Journal of Neuroscience Research WI LEY

JOURNALOE ,

Neuroscience Research

| RESEARCH ARTICLE @EETEEED

Age and Maturation Stage Linked Consequences of
Fibrinogen on Human Oligodendroglia

Gabriela J. Blaszczyk! | Chao Weng!? | Abdulshakour Mohammadnia® | Qiao-Ling Cui® | Arianna Giurleo! |

Adam M. R. Groh! | Chloe Plouffe! | Julien Sirois® | Valerio E. C. Piscopo® | Moein Yaqubi! | Asad Taqvil |

Erin Cassidy! | Liam Callahan Martin® | Jeffery A. Hall* | Roy W. R. Dudley® | Myriam Srour® | Stephanie E. J. Zandee!7 |
Wendy Klement” | Sandra Larouche’ | Alexandre Prat’ | Thomas M. Durcan® 2 | Jo Anne Stratton! | Jack P. Antel® |

G. R. Wayne Moore!-%?

INeuroimmunology Unit, Montreal Neurological Institute-Hospital and Department of Neurology and Neurosurgery, McGill University, Montreal, Quebec,
Canada | 2Department of Neurology, Renmin Hospital of Wuhan University, Wuhan, Hubei, People’s Republic of China | 3Early Drug Discovery Unit,
Montreal Neurological Institute-Hospital, McGill University, Montreal, Quebec, Canada | *Department of Neurology and Neurosurgery, McGill University
Health Centre (MUHC) and the Montreal Neurological Institute-Hospital, Montreal, Quebec, Canada | *Department of Pediatric Neurosurgery, Montreal
Children’s Hospital, Montreal, Quebec, Canada | ®Division of Pediatric Neurology, Montreal Children’s Hospital, Montreal, Quebec, Canada | "Centre de
Recherche Hospitalier de L'université de Montréal, Montreal, Quebec, Canada | 3Department of Pathology and Laboratory Medicine, University of British
Columbia; International Collaboration on Repair Discoveries (ICORD), Vancouver, British Columbia, Canada | °Division of BioMedical Sciences, Memorial
University of Newfoundland, St. John’s, Newfoundland and Labrador, Canada

Correspondence: G. R. Wayne Moore (wayne.moore@mcgill.ca)
Received: 15 August 2025 | Revised: 24 January 2026 | Accepted: 16 February 2026

Keywords: fibrinogen | human cell culture | myelination | oligodendrocytes | oligodendroglial precursors

ABSTRACT

Fibrinogen is a blood-derived protein involved in coagulation and can make its way into the central nervous system (CNS) fol-
lowing breakdown of the blood-brain barrier. This molecule has been implicated in multiple sclerosis (MS), a disease marked by
inflammation and demyelination in the CNS. However, the effect of this molecule has not been studied on human myelinating
cells. This study examines how fibrinogen influences human oligodendrocyte (OL) lineage cells at various stages of develop-
ment. Using induced pluripotent stem cell-derived (iPSC) OL precursors and human primary OLs, we examined the effects of
fibrinogen on cell differentiation, viability, and myelination-related function. Here we show the differential effect of fibrinogen,
based on OL-lineage stage. While fibrinogen induced aberrant differentiation of early lineage OLs, by inhibiting their maturation
and inducing an astrocytic phenotype, on mature OLs fibrinogen was found to promote myelination capacity, as shown by en-
sheathment assays as well as on the RNA level. These effects were associated with the activation of bone morphogenetic protein
(BMP) signaling, both in early and mature OLs. We further found BMP signaling enrichment in OLs to be correlated with the
inflammatory activity of an MS lesion and confirmed fibrinogen deposition on OLs in situ. Unlike previous rodent studies, these
findings indicate that fibrinogen has a lineage-dependent effect, where it may be inhibitory earlier in the lineage while promoting
OL function in later stages. Understanding this dual role will provide insight into remyelination failure in MS and highlights the
importance of timing and target in future therapeutic strategies.

1 | Introduction the central nervous system (CNS) due to the breakdown of the
blood-brain barrier (BBB) (Zierfuss et al. 2024). Fibrinogen
Potential contributors to the injury and repair responses of oli- is a circulating blood clotting factor composed of polypeptide

godendroglia (OLs) are blood-derived factors that may access chains which have polymerization sites for clot formation
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Summary

» Fibrinogen induces aberrant differentiation of human
early lineage oligodendroglia, by inhibiting their mat-
uration and inducing an astrocytic phenotype.

« Fibrinogen promotes myelination capacity in mature
human oligodendroglia.

» These effects were associated with the activation of
bone morphogenetic protein (BMP) signaling, both in
early and mature oligodendroglia.

+ There is BMP signaling enrichment in oligodendroglia
evident in chronic active multiple sclerosis plaques.

« Fibrinogen deposition is evident on oligodendroglia in
MS plaques and normal-appearing white mater.

(Budzynski 1986), and various domains known to be in-
volved in stimulation of multiple cell types (Mosesson 2005).
Fibrinogen has been described in multiple sclerosis (MS) and
detected in the borders of chronic active white matter plaques
(Lee et al. 2018) and leakage into diffusely abnormal white
matter (Vos et al. 2005) and normal-appearing white matter
(McQuaid et al. 2009). It has also been found in MS motor cor-
tex, where its presence significantly correlated with reduced
neuronal density (Yates et al. 2017), implicating its direct role
in cellular damage. Moreover, plasma levels of fibrinogen are
elevated in MS relapses (Cicekli et al. 2022), and its role in
MS pathogenesis has been linked to its function in the coag-
ulation cascade and as a pro-inflammatory agent (Alruwaili
et al. 2023). The role of fibrinogen in experimental autoim-
mune demyelination in the CNS has been extensively studied
(Ryu et al. 2015), and rodent studies have shown that fibrin-
ogen can inhibit the differentiation of rodent oligodendrocyte
precursors (OPCs) into myelinating oligodendrocytes, primar-
ily mediated via bone morphogenetic protein (BMP) signaling
(Petersen et al. 2017). While fibrinogen and related compo-
nents of the coagulation process are thought to have an im-
portant role in neuroinflammation (Ryu et al. 2015; Bardehle
et al. 2015) and the pathogenesis of MS (Alruwaili et al. 2023;
Petersen et al. 2018; Davalos et al. 2019; Ziliotto et al. 2019;
Ahmad and Frederiksen 2020), it is unknown if these find-
ings are translatable to human oligodendroglia across their
development.

The objectives of our study were to extend insights into the
direct effects of fibrinogen on human OLs in relation to
age and lineage stage. We employed primary human ma-
ture OLs (O4+ A2B5-) and late lineage cells (04 + A2B5+)
(Ruffini et al. 2004; Esmonde-White et al. 2019) derived from
surgically-resected tissue samples together with early-stage
progenitor cells derived from human induced pluripotent
stem cells (iPSCs), as such primary cells cannot currently be
derived from available human CNS sources. For iPSC studies,
we employed a previously characterized reporter line, where
the degree of expression correlated with the differentiation
stage of the cells (Piscopo et al. 2024). Primary cell studies
were also considered in context of the donor age, as we pre-
viously reported that ensheathment capacity, as determined
using cultures with synthetic nanofibers, and susceptibility to

injury were donor age dependent (Luo et al. 2022). Using these
methods, we found that adult-derived mature OLs respond to
fibrinogen by increasing their ensheathment capacity. While
pediatric late-stage progenitors, and iPSC-derived early pro-
genitors decrease their differentiation, in line with previous
reports that studied various other toxic effects on rodent OLs
(Ryu et al. 2015).

2 | Materials and Methods

This study was ethically approved by the Institutional Review
Board of the McGill University Faculty of Medicine and Health
Sciences (A09-M72-22B; 22-08-053).

2.1 | Antibodies

Antibodies used in this study are listed in Table S4.

2.2 | Human Primary Cell Isolation and Culture

Studies were conducted on OLs derived from pediatric (2.5-
18years) and adult (26-65years) tissue samples collected
from patients undergoing surgery, regardless of biological
sex. Further donor characteristics can be found in Table S1.
The use of adult tissues was approved by the Montreal
Neurological Institute Neurosciences Research Ethics Board
and the use of pediatric tissues by the Montreal Children's
Hospital Research Ethics Board. As previously described
(Esmonde-White et al. 2019; Luo et al. 2022), samples were
dissociated by trypsin digestion and subjected to Percoll gra-
dient (Sigma, Oakville, ON) separation. To enrich progenitor
populations, MACS magnetic beads selection against the cell
surface marker A2B5 (Miltenyi Biotec, Auburn, CA) was per-
formed following cell isolation, and positive and negative frac-
tions were cultured as described previously (Esmonde-White
et al. 2019; Luo et al. 2022).

Our previous detailed flow cytometry-based analysis of the
adult and fetal cell populations (Leong et al. 2014) indicated that
of the OL population isolated from the adult brain 5%-10% of
the cells were recognized by the A2B5 antibody (referred to as
A2B5+ cells) and are considered late progenitor cells. 85%-90%
of isolated OL cells express detectable levels of O4. The two
cell fractions (A2B5+ and A2B5-) express comparable levels
of mature myelin genes (MBP and PLP) based on bulk RNA
sequencing, whereas progenitor genes (PDGFRA and PTPRZI)
are more highly expressed in the A2B5+ cells (figure 3 in Luo
et al. (2022)).

2.2.1 | Viability Assays in Dissociated Cell Cultures

The cells were cultured in DMEM/F12+ N1 medium +0.1%
BSA + Pen/Strep+ B27 medium (Life Technologies, Grand
Island, NY) in 96 well plates (Fisher Scientific) and treated
with plasminogen-depleted fibrinogen (Millipore Sigma,
Burlington MA, 341578, 80ug/ml to 4mg/mL) for 6days,
with addition of fibrinogen alongside media changes every
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other day. Cells were stained live for O4 (1:200, R&D systems,
Oakville, ON) and the cell viability was determined by live
staining with propidium iodide (PI, 1:200, Thermo Fisher
Scientific, Mississauga, ON).

2.3 | Nanofiber Ensheathment Cultures

Aliquots of A2B5+ and A2B5— cells were plated in multi-well
aligned poly-L lactide nanofiber plates (The Electrospinning
Company Ltd., Didcot, Oxfordshire, UK) (10,000 cells per
well) and treated with plasminogen-depleted fibrinogen
(2.5mg/mL) in DMEM/F12+ N1 medium supplemented with
B27 (Life Technologies, Grand Island, NY) and T3 (Sigma-
Aldrich, Oakville, ON) for 2weeks. Fibrinogen was sup-
plemented alongside media changes every other day. Cell
cultures were immunolabeled with O4 antibody diluted 1:200
(R&D Systems, Oakville, ON) for 1h, followed by the corre-
sponding secondary antibody (1:500) conjugated with Alexa
Fluor 647 (Thermo Fisher Scientific, Mississauga, ON) for 2h.
To determine the percentage of O4+ cells ensheathing nanofi-
bers in a culture, a blinded rater counted individual O4+ cells
whose nanofibre-ensheathing processes could be identified
as being connected to their cell bodies identified by Hoechst
33,342 (Thermo Fisher Scientific, Mississauga, ON) staining
of nuclei. Ensheathed processes were recognized by their
straight alignment with underlying nanofibers and increased
thickness of the segments (Figure 2D,E). Cells were assigned
as ensheathing (one or more segments) or not and counted by
the Plugin Cell Counter ImageJ program.

2.4 | Human iPSC Culture and OPC
Differentiation

iPSC-derived OL lineage cells were differentiated according
to a recently published protocol (Piscopo et al. 2024). The
use of iPSCs and stem cells in this research was approved by
the McGill University Health Centre Research Ethics Board
(DURCAN_IPSC/2019-5374). iPSCs were used from healthy
control lines as well as the SOX10-mOrange reporter line
(Piscopo et al. 2024), which were generated at the Montreal
Neurological Institute's (MNI) Early Drug Discovery Unit
(EDDU) (Table S2). According to a previously published pro-
tocol (Piscopo et al. 2024), early OL-lineage progenitors were
generated and plated on poly-L-ornithine (Sigma-Aldrich,
Oakville ON)/laminin (Invitrogen, Waltham MA) coated cul-
ture vessels. Post day 75 in vitro, cells are used for up to a
maximum of four passages and differentiated to reach a ma-
jority of OL-lineage cells at a total of 21 days. As regards the
composition of iPSC derived cells, at post day 75 in vitro (OPC
phase) approximately 50% of the cells express the early marker
PDGFRa and approximately 36% the ganglioside A2B5.
Between 20% and 40% of the total cells express O4 (Piscopo
et al. 2024).

Cells were treated with plasminogen-depleted fibrinogen
(Millipore Sigma, Burlington MA, 341578, 2.5mg/mL) for 4days
prior to fixation (days 18-21 of differentiation, in differentiation
medium). The cell viability (PI) and differentiation (04) were
determined as described above. Proliferation was determined by

staining with Ki67 (Invitrogen, Waltham M A), post-fixation and
permeabilization diluted 1:200, overnight. Secondary antibody
(Alexa Fluor 488 or 647; Invitrogen, Waltham MA) was applied
the following day, diluted to 1:400.

2.5 | Immunofluorescence Analysis

Plates were imaged with a 10x objective using a Zeiss Axio
Observer fluorescence microscope (Carl Zeiss Canada,
Toronto) or the ImageXpress (Molecular Devices, San Jose,
CA) high-content imaging platform following staining for O4,
PI or Ki67. Cells were counted by a blinded individual using
the ImagelJ software or automatically using the ImageXpress
software.

2.6 | Signaling Assessment
2.6.1 | Staining

Primary human OLs and iPSC-derived OPCs (following
21days of differentiation) were treated with molecules for
2h to induce signaling. The following concentrations were
applied: plasminogen-depleted fibrinogen (Millipore Sigma,
Burlington MA, 341578, 2.5mg/mL), recombinant human
BMP4 (Peprotech, Rocky Hill NJ, 50 ng/mL), BMP4-inhibitor
DMH1 (Selleck Chemicals, Houston TX, 2 uM). Post-fixation,
cells were permeabilized with 100% cold methanol and stained
with anti-phosphorylated (p)SMAD1/5/9 (Cell Signaling
Technology, Danvers MA) overnight at a 1:50 dilution, and
secondary antibodies (Alexa Fluor 488, 555 or 647; Invitrogen,
Waltham MA) diluted to 1:400 were added for 2h the follow-
ing day.

2.6.2 | To Measure Mean Fluorescence Intensity (MFI)

Images were acquired on a Zeiss Axio Observer fluorescence
microscope (Carl Zeiss Canada, Toronto, ON) at 20X objec-
tive or the Zeiss LSM 900 confocal microscope at 20X objec-
tive. For pSMAD1/5/9 nuclear intensity, nuclei of O4+ cells
were selected by a blinded individual on the ImageJ software
and the mean gray value of the pSMAD1/5/9 channel was
recorded.

2.6.3 | To Record pSMAD Localization

Following image acquisition at the 20X objective, localization
of pPSMAD1/5/9 on O4+ cells was assessed by a blinded indi-
vidual based on four criteria: no signal, cytoplasm only, nucleus
and cytoplasm, nuclear only. 20-25 cells were counted for each
replicate.

2.7 | FACS Sorting and Flow Cytometry
Using the iPSC-reporter line SOX10mO (Piscopo et al. 2024),

cells were collected from the culture vessel using TrypLE
(Thermo-Fisher, Mississauga, ON) added for 30min at 37°C.
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The cells were passed through a 40 uM mesh to ensure a single
cell suspension. Following resuspension in PBS (Wisent, Saint-
Jean-Baptiste, QC), the cells were counted using the Attune flow
cytometer (Thermo-Fisher Scientific, Mississauga, ON). Sorting
was based on reporter intensity using the previously described
protocol (Piscopo et al. 2024), with the Aria fusion cell sorter (BD
Biosciences, Franklin Lakes NJ). For phenotyping, cells were
stained as previously described (Piscopo et al. 2024), and ac-
quired on the Attune flow cytometer (Thermo-Fisher Scientific,
Mississauga, ON). Data was analyzed using the FlowJo software
(Ashland, OR).

2.8 | Bulk RNAseq Preparation and Analysis

Three subsequent passages of FACS-sorted SOX10-mOrange
cells were collected as replicates, and primary cells from two
different donors (53 and 58years) were collected as replicates
following treatment with plasminogen-depleted fibrinogen
(Millipore Sigma, Burlington MA, 2.5mg/mL) for four and
2days, respectively. Treated cells were collected, and RNA
was extracted using the Qiagen (Hilden, Germany) RNA-mini
kit, or the Norgen (Thorold, ON) single cell RNA purifica-
tion Kkit.

2.8.1 | Library Preparation, Sequencing, Quality Check,
Alignment, Quantification of Raw Read Counts

Library preparation, sequencing, quality check, alignment,
quantification of raw read counts, and normalization of read
counts were performed using the same methods as described in
Mohammadnia et al. (2024).

2.8.2 | Analysis of RNA-Seq Data From Human
Primary Oligodendrocytes

Samples were analyzed in a pairwise manner as described in
Mohammadnia et al. (2024).

2.8.3 | Analysis of RNA-Seq Data From
iPSC-Differentiated Cells

As these samples did not exhibit significant heterogeneity and
the lack of pair information for samples, we used DESeq2 for
differential gene expression analysis following the method-
ology outlined in Pernin et al. (2024) (Love et al. 2014; Pernin
et al. 2024). Significantly differentially expressed genes were
identified using a threshold of log2 fold change > 1 and a p-value
cutoff of <0.05.

Heatmaps were generated following hierarchical cluster-
ing using the “Hierarchical Clustering Image” function in
GenePattern (v3.9.11). Gene clustering was performed using
Pearson correlation, and normalized values were transformed
using a log transformation. Finally, row normalization was
applied for the final visualization (Reich et al. 2006). Single-
sample Gene Set Enrichment Analysis (sSGSEA) was per-
formed using the same method described in Mohammadnia

et al. (2024). However, the signatures used in this analysis
were BMP4 target genes extracted from the weighted ma-
trix of ligand-target interactions in NichNet (Browaeys
et al. 2020). We selected target genes based on their weighted
values, specifically those with a weight >0.1 (n=107 genes).
Volcano plots were generated in Python using pandas/numpy
for data handling and matplotlib for visualization, plotting
log2 fold change versus —logl0 (p-value). Genes were divided
as upregulated (log2FC >0.58 and p<0.05), downregulated
(log2FC < —0.58 and p <0.05), or not significant, with dashed
threshold lines drawn at these cutoffs.

2.8.4 | Single-Nuclear RNA-Seq Analysis

All single-nuclear RNAseq analyses were performed using
the same pipeline employed in our previous publication
(Mohammadnia et al. 2025) on the same Absinta's dataset
(Absinta et al. 2021).

2.9 | Human MS Brain Tissue

Tissues from the Centre Hospitalier de 1'Université de Montréal
(CHUM) were obtained by a Material Transfer Agreement be-
tween CHUM and McGill University. Tissue samples were
collected from three MS patients (Table S3) with full ethical
approval (BH07.001, Nagano 20.332-YP) and informed consent
as approved by the local ethics committee. Human brain tissue
was obtained from patients diagnosed with MS according to the
revised 2010 McDonald's criteria (Polman et al. 2011). Donor
characteristics are supplied in Table S3. Autopsy samples were
frozen and lesions classified by the classic system into active (or
acute), chronic active, and chronic inactive plaques (Moore and
Stadelmann-Nessler 2015) using Luxol Fast Blue-Hematoxylin
and Eosin (LFB-HE) staining as previously published (Dhaeze
et al. 2019; Broux et al. 2020).

2.10 | Immunohistochemistry

Frozen human brain tissue sections, previously briefly fixed
in acetone, were further fixed in 100% acetone for 10 min, fol-
lowed by 70% ethanol for 5min. Subsequently, sections were
washed with PBS and 0.05% PBST (phosphate-buffered saline +
Tween20) for 3min. Fc-receptors in sections were blocked with
PBS containing 10% donkey serum. Primary antibodies, goat
anti-SOX10 (R&D systems, Oakville ON, AF2864) and rabbit
anti-fibrinogen (Agilent, Santa Clara CA, A0080) were diluted
1:500 (0.2mg/mL) and 1:400 (1mg/mL) respectively in PBS
containing 3% donkey serum and incubated overnight at 4°C.
Isotype controls consisted of the IgG of the same species and
same concentration as each primary antibody. Following incu-
bation, sections were washed with 0.05% PBST 3 times for 5min
each. Fluorophore-conjugated secondary antibodies (Invitrogen,
Waltham MA) were prepared at a 1:200 dilution in PBS, donkey
anti-goat IgG Alexa Fluor 488 to visualize SOX10 and donkey
anti-rabbit IgG Alexa Fluor 647 to visualize fibrinogen and
slides were incubated in the dark for 60 min at room tempera-
ture. Sections were washed with 0.05% PBST 3 times for 3min
and incubated with Hoechst (Invitrogen, Waltham MA; 1:5000)
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for 10min at room temperature. Once washed with 0.05% PBST
3 times for 3min, to block lipofuscin autofluorescence sections
were incubated with 0.3% TrueBlack (Biotium, Fremont, CA) di-
luted in 70% ethanol for 3min. Slides were washed with PBS and
mounted with PermaFluor mounting medium (Thermo-Fisher,
Missisauga, ON), coverslipped and stored in the dark at 4°C.

2.11 | Statistical Analysis

Statistical analyses were performed using Excel or GraphPad
Prism software. Cell culture studies were performed with at
least three individual replicates per experiment. For primary
cultures, these are three individual donors, with each donor
serving as the paired untreated control. For iPSC-studies,
three cell lines were used which contributed to values on
graphs, and subsequent passages were used as experimen-
tal replicates. Bars on graphs indicate means +SD. Lines on
graphs represent matching and are further specified in the fig-
ure legends. Student's t-test was used for comparisons between
two groups, and multiple comparisons were corrected for
using Benjamini-Hochberg following 2-way ANOVA. p-values
<0.05 were considered statistically significant. Normality of
values was ascertained using the Shapiro-Wilk test, which
was non-significant unless specified.

3 | Results

3.1 | Fibrinogen Inhibits the Differentiation
of Human OPCs

To corroborate previous findings in rodents (Petersen
et al. 2017), we aimed to test the effects of fibrinogen on human
oligodendrocyte progenitors. Since, as stated, we cannot isolate
early OPCs from our surgical samples, we generated early OL-
lineage cells from iPSCs. We also utilized a previously described
human iPSC reporter line (SOX10mO) (Piscopo et al. 2024)
where fluorescence intensity of the reporter correlates to the
overall maturity of the cells. Fibrinogen treatment of early lin-
eage cells had no significant effect on OPC viability (Figure 1A),
although treatment did significantly reduce the proportion of
O4+ OPCs (Figure 1B, p=0.0360, paired t-test) as measured
by immunofluorescence (representative images in Figure S1).
To assess the effect of fibrinogen on overall differentiation into
the OL lineage, we assessed level of our SOX10mO reporter. We
did not observe a significant change in the Mean Fluorescence
Intensity (MFI) of SOX10mO (Figure 1C, p=0.783, paired t-test).
However, after gating on our previously determined SOX10mO
subgroups (Piscopo et al. 2024) (Figure S2), addition of fibrin-
ogen resulted in an increase proportion of SOX10-med cells,
although non-significant post False discovery rate (FDR) cor-
rection. We used the astrocyte-specific marker CD49f (Barbar
et al. 2020) to follow up on the observation by Petersen et al.
(Petersen et al. 2017) that fibrinogen diverts the differentiation
of primary post-natal rodent derived OPCs towards the astro-
cyte lineage. We gated live cells on the expression of the OPC
marker O4, against the astrocyte marker CD49f (Figure 1D). We
observed that the overall decrease in O4+ cells (p=0.031, paired
t-test) was associated with an increasing trend in proportion of
04-CD49f +cells and 04+ CD49f+cells following fibrinogen

exposure (Figure 1D,E). The latter hybrid OPCs retained the ex-
pression of our reporter (Figure S3).

To explore the molecular response of our SOX10mO cells,
they were FACS-selected as previously described (Piscopo
et al. 2024). Top five upregulated protein-coding genes (DEG's)
include: PIF1, FLT4, FAM72C, NMU, and NKX2-1. (1og2FC > 2,
Figure 1F and File S1). Top 5 downregulated protein-coding
genes by log2FC include; FAM216B, GJB2, CRYBBI, ICOSLG,
and FAMI83A (log2FC >2, Figure 1F and File S1). Bulk
RNAseq analysis indicates an overall decrease in cell-cell ad-
hesion, and cell junction organization occurring in these early
OL-lineage cells (Figure 1G and File S2), which are important
biological processes in myelination and OPC differentiation
(Jagielska et al. 2012). OPC-identity genes and late OL-lineage
genes such as MOG (p=0.0048, File S1 and Figure S4) were
downregulated, supporting our findings of decreased O4+ cell
proportions in culture. Alongside this, significant upregulation
of cell-cycle pathways (Figure 1F-H), confirmed by Ki67 stain-
ing (Figure S5) was also observed. These findings coincide with
findings by Petersen et al. (Petersen et al. 2017) in primary ro-
dent OPCs and serve as confirmation for fibrinogen acting on
OPC differentiation capacity in a human context.

3.2 | Human Primary OLs Have an Age
and Maturation-Dependent Functional Response to
Fibrinogen

To further explore the effect of fibrinogen across the OL lineage,
dissociated human primary OL cultures comprised of 95% ma-
ture OLs (Luo et al. 2022), were used. Following treatment, we
observed no significant effect on cell viability (following 2-way
ANOVA and Fisher's LSD) (Figure 2A). To determine a func-
tional effect on OLs, we assessed their capacity to ensheath
poly-L-lactide nanofibers. We separated pre-myelinating OLs
(A2B5+) from mature OLs (A2B5-) to determine the relation
of lineage maturity. In the presence of fibrinogen, we observed
an increased capacity in adult-derived mature OLs (A2B5-)
(p=0.0071, Fisher's LSD) but no effect on adult A2B5+ cells
(p=0.5938, Fisher's LSD) (Figure 2B).

Previous studies in our lab suggest that pediatric-derived primary
A2B5+ cells most closely resemble a precursor (Luo et al. 2022).
Therefore, to extend our studies across the entirety of the OL lin-
eage, we next sought to determine the effect of fibrinogen on pe-
diatric donor cells. Following exposure, we observed a significant
decrease in ensheathing A2B5+ cells (p =0.0486, Fisher's LSD) but
not mature OLs (A2B5—; p=0.3346, Fisher's LSD) in comparison
to the age-matched untreated controls (Figure 2C). Representative
images are shown in Figure 2D,E. To confirm our in vitro find-
ings, we performed Bulk RNAseq analysis of adult OLs, where
analysis was performed in a paired manner where each donor
served as their own control due to genetic heterogeneity of human
samples. Top upregulated protein-coding genes include: POTEG,
EIF2SP2, HMGNIP36, SLC46A2, and XKR7 (log2FC >1.5,
Figure 2F and File S3). The transcriptome of adult derived mature
OLs treated with fibrinogen shows significant upregulation of lipid
metabolism pathways, including cholesterol synthesis (Figure 2G;
Figure S6; File S4), consistent with this beneficial effect of fibrino-
gen on ensheathment by adult OLs.
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| Fibrinogen effect on human iPSC-derived OPCs. (A) Proportion of viable OPCs (O4+) following immunofluorescence staining for

propidium iodide (PI). NG: No glucose. Two-tailed paired t-test to untreated control of each replicate: Fibrinogen versus untreated, p=0.1142. Bars
indicate SD. (B) Proportion of OPCs (O4+) as quantified following immunofluorescence microscopy, showing a decrease in OPCs following fibrin-
ogen treatment for 4 days. Two-tailed paired t-test, p=0.0360. Lines indicate matched values. (C) Representative histogram of the fluorescence in-
tensity of the SOX10mO reporter. Log2 fold-change of mean fluorescence intensity calculated relative to non-reporter control, values shown are an
average of n=>5 passages. p=0.783 following paired t-test. (D) Flow cytometry gating technique. (E) Proportions of live cells co-expressing OPC/
astrocyte markers as measured by flow cytometry, as gated in figure D. Values normalized to the average of the untreated control, n=3 passages.
Two-tailed paired t-tests were applied to assess significance levels in all groups. (F) Differentially expressed genes following bulk RNAseq analysis of
sorted SOX10mO-med cells. (G, H) GO term analysis of (G) downregulated and (H) upregulated genes. Significant GO terms were determined with

a 1.5 10g2FC cut off, and a p<0.05.
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3.3 | Fibrinogen Signaling in Human OL Lineage

Cells via the BMP Pathway

Fibrinogen has been previously suggested to act via the
BMP pathway in rodent OL lineage cells, and inhibiting this
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pathway abrogates its effect (Petersen et al. 2017). BMP ligands
have been previously shown to induce astrogenesis in OPCs
and their precursors (O2A cells) (Mabie et al. 1997; Grinspan
et al. 2000), so BMP pathway activation in earlier OL-lineage
could explain the effect observed (Figure 1). To determine if
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FIGURE2 | Fibrinogen has an age and maturation-dependent effect on human OLs. (A) Cell viability of human A2B5+ pre-OLs (A+) and A2B5—
mature OLs (A—) from both adult and pediatric samples following fibrinogen treatment and quantified following immunofluorescence microscopy
for propidium iodide (PI). Bars indicate SD. 2-way ANOVA was insignificant, and post hoc Fisher's LSD test proved non-significant results. Post
hoc test was uncorrected as each comparison stands alone. (B, C) Capacity of (B) adult (26-65years; 17 samples) and (C) pediatric (2.5-18years; 14
samples) pre-OLs (A2B5+ (A+)) and mature OLs (A2B5— (A-)) to ensheath nanofibers. *p <0.05, **p <0.01, ***p <0.001. Bars indicate SD. 2-way
ANOVA was performed for each plot, resulting in p-values of p=0.004 and p=0.006, respectively. Post hoc analysis and correction was performed
with Fisher's LSD test. Adult (B) cells are as follows: Untreated samples have a significant difference from each other (0.0071), and fibrinogen treated
A2B5- cells have a significant difference as well (0.0078), while A2B5+ cells do not (0.5938). Pediatric cells (C) are as follows: Untreated samples
have a significant difference from each other (0.0158), and fibrinogen treated A2B5+ cells have a significant difference as well (0.0486), while A2B5—
cells do not (0.3346). (D, E) Representative images of human OLs on nanofibers, cells derived from a 10year old male. O4 stain in white, nuclei in blue.
(D) top panels represent A2B5+ cells, (E) bottom panels represent A2B5— cells. Arrows point to representative examples of ensheathing segments.
Representative images were cropped, and brightness was increased to best show areas of interest. (F) Volcano plot to visualize top upregulated and
downregulated genes. (G) GO term analysis on upregulated genes following bulk RNA sequencing on fibrinogen-treated adult OL samples, GO terms
were determined to be significant with a 1.5 log2FC cut off, and a p <0.05.

the BMP pathway was activated in human cells throughout
the OL lineage in response to fibrinogen, we measured the ac-
tivation of a downstream signaling factor, SMAD1/5/9 (Heldin
et al. 1997). Nuclear localization of phosphorylated SMAD
(pSMAD), as opposed to cytoplasmic, indicates activation,
and we used this as a readout for our study. To confirm path-
way activation earlier in the OL lineage, human iPSC-derived
OPCs were exposed to fibrinogen for 2h, with representative
images shown in Figure 3A, and mean fluorescence intensity
(MFI) quantified in Figure 3C (1-way ANOVA p=0.0037).
We observed a significant increase in nuclear localization of
pSMAD1/5/9 in response to fibrinogen (Figure 3C) in com-
parison to untreated cells (p=0.0053, Benjamini-Hochberg).
In a similar manner, we evaluated signaling in the primary
OLs, with representative images in Figure 3B, quantified in
Figure 3D (1-way ANOVA p =0.0534). We observed a similar
trend in the OLs as in the iPSC, albeit insignificant following
correction for multiple comparisons (p=0.0690, Benjamini-
Hochberg). For both primary adult and iPSC-derived
04+ cells, BMP4 treatment induced similar changes and
fibrinogen-induced responses were significantly reduced by
the BMP-pathway inhibitor, DHM1 (Figure 3). Comparing the
early OPCs and the mature OLs (2-way ANOVA p=0.0025;
Figure 3E), nuclear pSMAD localization was more frequent
in the latter (p =0.0013, Benjamini-Hochberg), indicating that
the BMP pathway is more activated in these cells than iPSC-
derived cells after exposure to fibrinogen.

Confirming these findings transcriptomically, bulk RNA
seq analyses of fibrinogen-treated mature OLs show en-
richment of BMP-regulated genes (Figure 3F,G) following
ssGSEA. Individual BMP-regulated genes also showed an in-
creasing trend in the fibrinogen-treated samples (Figure S7).
Regarding the early OL-lineage cells, we detected a non-
significant but decreasing trend in BMP pathway enrichment
(Figure 3H,I). We did not observe significant changes in BMP-
regulated genes including those of the astrocyte lineage (data
not shown). The early OL-lineage cells showed an overall
gene suppression except for an increase in cell proliferation
related pathways (Figure 1F-H), which could explain the lack
of BMP-regulated genes observed. These data show that al-
though fibrinogen activates the BMP pathway in vitro both
in early and mature OL-lineage cells, the downstream genes
which are activated remain different.

3.4 | OLsin MS Have Enriched BMP Signaling
and Co-Localize With Fibrinogen

To ascertain in vivo relevance of our findings, we re-analyzed
the transcriptomic profiles from the Absinta's dataset (Absinta
et al. 2021). In this dataset, information regarding the localiza-
tion of the sequenced OLs was used in subsequent analyses. We
found BMP signaling signatures in OLs, most predominantly
found in chronic active lesions (Figure 4A), with the lowest
enrichment score in OLs from control donor tissue. Following
ssGSEA of OLs from chronic active lesions in comparison to
control tissue, we found a 79% upregulation of the BMP signa-
ture, with many significant BMP target genes (Figure 4B). To
determine if fibrinogen co-localizes with OLs in the brain, tissue
sections of the MS brain were co-immunostained with SOX10 as
a marker of OL lineage cells (Kuhlbrodt et al. 1998) and fibrin-
ogen (Figure 5). SOX10 was used as it is expressed by all cells
committed to the OL lineage, and therefore we could evaluate
colocalization of fibrinogen with the entirety of the lineage. We
stained a chronic active (Figure 5A, plaque 1), chronic inac-
tive (Figure 5B, plaque 2), an active lesion (Figure 5C, plaque
3), and normal appearing white matter (NAWM, Figure 5D) to
determine fibrinogen distribution across different stages of MS
lesion formation and repair. We observed fibrinogen on SOX10-
positive oligodendroglia in MS lesions and adjacent white mat-
ter, with great variability between lesions (Figure 5).

4 | Discussion

Fibrinogen, a blood coagulation protein, is hypothesized to be
deposited in many CNS diseases with BBB disruption, includ-
ing MS, stroke, traumatic brain injury, primary and secondary
CNS tumors, infarcts, hemorrhages, and infectious processes.
In neurodegenerative conditions, such as Alzheimer's dis-
ease, Parkinson's disease, Huntington's disease and ALS, fi-
brinogen has been found to be deposited in the CNS and has
been thought to be important in their pathogenesis (Wen
and Zhang 2023). Its involvement throughout the MS disease
course is highlighted by studies showing disruption of the BBB
and fibrin deposition early in MS lesions and preceding demy-
elination (Marik et al. 2007), while in progressive MS with se-
vere cortical fibrinogen deposition, there is reduced neuronal
density (Yates et al. 2017).
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FIGURE 3 | Fibrinogen activates BMP signaling across the OL lineage. (A, B) Representative images of (A) human iPSC derived OPCs (O4+)
and (B) human primary OLs (O4+) following exposure to treatments for 2h, by Zeiss confocal microscope. pSMAD 1/5/9 (green), O4 (white), nuclei
(blue). Representative images were cropped and brightness was increased to best show areas of interest. (C, D) Quantification of nuclear fluorescence
intensity of pSMAD 1/5/9 in (C) iPSC OPCs and (D) human primary OLs, where fibrinogen and BMP4 significantly increase pSMAD1/5/9 nuclear
signal intensity. 1-way ANOVA was performed between columns, and resulted in p-values of (C) 0.0037 and (D) 0.0534. Post hoc testing was nor-
malized using the Benjamini and Hochberg FDR method, and p-values are shown above the bars on the graphs. (E) Proportion of pSMAD signal
localization following treatment with fibrinogen, each point an average count of 25 cells in 1 biological replicate. n =3 donors for primary cells, n=4
passages for iPSC. 2-way ANOVA resulted in a p-value of 0.0025, and post hoc correction was performed with Benjamini and Hochberg FDR result-
ing in a p-value of: No signal 0.0899, Cytoplasm 0.8650, Nuclear + Cytoplasm 0.1046, Nuclear 0.0013. Bars indicate SD. (F, H) Single-sample Gene
Set Enrichment Analysis (ssSGSEA) for BMP4 target genes in: (F) human primary OLs treated with fibrinogen at 2.5mg/mL, 2days and (H) iPSC-
differentiated SOX10-positive medium cells treated with fibrinogen at 2.5mg/mL for 4days. Normalized read counts were used for both analyses.
Enrichment scores are visualized in the plots. One iPSC-OPC fibrinogen-treated sample was removed during quality control. (G, I) Bar plot showing
log2-transformed fold changes (ratios) of BMP4 target gene expression in (G) human primary OLs and (I) iPSC-derived OPCs. Red bars indicate genes
with higher expression levels in fibrinogen-treated cells, and blue bars indicate genes with higher expression levels in the control group.

Fibrinogen has been noted to have a functional effect on im- et al. 2010). This molecule has been tested on rodent OPCs and
mune cells, and resident CNS glia such as astrocytes and mi- OLs (Petersen et al. 2017), but, to our knowledge, no studies
croglia (Petersen et al. 2018; Adams et al. 2007; Schachtrup have documented the effect of fibrinogen on OL-lineage cells in
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FIGURE4 | BMPsignaling enrichment is found to correlate with degree of inflammation in the MS brain. (A) Single-sample gene set enrichment

analysis (ssGSEA) was performed on mature oligodendrocytes derived from different lesion types (Absinta et al. 2021). To run ssGSEA, BMP4 tar-

get genes (119 genes) were used as the gene set, and average expression levels for each lesion type were used as the reference. (B) Markers identified

between oligodendrocytes from chronic active lesions and control white matter (from control patients). Five BMP signaling target genes and their

corresponding p-values were visualized. Genes were ordered based on fold changes for the visualization.

human samples. Here we demonstrate the in vitro effect of fi-
brinogen on human OL-lineage cells is dependent on differenti-
ation stage and provide evidence of co-localization of fibrinogen
on OL-lineage cells in MS brain tissue (Figure 5).

As our primary cell isolation technique is not conducive to
isolation of early lineage cells (PDGFRa+ A2B5+ O4+), we
derived OPCs from human iPSCs and employed a previously
characterized iPSC reporter line (SOX10mO) to aid in deter-
mining the overall stage of maturation in our culture (Piscopo
et al. 2024). In line with previous rodent studies (Petersen
et al. 2017), we found reduced differentiation capacity of OPCs
(Figure 1B-E and Figure S4). This data is further compatible
with the inhibition of ensheathment by pediatric A2B5+ cells,
the most progenitor-like cells within our primary cell isolates
(Figure 2C). Concurrently, we observed an increase in prolif-
eration of our cells, as seen in the increase in proportion of
SOX10-med cells (Figure S2), increased Ki67 (Figure S5), and
upregulated GOBP terms (Figure 1H). The decrease in propor-
tion of O4+ cells was associated with the increase in cells co-
expressing the astrocyte surface marker, CD49f (Figure 1D,E).
This deviation towards the astrocyte lineage parallels with the
findings of Petersen et al. (Petersen et al. 2017) in their ro-
dent study, and was confirmed by expression of our reporter
(Figure S3). However, an astrocytic gene signature was not ev-
ident in our bulk RNAseq data. This may be due to this being a
small sub-population of cells less prominent within the larger
SOX10-med sample, where overall cell cycling genes were
more predominantly upregulated. We hypothesize that longer
exposure to fibrinogen may be necessary to exhibit this effect
on the wider population and may be more representative of
the chronic exposure in vivo. Further exploration would be
required to answer this question.

The mature OL plays important roles in myelin maintenance
and can even contribute to re-myelination in the post-natal brain

(Yeung et al. 2014). To assess the functional effects of fibrinogen on
OLs in relation to their stage in the cell lineage, we obtained ma-
ture human OLs from surgically resected materials as described
previously (Ruffini et al. 2004; Esmonde-White et al. 2019). These
samples were characterized further into late progenitors (A2B5+)
and mature OLs (A2B5-) both from pediatric and adult donors.
Previous works by our group have shown that pediatric and adult
human OL-lineage cells differ on a transcriptomic level, with
the indication that pediatric cells are more progenitor-like (Luo
et al. 2022). Our functional studies indicate a differential effect of
fibrinogen in relation to OL lineage stage. Mature OLs (A2B5-),
most apparent with adult donor cells, had an increased ensheath-
ment capacity following fibrinogen exposure (Figure 2B). Further
suggestions of this positive effect were found in our bulk RNAseq
data, where GO-BP terms showed enrichment for lipid metabolism
pathways, as would be upregulated in OL-mediated ensheath-
ment and subsequent remyelination (O'Brien and Sampson 1965;
Szuchet et al. 1983) (Figure 2G and File S3). These results indicate
that both donor age and lineage stage underlie functional differ-
ences in the response of OLs to toxic molecules such as fibrinogen.

Previous work has shown that the effects of fibrinogen on ro-
dent OL-lineage cells are mediated by signaling via the BMP
pathway, using a receptor (ACVR1) knockout model (Petersen
et al. 2017). Our analysis of this pathway indicates differences
between the primary and the iPSC-derived OL-lineage cells.
Using immunocytochemistry, we observed a strong nuclear
translocation of the downstream BMP effector molecule,
pPSMAD 1/5/9 in mature OLs; this response was less marked
in the iPSC-derived cells (Figure 3E). For both groups, we
showed fibrinogen signaling inhibition using the ACVR1 in-
hibitor DMH1 (Figure 3A-D). Genes downstream of the BMP
pathway were observed to be upregulated in the adult primary
OLs (Figure 3F,G). On the other hand, the same analysis on
early OL-lineage cells showed non-significant changes in
the genes downstream of BMP signaling (Figure 3H,I). This,
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FIGURE 5 | Colocalization of fibrinogen and OL lineage cells in the MS brain. Representative images of MS plaque and MS NAWM. Sox10 (oli-
godendroglial nuclear marker) in green; fibrinogen in red. For each region, a higher magnification of the area within the box is shown in the panel
immediately to the right. (A) Plaque 1, an MS lesion that in sections stained for myelin showed active demyelination at its edge, consistent with a
chronic active plaque; (B) Plaque 2, an MS lesion that in sections stained for myelin showed no active ongoing demyelination, consistent with a chron-

ic inactive plaque. (C) Plaque 3, an MS lesion that in sections stained for myelin showed active demyelination throughout its extent, consistent with

an active plaque. (D) The representative NAWM illustrated is adjacent to Plaque 3. Examples of SOX10-positive oligodendroglia that are positive for

fibrinogen in their cytoplasm and/or nuclei are indicated with white arrows; the cytoplasmic SOX-10 staining suggests translocation from the nucleus

in some oligodendroglia with fibrinogen. The blue arrow indicates a prominent fibrinogen-positive cell, possibly an astrocyte or macrophage that has

engulfed SOX10- and fibrinogen-positive debris. Scale bars =50 um.

however, could be due to the observed upregulation of cell cycle
pathways in response to fibrinogen (Figure 1 and Figure S5),
where this effect may be more prominent in comparison to the
downstream BMP genes. These observed responses can also
be attributed to BMP receptor availability, as well as the pres-
ence of competing signaling molecules (Klumpe et al. 2022),
as we could not deplete our cell media from all growth fac-
tors. Other pathways induced by fibrinogen would also need
to be explored, to completely understand the mechanism of
action in its entirety. We are aware that our low sample size
is a limitation of our study, due to the nature of human pri-
mary cell culture work. Also, due to the variability of human
genetic background, we have paired Bulk RNAseq samples for
statistical analysis. We acknowledge that a greater sample size
may circumvent this issue, as well as address biological sex
differences. Future studies would be required to solidify the
transcriptomic findings in the adult OLs, where sequencing in
a time course could give more insight into the temporal effect
of signaling and mechanism of functional response following
exposure to fibrinogen.

Our study has shown that the effects of fibrinogen and BMP path-
way activation are highly-context dependent. In the perspective
of development, studies have determined that BMP signaling
has different effects dependent on developmental stage such as
promoting neural progenitor cells to proliferate in early devel-
opment (Mira et al. 2010) while promoting astrocytic and neu-
ronal differentiation in later stages (Wang et al. 2014). Previous
studies have also shown that BMP4 exposure of early OL lineage
cells results in the expression of the astrocytic marker, GFAP,
and an astrocyte-like morphology (Grinspan et al. 2000). As
seen in our iPSC-OPCs, BMP4 signaling also has the capacity to
retain cells in a progenitor-like state (Zhang et al. 2013), seen via
increased Ki67 expression (Figure S5), downregulation of OPC
differentiation pathways (Figure 1G) and genes (Figure S4),
and promotes a subset of cells to gain an astrocytic phenotype
(Figure 1D,E and Figure S3). In other cell types, BMP signaling
has been shown to promote cholesterol biosynthesis (Derwall
et al. 2012). We have previously shown that various other toxic
molecules have differential effects based on OL-lineage stage
(Mohammadnia et al. 2024; Fernandes et al. 2021), and study-
ing the inherent differences between human cells across the
OL-lineage and the exact mechanisms dictating their differen-
tial response would require further exploration in our model.
Furthermore, indirect activity of fibrinogen via other neural cell
types (astrocytes, microglia), may add to the complexity of the
role of fibrinogen in vivo and better reflect the in situ microenvi-
ronment, and would be of interest to explore in human primary
cultures in a future study.

To confirm in situ relevance, we aimed to determine the co-
localization of fibrinogen with OL-lineage cells in the MS
brain. Using SOX10 as a pan-lineage marker, we observed the
co-localization in various stages of MS lesion development as
well as in NAWM (Figure 5). To our knowledge, this is the first
exploration into fibrinogen co-localization with OL-lineage
cells in the MS brain. The prevalence of BMPs (both ligands
and receptors, as well as downstream signaling) has been pre-
viously reported in the MS brain (Deininger et al. 1995; Sabo
et al. 2011; Costa et al. 2019). In situ studies have shown the
correlation of BMPs with the level of inflammation MS lesions
(Costa et al. 2019), and attribute this to both the presence of
immune infiltrates as well as resident glial populations. Here
we confirm these findings and show levels of downstream
target genes in OL-lineage cells differ based on lesion type
(Figure 4). However, exactly how Fibrinogen and the BMP
pathway is promoting remyelination in OLs and preventing
differentiation in OPCs remains to be defined. Future studies
addressing this would be important to confirm this present
study as well as inform future drug development targets.

In the context of MS, one could speculate that the fibrinogen-
driven increased ensheathment by mature OLs could positively
contribute to the remyelination process that occurs during early
inflammatory demyelinating activity with ongoing breakdown of
the BBB, and at the borders of chronic active plaques. Failure of
subsequent remyelination would reflect a depletion of such cells,
as evident in previously demyelinated regions of the plaque, that
are not replenished by production of new OLs capable of remye-
lination due a block in oligodendroglial progenitor differentiation.
This could reflect at least in part the effect of fibrinogen on OPCs.
Whether other factors in the milieu of the MS lesion contribute to
this differentiation block remains to be determined.
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Additional supporting information can be found online in the
Supporting Information section. Data S1: jnr70120-sup-0001-FigureS1-
S8-TableS1-S4.docx. File S1: Differentially Expressed Genes in iPSC-
OPCs. FACS-sorted SOX10mO-med cells were sent for BulkRNAseq.
The read counts were run through DESeq2 for differential gene expres-
sion analysis between untreated and fibrinogen-treated samples (n = 3).
All significant genes based on the p-value <0.05 are in File S1. For
the plots, additional filter of FC > 1.5 applied. File S2: GO Term anal-
ysis results in iPSC-OPCs. File S3: Differentially Expressed genes in
adult human primary OLs. Primary human OLs from two donors were
treated with fibrinogen and sent for BulkRNAseq. Samples were ana-
lyzed in a pair-wise manner as described in Mohammadnia et al. (2024).
All significant genes based on the p-value <0.05 are in File S3. File S4:
GO-BP, KEGG and Reactome term analysis on human primary OLs.
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