpi), an inhibitor of blood coagulation and fibrin forma-
tion,33 was significantly reduced in NG2 cells in EAE
(Supplementary Table 1). As expected, the NG2tdTomato + population
included OLIG2 + oligodendrocyte lineage cells and PDGFRb+ peri-
cytes (Supplementary Fig. 6). We isolated PDGFRa+ and PDGFRb+

cells from the spinal cords of MOG35-55-EAE mice or healthy con-
trols (Supplementary Fig. 5B) and labelled cell surface major histo-
compatibility complex (MHC) class II and TFPI to assess the
antigen presentation and anticoagulation pathways, respectively.
Consistent with our bulk-RNAseq and prior studies,32 MHC class II
was increased in PDGFRa+ cells in EAE (Supplementary Fig. 5C).
TFPI was expressed in PDGFRa+ cells in healthy controls and
was repressed in EAE (Supplementary Fig. 5D). Overall, these
results identify dysregulation of antigen presentation, coagulation
and vascular homeostasis pathways in NG2 cells in chronic
neuroinflammation.

Figure 1 Continued
phenylindole (DAPI, blue). Scale bar = 100 mm. Quantification of dextran leakage in spinal cord of unimmunized, healthy mice (control) (n = 4 mice)
and MOG35-55-EAE mice at peak (n = 5 mice) and chronic (n = 6 mice) stages of disease. Values are mean ± SEM, *P5 0.05 (one-way ANOVA with
Tukey’s multiple comparisons test). Quantification of fibrinogen immunoreactivity in spinal cord of unimmunized healthy mice (control) and MOG35-

55-EAE mice at peak and chronic stages of disease (n = 3 mice per group). Values are mean ± SEM, **P5 0.01, ***P5 0.001 (one-way ANOVA with
Tukey’s multiple comparisons test). (C) Microscopy of ventral spinal cord sections of NG2-CreERTM:RosatdTomato/ + :Cx3cr1GFP/ + mice at chronic EAE
immunostained for fibrinogen (green). Scale bar = 50 mm. Quantification of fibrinogen immunopositivity in areas of NG2 clusters and areas without
clusters (n = 5 mice). Values are mean ± SEM, **P5 0.01 (two-tailed Mann-Whitney test). (D) In vivo two-photon maximum intensity projection images
of myelin (green) in NG2-CreERTM:RosatdTomato/ + :Cx3cr1GFP/ + mice at chronic EAE in areas of NG2 clusters and areas without clusters. Myelin (green
channel) of dotted line box is shown in the inset. Scale bar = 20 mm. Quantification of myelin damage at chronic EAE in areas with and without NG2
clusters (n = 5 mice). Values are mean ± SEM, **P5 0.01 (two-tailed Mann-Whitney test). FOV = field of view. (E) Region of interest tracking workflow
for the co-registration of two-photon and SBEM volumes. Dotted lines indicate co-registered blood vessels. Arrowheads indicate co-registered NG2
clusters. (F and G) Representative co-registered SBEM images from n = 3 regions of interest from two different mice. [F(i–iii)] CNS parenchyma in areas
of NG2 clusters shows an inflamed spinal cord vessel with activated endothelial cells (green asterisk), attachment of a leucocyte to the endothelium
(black arrowhead) and perivascular lesions with dominant demyelination (red boxed area) and sparse remyelination (blue boxed area). Red arrows
depict demyelinated axons. Blue arrows depict remyelinated axons. Scale bars = 20 mm in F(i); 10 mm in F(ii and iii)]. [F(iv)] Correlated SBEM within the
CNS parenchyma in an area without NG2 clusters. Black arrows depict normal myelinated axons. Scale bar = 10 mm. [G(i and ii)] Representative SBEM
from a region of interest in an area of NG2 clusters with perivascular demyelination. Infiltrating macrophage (M) and astrocyte (A) in an area of gliosis
(red dotted area) and limited remyelination (blue boxed area). Blue arrows indicate remyelinated axons. Black arrowheads indicate NG2 cells. Scale
bars = 10 mm in G(i); 5 mm G(ii).
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Promyelinating compounds do not overcome
fibrinogen extrinsic inhibition of OPC differentiation

OPCs can differentiate to myelinating oligodendrocytes or astro-
cyte-like cells in response to extrinsic signals found in multiple
sclerosis lesions like fibrinogen or BMPs.14,34,35 We developed the
OPC-X-screen, a medium-throughput, high-content imaging assay
to identify compounds that in the presence of extrinsic inhibitors
promote OPC differentiation to mature MBP + oligodendrocytes
and decrease the OPC fate-switch to GFAP + astrocytes (Fig. 3A). In
the OPC-X assay, fibrinogen decreased MBP + mature oligodendro-
cytes and increased GFAP + astrocyte-like cells by �60% compared

with the controls (Fig. 3B). Seven compounds—benztropine, clem-
astine, quetiapine, miconazole, clobetasol, (±)U-50488 and XAV-
939—have previously been identified to promote intrinsic path-
ways of OPC differentiation.5–8 However, these promyelinating
compounds did not overcome the extrinsic inhibition of OPC dif-
ferentiation by fibrinogen (Fig. 3B). In contrast, the BMP type I re-
ceptor inhibitor DMH136 rescued the inhibitory effects of
fibrinogen and restored OPC differentiation to mature oligodendro-
cytes to control levels (Fig. 3B). The cell-fate switch of OPCs to
GFAP + cells by fibrinogen was also abolished by DMH1 (Fig. 3B).
Clemastine, a muscarinic receptor antagonist, promotes the

Figure 2 RNA-seq analysis of NG2 cells in EAE. (A–D) Data are from n = 3 mice per group. (A) Volcano plot of differentially expressed genes from RNA-
seq analysis of NG2 lineage cells from MOG35-55-EAE or healthy mice. Circles depict genes significantly downregulated (blue; log2 fold change 5 –1;
FDR 5 0.05) or upregulated (red; log2 fold change 4 1; FDR 5 0.05) in EAE compared to healthy mice. (B) Heat map of data from A. Genes were clus-
tered by HOPACH unsupervised clustering analysis (clusters 1–9). Expression values were log normalized, row centred and depicted as a z-score.
Significant GO terms and example genes are shown for each cluster. FDR 5 0.05; Benjamini-Hochberg correction. (C) Visualization of co-expression
GO term networks downregulated (blue nodes) or upregulated (red nodes) in NG2 cells from EAE compared to healthy mice. Gene set size and co-ex-
pression overlap (key) was determined by gene set enrichment analysis, P5 0.05. (D) Enrichment plot for the gene sets ‘Negative regulation of coagu-
lation’ and ‘Regulation of cell junction assembly’ determined by gene set enrichment analysis of RNA-seq data of NG2 cells from EAE or healthy mice.
The x-axis shows the gene rank in the dataset. NES = normalized enrichment score.
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remyelinating potential of OPCs and is currently in clinical trials
for multiple sclerosis.6,37 While clemastine increased the number
of MBP + cells in control conditions as expected, it did not enhance
OPC differentiation to mature oligodendrocytes in the presence of
fibrinogen (Supplementary Fig. 7A). Clemastine did not block fi-
brinogen-induced phosphorylation of the BMP signal transducers
SMAD1/5 or expression of the BMP target protein ID2 (Fig. 3C). In
contrast, DMH1 blocked fibrinogen-induced SMAD1/5 phosphoryl-
ation and ID2 expression (Fig. 3C). Thus, previously-identified
compounds promoting OPC differentiation may not overcome ex-
trinsic inhibition signalling pathways at sites of vascular damage.

Therapeutic effects of type I BMP receptor inhibition
in neuroinflammation

BMP expression and downstream receptor signalling is increased
in human multiple sclerosis lesions.38 The BMP target protein ID2
is also increased in lesions with extensive fibrinogen deposition.14

The finding that DMH1 effectively blocked fibrinogen-induced BMP
receptor activation and restored OPC differentiation in vitro (Fig. 3)
suggested that targeting BMP signalling may promote repair in
neuroinflammation. However, DMH1 is not water-soluble, which
limits its use in vivo. Therefore, we tested LDN-212854, a water-sol-
uble activin A receptor type I (ACVR1)-biased type I BMP receptor
inhibitor with a molecular structure similar to DMH1,39 in the OPC-
X-Screen. LDN-212854 restored mature oligodendrocyte differenti-
ation and blocked the formation of GFAP + astrocytes from fibrino-
gen-treated OPCs in a dose-dependent manner (Fig. 3D). While in
the presence of fibrinogen, clemastine alone had no effect on OPC
differentiation. Clemastine increased MBP + cells by 4.8-fold in
combination with LDN-212854 compared to a 3.7-fold increase
with LDN-212854 alone (Supplementary Fig. 7B), suggesting that
the effects of LDN-212854 on OPC differentiation to MBP + cells
may be increased with promyelinating drugs. Clemastine had no
effect on OPC differentiation to astrocytes either alone or in com-
bination with LDN-212854 (Supplementary Fig. 7B). Thus, BMP re-
ceptor inhibition may restore the cell fate of OPCs to mature
oligodendrocytes in the presence of extrinsic inhibition, while lim-
iting the generation of GFAP + cells in neuroinflammatory lesions
with fibrinogen deposition and active BMP signalling.

To determine the therapeutic potential of LDN-212854 and its
effects on the OPC niche and BMP pathway activation in vivo, we
selected two models of EAE: chronic MOG35–55 EAE induced in NG2-
CreERTM:RosatdTomato/ + mice and progressive EAE induced in non-
obese diabetic mice by the epitope of amino acids 35–55 of MOG.
Therapeutic administration of LDN-212854 significantly improved
clinical scores and reduced fibrinogen deposition and demyelin-
ation in both models (Fig. 4A–D). LDN-212854 also markedly
reduced perivascular NG2 clusters and myelin damage in MOG35–55

EAE mice, as revealed by in vivo two-photon imaging (Fig. 4E and
F). Moreover, LDN-212854 decreased ID2 expression in NG2 cells in
the EAE white matter lesions (Fig. 4G), consistent with the inhib-
ition of BMP signalling in the NG2 cell lineage. Since a key mechan-
ism of fibrinogen and BMP receptor signalling is the cell fate
switch of OPCs to astrocytes,14,35 we tested whether LDN-212854
promoted OPC differentiation to myelinating cells in MOG35–55 EAE
mice. To trace the cell fate of OPCs in vivo, we induced EAE in the
NG2-CreERTM:RosatdTomato/ + mice, allowing tamoxifen-induced ex-
pression of tdTomato in NG2 + OPCs and their progeny.14,34

Glutathione S-transferase-pi (GST-pi)-labelled mature oligoden-
drocytes and GFAP-labelled astrocytes derived from genetically-
labelled tdTomato + NG2 + OPCs. Therapeutic administration of
LDN-212854 increased the proportion NG2tdTomato + OPCs that dif-
ferentiated into GST-pi + mature oligodendrocytes compared with
the controls and abolished the formation of OPC-derived GFAP +

astrocytes in NG2-CreERTM:RosatdTomato/ + MOG35–55 EAE mice (Fig.
4H). Collectively, these results suggest that BMP receptor inhibition
may be utilized to direct the OPC niche towards myelinating oligo-
dendrocytes, while limiting gliosis at sites of cerebrovascular dam-
age in neuroinflammatory diseases.

Discussion
Our study reveals the dynamic cellular remodelling of the neuro-
vascular niche at sites of blood–brain barrier dysfunction in neuro-
inflammation and identifies a druggable pathway to promote
myelin repair. Our working model is that in neuroinflammation,
perivascular NG2 + cell clusters regulate immune and blood coagu-
lation pathways leading to excessive fibrin deposition, activation
of BMP receptor signalling in OPCs and extrinsic inhibition of
remyelination at sites of vascular damage. This model is consist-
ent with chronically demyelinated multiple sclerosis lesions, in
which perivascular OPC clusters are localized in the active lesion
borders with fibrinogen deposition, impaired fibrinolysis, BMP
pathway activation and gliosis.14,15,17,29 Through the OPC-X-
screen, we discovered that the therapeutic potential of many pro-
myelinating drugs may be limited at sites of vascular damage and
fibrinogen deposition, highlighting the unmet clinical need for
therapeutic strategies to overcome extrinsic inhibition in diseases
with chronic demyelination. Importantly, we introduce the con-
cept that inhibiting BMP pathway activation may promote myelin
repair by overcoming abortive OPC differentiation at sites of neu-
rovascular dysfunction. Thus, BMP inhibitors could expand the
toolbox of promyelinating drugs and provide additional therapeut-
ic options for patients with blood–brain barrier disruption and
white matter pathology.

Using in vivo two-photon imaging, we found a striking transi-
tion of the perivascular glial cell composition associated with
microglia and demyelination at the peak of disease, followed by
the formation of perivascular NG2 clusters with limited remyelina-
tion in chronic neuroinflammation. Oligodendroglia closely
interact with the developing vasculature40 and bi-directional OPC–
endothelial cell interactions may regulate myelination and white
matter vascularization.29,41 It is possible that fibrinogen deposition
at sites of perivascular OPC clusters may perturb OPC–endothelial
cell crosstalk and alter cellular functions including OPC migration
and maturation as well as endothelial cell proliferation and local
coagulation. Our study suggests previously unknown functions of
NG2 cells in the expression of genes regulating coagulation. TFPI, a
potent inhibitor of coagulation factor X and tissue factor-mediated
coagulation,33 was repressed in chronic neuroinflammation.
Interestingly, multiple sclerosis patients have alterations in
haemostasis biomarkers including TFPI,42 suggesting an imbalance
in anti- and procoagulant pathways in neuroinflammatory dis-
ease. Pro-oxidant microglia may also contribute to the procoagu-
lant milieu in the lesion microenvironment through expression of
coagulation proteins such as coagulation factor X.22 Thus, tran-
scriptional changes at the neurovascular interface may establish a
local procoagulant environment that contributes to the excessive
or persistent deposition of fibrin observed in many neurological
diseases.13 Therapeutic strategies to target the NG2 cell-vascular-
fibrinogen axis or downstream fibrinogen signalling may provide a
therapeutic avenue to overcome extrinsic inhibition in the neuro-
inflammatory lesion environment.

Our study suggests that promyelinating drugs differentially
suppress signalling pathways activated by extrinsic inhibitors in
the lesion environment. Activation of BMP signalling in the injured
perivascular niche by fibrinogen directs OPC cell fate towards
astrocytes rather than remyelinating oligodendrocytes,14 which
may contribute to the inhibition of remyelination and pathologic
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Figure 3 Promyelinating compounds do not overcome fibrinogen extrinsic inhibition of OPC differentiation. (A) Workflow for medium throughput,
OPC-X screen of promyelinating drugs in the presence of fibrinogen. (B) Immunofluorescence for MBP (green) and GFAP (red) in primary rat OPCs
treated with fibrinogen and myelin-promoting drugs or vehicle control (dimethylsulfoxide, DMSO) as indicated. Nuclei are stained with Hoechst dye
(blue). Scale bar = 100 mm. Automated image acquisition and quantification of MBP + and GFAP + cells. Data are mean ± SEM from n = 3 independent
experiments. ****P5 0.0001 (one-way ANOVA with Dunnett’s multiple comparisons test). (C) Phospho-SMAD1/5 (P-SMAD1/5) and ID2 protein levels in
control or fibrinogen-treated primary rat OPCs in the presence of DMH1 or clemastine. Values are the mean of n = 3 independent experiments. (D)
Immunofluorescence for MBP (green) and GFAP (red) in primary rat OPCs treated with fibrinogen and LDN-212854 (0.18 mM) or vehicle control (DMSO)
for 3 days. Nuclei are stained with Hoechst dye (blue). Scale bar = 100 mm. Automated image acquisition and quantification of MBP + and GFAP + cells.
Data are mean ± SEM from n = 3 independent experiments. *P5 0.05, **P5 0.01, ***P5 0.001, ****P5 0.0001 (matched one-way ANOVA with Dunnett’s
multiple comparisons test).
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Figure 4 Therapeutic effects of type I BMP receptor inhibition in chronic neuroinflammation. (A) Clinical scores for MOG35-55-EAE mice treated with
LDN-212854 or saline (key) for 14 days starting at peak disease. Data are from n = 6 mice (EAE + LDN-212854) and n = 5 mice (EAE + saline), mean ±

SEM, *P5 0.05, (two-tailed permutation test). (B) Microscopy of spinal cord sections from MOG35-55-EAE mice treated with saline (left) or LDN-212854
(right) immunostained for MBP to visualize myelin (green) and fibrinogen (red). Dashed line demarcates demyelinated white matter. Scale bar =
50 mm. Quantification of demyelination and fibrinogen are shown. Data are from n = 5–6 mice per group, mean ± SEM, **P5 0.01 (two-tailed Mann-
Whitney test). (C) Clinical scores for non-obese diabetic-MOG35–55 EAE mice treated with LDN-212854 or saline (key) for 30 days. Data are from n = 8
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gliosis at sites of vascular damage. Fibrinogen, in addition to acti-
vating BMP receptor signalling in OPCs, stimulates CSPG produc-
tion from astrocytes and is a carrier for transforming growth
factor-beta.43 CSPGs inhibit remyelination in part through the acti-
vation of the protein tyrosine phosphatase sigma receptor in
OPCs.44 Age-related loss of OPC function may occur in response to
TGF-b signalling or increased stiffness in the OPC niche, with sub-
sequent signalling through the mechanoresponsive ion channel
PIEZO1.45,46 Therefore, assays that better recapitulate the inhibi-
tory lesion environment and downstream signalling are needed to
improve the selection of drugs that can increase remyelination in
inflammatory lesions with gliosis, vascular damage and blood–
brain barrier disruption. While other assays screen only for com-
pounds promoting OPC differentiation to myelinating cells, the
OPC-X-screen was developed with a dual readout of GFAP + and
MBP + cells to identify compounds that suppress OPC cell fate
switch to astrocytes and enhance myelination in the presence of
extrinsic inhibitors. In the presence of fibrinogen, promyelinating
drugs did not inhibit BMP receptor activation, or rescue OPC cell
fate switch to astrocytes, or increase OPC differentiation to mature
oligodendrocytes. These results suggest that BMP receptor inhib-
ition may be needed in vivo, given that remyelination failure often
occurs in areas of blood–brain barrier disruption and fibrinogen de-
position.14–16 Thus, the choice of promyelinating drugs in the clinic
may need to consider its efficacy within the extrinsic inhibitory
milieu in patients with demyelinating neurological diseases. Drug
combinations acting on distinct signalling pathways in OPCs may
be required to promote remyelination in a broad range of patient
populations.47 The CCMR-Two clinical trial for multiple sclerosis
plans to test clemastine combined with the diabetes drug metfor-
min, which enhances the remyelinating potential of aged OPCs.11

Future studies will determine the efficacy of BMP receptor inhibi-
tors alone or in combination with promyelinating drugs to pro-
mote remyelination in multiple sclerosis and other neurological
diseases with blood–brain barrier disruption and cerebrovascular
damage.

Therapeutic fibrinogen depletion by anticoagulants can sup-
press neuroinflammation and promote myelin regeneration,13 but
haemorrhagic complications may limit clinical use. Selective in-
hibition of fibrin’s inflammatory functions by blocking fibrin inter-
actions with its cell receptors or its intracellular pathways in
immune cells has shown therapeutic benefits without anticoagu-
lant effects.28,22,48 Our study identifies LDN-212854 as a selective
ACVR1 inhibitor to overcome fibrinogen-induced BMP signalling in
OPCs to promote remyelination. LDN-212854 increased myelinat-
ing oligodendrocytes and eliminated OPC differentiation to astro-
cytes in the presence of fibrinogen. Although BMP inhibition had a
prominent effect on OPCs, we cannot rule out effects on other cell
types such as endothelial cells, pericytes or inflammatory cells in

the CNS or periphery. Therapeutic administration of LDN-212854
at peak disease reduced demyelinated lesion size when compared
to saline-treated animals, suggesting an anti-inflammatory effect
of ACVR1 inhibition. The BMP family of proteins has immunomo-
dulatory effects ranging from promoting T cell proliferation to
maintaining regulatory T cells and suppressing antigen presenting
capacity.49–51 Given that the BMP family regulates immune cell
functions,52 we cannot exclude the anti-inflammatory effects of
ACVR1 inhibition by LDN-212854 in addition to its promyelinating
effect on OPCs. Future studies will determine the relative contribu-
tions of ACVR1 signalling in OPCs and inflammatory cells to
myelin pathology in neurological diseases. Clinical use of ACVR1-
selective BMP inhibitors has gained recent attention for the treat-
ment of fibrodysplasia ossificans progressive, a rare disorder with
overactive BMP signalling, resulting in heterotopic ossification and
myelin abnormalities.53 ACVR1 inhibitors have been safe and well-
tolerated in phase I trials (Clinical Trial ID: NCT03429218;
NCT03858075; ACTRN12619000319178) and are now moving into
phase II trials for fibrodysplasia ossificans progressive and an-
aemia (Clinical Trial ID: NCT04307953; NCT04623996). LDN-212854,
other safe ACVR1-selective inhibitors or modulators of the BMP re-
ceptor pathway may be added to the toolbox of promyelinating
drugs as therapeutic options to overcome extrinsic inhibition of
remyelination in neurological diseases with blood–brain barrier
disruption and myelin abnormalities including multiple sclerosis,
Alzheimer’s disease, neonatal brain injury and traumatic brain
injury.
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