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The Cellular Senescence Factor
Extracellular HMGB1 Directly Inhibits
Oligodendrocyte Progenitor Cell
Differentiation and Impairs CNS
Remyelination
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and Stephen J. Crocker*

"Department of Neuroscience, University of Connecticut School of Medicine, Farmington, CT, United States, ?Department of
Biology and Center for Cell Reprogramming, Georgetown University, Washington, DC, United States

HMGB1 is a highly conserved, ubiquitous protein in eukaryotic cells. HMGB1 is normally
localized to the nucleus, where it acts as a chromatin associated non-histone binding
protein. In contrast, extracellular HMGB1 is an alarmin released by stressed cells to
act as a danger associated molecular pattern (DAMP). We have recently determined
that progenitor cells from multiple sclerosis patients exhibit a cellular senescent
phenotype and release extracellular HMGB1 which directly impaired the maturation of
oligodendrocyte progenitor cells (OPCs) to myelinating oligodendrocytes (OLs). Herein,
we report that administration of recombinant HMGB1 into the spinal cord at the time
of lysolecithin administration resulted in arrest of OPC differentiation in vivo, and a
profound impairment of remyelination. To define the receptor by which extracellular
HMGB1 mediates its inhibitory influence on OPCs to impair OL differentiation, we tested
selective inhibitors against the four primary receptors known to mediate the effects of
HMGBH1, the toll-like receptors (TLRs)-2, -4, -9 or the receptor for advanced glycation
end-products (RAGE). We found that inhibition of neither TLR9 nor RAGE increased
OL differentiation in the presence of HMGB1, while inhibition of TLR4 resulted in partial
restoration of OL differentiation and inhibiting TLR2 fully restored differentiation of OLs in
the presence of HMGB1. Analysis of transcriptomic data (RNAseq) from OPCs identified
an overrepresentation of NFkB regulated genes in OPCs when in the presence of
HMGB1. We found that application of HMGB1 to OPCs in culture resulted in a rapid and
concentration dependent shift in NFkB nuclear translocation which was also attenuated
with coincident TLR2 inhibition. These data provide new information on how extracellular
HMGB1 directly affects the differentiation potential of OPCs. Recent and past evidence
for elevated HMGB1 released from senescent progenitor cells within demyelinated
lesions in the MS brain suggests that a greater understanding of how this molecule
acts on OPCs may unfetter the endogenous remyelination potential in MS.
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INTRODUCTION

Multiple sclerosis (MS) is a debilitating autoimmune disease
affecting myelination of the central nervous system (CNS).
Worsening disability among MS patients with progressive forms
of disease is attributable to chronic loss of oligodendrocytes
(OLs) and myelin, as well as the failure of oligodendrocyte
progenitor cells (OPCs) to differentiate into mature OLs to
replace lost myelin (Nicaise et al., 2019). This differentiation
failure occurs even as OPCs populate the demyelinated lesions
in the MS brain, indicating the presence of anti-differentiation
factors or the loss of pro-differentiation factors (Wolswijk,
1998, 2002; Chang et al, 2002). It is hypothesized that
manipulating these factors may offer a mechanism to
halt disease progression and restore neurological function
by promoting myelination in the brain and spinal cord
(Briick et al., 2013; Faissner and Gold, 2019).

Neural progenitor cells (NPCs) are an early progenitor cell
type with the capability to differentiate into neurons, astrocytes,
or OLs, depending on the environmental cues they encounter
(Chang et al., 2002; Gudi et al.,, 2014). Previous work in our
lab determined that induced pluripotent stem cells (iPSCs)
obtained from primary progressive MS (PPMS) patients and
subsequently differentiated to NPCs were deficient in supporting
myelin regeneration both in vitro and in vivo when compared
to iPS-derived NPCs from age matched controls (Nicaise et al.,
2017). It was initially reported, and recently independently
confirmed by others (Mutukula et al., 2021), that NPCs from
PPMS samples in vitro exhibit a senescent phenotype, and
validated the finding that Sox2+ progenitor cells in progressive
MS brain tissues expressed elevated levels of cellular p16, p21,
p53, and other markers (Nicaise et al., 2019). This finding
indicated that the conditioned media (CM) from iPS-derived
NPCs from PPMS patients represents a disease-associated
senescent secretory phenotype. A proteomic analysis of the NPC
secretome was conducted and PPMS NPCs were found to secrete
high levels of high mobility group box 1 (HMGBI) that control
NPCs did not secrete high levels of HMGBI1 (Nicaise et al., 2019).
HMGBI was also found to colocalize to Sox2+ cells within the
white matter lesions in autopsy pathology. Moreover, when a
function blocking antibody against HMGB1 was applied to the
CM derived from PPMS patient iPS-derived NPCs, maturation of
OPCs increased significantly. This indicates an important role for
HMGBI in the influence of senescence on limiting OL-mediated
remyelination (Nicaise et al., 2019).

HMGBI, also known as amphoterin, is a highly conserved,
ubiquitous protein found in nearly all eukaryotic cells. It is highly
conserved between rodents and humans, with the sequence
homology exceeding 98% (Ellerman et al., 2007). HMGBI is
recognized as the prototypical alarmin, or danger/damage
associated molecular pattern (DAMP). This class of proteins
have functions in the unstressed cell but are actively secreted
following stress or damage, provoking an innate immune
response (Robinson et al., 2013). Under normal circumstances,
HMGBI remains in the cell, acting in the nucleus as the most
abundant chromatin associated non-histone binding protein,
stabilizing nucleosomes and regulating the transcription of many

genes (O’Connor et al., 2003; Ellerman et al., 2007). In contrast,
extracellular HMGBL1 has been found to be a mediator of both
sterile inflammation and infection associated responses (Yang
and Tracey, 2010), which can induce proinflammatory cytokine
release from cells. HMGB1 has been implicated in a variety of
inflammatory conditions including sepsis, inflammatory bowel
disease, pancreatitis, acute lung injury, rheumatoid arthritis,
hemorrhagic shock lacking infection, traumatic brain injury,
stroke, depression, and ischemia-reperfusion injury (Wang et al.,
1999; O’Connor et al,, 2003; Yang and Tracey, 2010; Lian et al.,
2017). Importantly, treatment of animal models of diseases
with anti-HMGBI1 antibodies has been shown to be effective
in reducing the impact of these conditions (O’Connor et al.,
2003; Robinson et al., 2013). While HMGBI is considered a
cytokine when released from immune cells, our data indicates
that HMGBI acts on OPCs, suggesting a direct receptor-
mediated function. Extracellular HMGBI1 has several identified
receptors, including the toll-like receptors (TLRs) TLR2, TLR4,
and TLRY and the receptor for advanced glycation end products
(RAGE; Hori et al,, 1995; Hoarau et al., 2011). TLRs belong to a
family of pattern recognition receptors capable of recognizing a
large range of pathogen or danger associated molecular patterns
(PAMPs or DAMPs), both of which can trigger an immune
response. HMGBI1 has been found to promote production of
inflammatory factors by binding to TLRs (Andersson et al., 2000)
and promote inflammation by binding to RAGE (Watanabe and
Son, 2021). It is currently unknown which of these receptors
and subsequent pathways HMGBI1 acts on in OPCs to prevent
maturation.

Herein we report that the HMGBI1 suppresses OPC
maturation by a TLR2mediated mechanism and co-application
of recombinant HMGBI to spinal cord lysolecithin (LPC)
lesions significantly impairs remyelination. Taken together, these
data demonstrate a potentially important extracellular role for
HMGBI as a factor involved in impaired remyelination in the
multiple sclerosis brain.

MATERIALS AND METHODS

Animals

Rat pups used in this study were the offspring of WT Sprague
Dawley rats purchased from Charles River. C57BL/6] wild-type
mice of both sexes were purchased from the Jackson Laboratory.
Mice were accommodated for a week after receiving and were
maintained on a 12-h light/12-h dark cycle with food and water
ad libitum throughout the experiments. All experiments were
performed in accordance with protocols approved by either the
University of Connecticut School of Medicine or Georgetown
University Institutional Animal Care and Use Committees.
Procedures were also conducted following the guidelines set forth
by the National Research Council of the National Academies
Guide for the Care and Use of Laboratory Animals.

Lysolecithin Lesions

Focal demyelinated lesions were induced by injecting 1 nl of
1.0% LPC (Sigma-Aldrich, MA, USA) in PBS into the spinal cord
ventral funiculus of 11-week-old mice as previously described
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(Psachoulia et al., 2016). For the treatment group, 1 pl of 1 mg/ml
recombinant human HMGB1 protein (Abcam, Cambridge, UK)
in water was co-injected along with 1.0% LPC into the ventral
spinal cord. For the control group, 1 pl of 1 mg/ml recombinant
human HMGBI protein (Abcam, Cambridge, UK) in water was
co-injected with the vehicle, sterile phosphate buffered saline
(PBS).

Sample Processing

Mice were perfused intracardially with 4% fresh
paraformaldehyde (PFA, Sigma-Aldrich, MA, USA) at 10 days
post lesion. Spinal cords were dissected and post-fixed with 4%
PFA before being cryoprotected in 30% (w/v) sucrose solution
(Sigma-Aldrich, MA, USA) in PBS at 4°C overnight. The tissue
was then frozen in O.C.T. (Fisher Scientific, MA, USA) on dry
ice and stored at —80°C. Spinal cord demyelinated lesions were
serially collected on SuperFrost®Plus slides (VWR International,
PA, USA) using a cryostat (CM1900; Leica, Wetzlar, Germany).
Sections were cut to 12 wm, and were dried for 30 min at room
temperature before storing at —80°C.

Immunohistochemistry

Spinal cord demyelinated sections were dried for 1 h at
room temperature before performing immunohistochemistry
as previously described (Baydyuk et al, 2019). Antigen
retrieval was performed for Olig2 staining. Sections were
washed with 0.05% Tween 20 in TBS (Sigma-Aldrich, MA,
USA) followed by TBS to remove O.C.T. on the slides. For
permeabilization, sections were washed with 1% Triton X-100
(Sigma-Aldrich, MA, USA) in TBS for 15 min. The samples
were then incubated in blocking solution (5% normal goat
serum, 5% donkey serum, and 0.25% Triton X in TBS) for
1 h at room temperature, followed by mouse-on-mouse IgG
blocking solution according to the manufacturer’s instructions
(Vector Laboratories, CA, USA) when using mouse primary
antibodies. Subsequently, the sections were incubated at 4°C
overnight in primary antibodies diluted in blocking solution
(1:300 rabbit anti-Olig2, EMD Millipore; clone CC-1, EMD
Millipore; 1:100 mouse anti-Nkx2.2, Developmental Studies
Hybridoma Bank; 1:400 rabbit anti-Ibal, Wako Chemicals
USA, Inc. ANTIL 1:100 mouse Anti-iNOS/NOS Type II, BD
Biosciences; 1:500 rat anti-myelin basic protein, Millipore).
On the following day, slides were washed with 0.05% Tween
20 in TBS followed by TBS, then incubated in secondary
antibody solution (1:1,000 Cy3-conjugated AffiniPure donkey
anti-rabbit IgG (H + L), Jackson ImmunoResearch; 1:500 Alexa
Fluor 488 goat anti-mouse IgG (H + L), Thermo Fisher;
1:500 Alexa Flour 594 donkey anti-rat IgG (H + L), Thermo
Fisher, 1:1,000 Hoechst 33342, Thermo Fisher, MA, USA)
for 1 h at room temperature. Sections were then washed
again with 0.05% Tween 20 in TBS followed by TBS to
remove excessive secondary antibodies before mounting. To
avoid variable staining quality among different batches, slides
from all groups were stained on the same day for each type
of staining. Images were taken with Zeiss LSM800 confocal
microscope (Zeiss, Oberkochen, Germany). To avoid image
differences due to laser stability, images from all groups

were taken on the same day with the same confocal settings
for each type of staining. DAPI intensity was referred to
ensure the staining quality was consistent throughout the
slides. For Olig2, CC1, Nkx2.2, Ibal, and iNOS staining,
cells were counted in the lesioned area defined by Hoechst
staining and then normalized to the lesion area (mm?) of
each section. Spinal meninges are excluded from the counts.
For myelin basic protein (MBP) staining, the percentage of
MBP+ area coverage in lesions was determined by Image J.
The results of 2-6 spinal cord sections from each mouse
were used for quantification, 3-5 mice were examined in each

group.

Isolation of Rat OPCs and Treatment With
HMGB1 and Inhibitors

OPCs were isolated from the cerebral cortices of neonatal rat
pups (postnatal day 0-3) as previously described (Moore et al.,
2011). Cells were plated on poly-I-ornithine (Sigma-Aldrich, MA,
USA) coated glass coverslips, as previously described (Moore
et al,, 2011). OPCs were treated with 500 l of differentiation
media [neurobasal media; Gibco, 2% B27, 1% L-glutamine
(2 mM) and 0.3% T3 (10 ng/ml)] containing recombinant human
HMGBI (0.5 pg/ml; Abcam, Cambridge, UK) or recombinant
human HMGBI1 (0.5 pg/ml) and the indicated concentration
of each inhibitor. All tests were performed with HMGBI and
the inhibitor in differentiation media, with differentiation media
alone serving as the control. Concentrations were determined
from the manufacturer provided IC50. The following drugs were
used: CU CPT22 (TLR2/1 specific inhibitor; 0.5 and 1 pwM;
Tocris), C34 (TLR4 specific inhibitor, 5 and 10 wM; Tocris),
Hydroxychloroquine sulfate (HQS; TLR9 specific inhibitor,
1 and 2 wM; Tocris, Bristol, UK), and FPS-ZM1 (RAGE specific
inhibitor; 3 and 6 wM; Tocris, Bristol, UK). All drugs were
reconstituted in accordance with the manufacturer instructions.
Coverslips were treated for 72 h.

Immunocytochemistry

Following treatment, coverslips were gently washed with
PBS before fixation with 4% PFA. Following fixation, cells
were permeabilized using 5% goat serum (Thermo Fisher
Scientific, MA, USA) and 0.01% Tween20 (Sigma-Aldrich, MA,
USA). Cells were stained using 4’6-diamidino-2-phenylindole
(DAPI) to identify nuclei, as well as the indicated primary
antibodies, including MBP (1:500; Abcam, Cambridge, UK),
Olig2 (1:500; Abcam, Cambridge, UK), and NFkB (1:200;
Thermo Fisher Scientific, MA, USA). Conjugated secondary
antisera directed against the species of the primary were
used according to manufacturer instructions (1:1,000, Abcam,
Cambridge, UK). Coverslips were then affixed to slides
(Denville Ultraclear, MA, USA) with fluromount-G (Invitrogen,
MA, USA) and imaged (Olympus 1X71, CellSens Software;
Olympus, MA, USA). Five fields of view at 20x magnification
using identical image capture settings were assessed by an
experimenter blinded to treatments. To analyze the amount
of OPC differentiation, Olig2+ cells and MBP+ cells were
counted and the percent MBP+ cells was calculated. Olig2+
was also used to distinguish astrocytes in the cultures to
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refine the cell counts to only MBP+/Olig2+ OL-lineage cells.
Data are presented as the percentage of MBP+/Olig2+ cells
relative to the control, differentiation media only, condition
set as 100%.

Gene Ontology (GO) Enrichment Analysis
of NFkB Target Genes

Gene expression analyses using our previously reported RNAseq
datasets were used to identify HMGBI1-specific transcriptional
changes across OPCs under defined treatment conditions, as
previously described (Nicaise et al, 2019). Significantly up
or downregulated genes in PPMS vs. PPMS+aHMGBI1 were
generated (p < 0.05, LogFoldChange > =1). Differentially
expressed genes (DEGs) were then cross-referenced with a list
of known NFkB genes (Rouillard et al., 2016) to determine
which DEGs were also known to be NFkB regulated. These
filtered gene lists were then analyzed using the PANTHER
Pathway analysis tool! linked through the Gene Ontology
Consortium’s online database? (Mi et al., 2013). Gene names
were copied into the PANTHER Pathway analysis tool, where
we selected organism (Rattus norvegicus), specific enrichment
analysis (Biological or Reactome), statistical test type and
correction (Fisher’s Exact with calculation of FDR). Significant
results were identified by filtering by false discovery rate
(FDR < 0.05) and P-value (pvalue <0.01). We reported
significant findings using a 3D representation showing the
P-value and fold enrichment for each significantly enriched
pathway.

Statistical Analysis

Statistics for ICC were performed using GraphPad Prism 8
(La Jolla, CA, USA). Statistics for IHC were performed using
GraphPad Prism 9 (La Jolla, CA, USA). Data are represented
as mean £ SEM. Significance was determined using one-way
ANOVA. Statistical significance is reported as not significant
(ns.) P > 0.05, *P < 0.05 *P < 0.01, **P < 0.001,
PP < 0.0001.

RESULTS

HMGB1 Inhibits Oligodendrocyte
Differentiation in a LPC Model of

Demyelination

HMGB1 has been shown to be detrimental to OPC
differentiation in vitro (Nicaise et al., 2019) and has been
found to be significantly elevated in MS patient plasma
(Bucova et al., 2020). Higher levels of HMGB1 have also been
linked with active lesions as well as an association between
HMGBI levels and disability (Bucova et al., 2020). To determine
whether HMGBI1 introduced into an active lesion in vivo
would impact remyelination, we co-injected recombinant
human HMGB1 with LPC into mouse spinal cords and
assessed lesion volume 10 days later (data post lesion, dpl).
Animals that had been co-injected with LPC and HMGB1 were

Uhttp://pantherdb.org/
Zhttp://www.geneontology.org/

found to have significantly fewer mature Olig2+/CCl+ OLs
compared to those co-injected with LPC and vehicle (H,O;
Figure 1). The lack of mature oligodendrocytes in the lesion
environment was not due to insufficient numbers of early stage
oligodendrocyte lineage cells because we also found that the
numbers of Olig2+/Nkx2.2+ cells, which identifies activated
OPCs during remyelination (Fancy et al., 2004), were present
at the same levels in the LPC lesions whether co-injected
with HMGB1 or vehicle (PBS; Figure 2). These findings
indicated that HMGBI effectively impaired the differentiation
of oligodendrocytes when introduced into the LPC lesion
environment. To determine if administration of HMGBI into
the LPC lesion affected the degree of remyelination, as indicated
by production of myelin basic protein (MBP+), we also assessed
the amount of MBP+ immunostaining in each treatment
condition and found reduced MBP+ levels in mice that had
been LPC lesioned and also treated with HMGB1 (Figure 1).
To determine if the reduced numbers of mature OLs (CCl+)
and myelin (MBP+) in LPC/HMGBI-treated animals was
attributed to an overall loss of oligodendrocyte lineage cells
in the lesion environment, we then analyzed Olig2+/Nkx2.2+
OPCs in the lesions of each treatment group. This analysis
determined that the HMGB1 did not reduce the numbers
of OPCs in LPC-treated animals relative to LPC-Vehicle
(H,0) treated subjects (Figure 2). We did note that when
compared with non-LPC + HMGBI injected animals, the
number of OPCs was higher than in LPC-lesioned animals
which indicated that HMGB1 alone did not impact the survival
of OL-lineage cells. This was consistent with previous findings
that LPC kills nearly all oligodendroglial cells around the
injection site, and new OPCs migrating in from outside the
lesion are needed for remyelination (Baydyuk et al, 2019).
To futher define and compare the state of the demyelinated
lesions in each treatment group at this 10 dpl timepoint, we
also examined iNOS + /Ibal+ microglia/macrophages as an
indicator of active demyelination. This analysis determined
that there were no significant differences in the numbers of
Ibal+ activated microglia or iNOS + /Ibal+ cells in either
LPC treatment group at the timepoint analyzed (Figure 3).
Hence, these data indicate that a single bolus injection of
HMGBI introduced into an active lesion environment was
sufficient to effectively impair the recovery and remyelination of
an LPC lesion.

TLR2/1 Inhibitor CU CPT22 Rescued
Differentiation in Oligodendrocyte
Progenitor Cells Treated With HMGB1

Our previous and current data indicate that HMGBI can directly
inhibit the differentiation of OPCs both in vivo and in vitro.
To understand how extracellular HMGB1 influences OPCs, we
examined whether any known HMGBI receptors were involved
and also examined which intracellular signaling pathway it was
likely activating. Based on what is known about the action of
extracellular HMGBLI in other cell types and disease models,
we hypothesized that HMGB1 was likely acting through one of
four receptors: TLR2, TLR4, TLR9 or RAGE (Hori et al., 1995;
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FIGURE 1 | HMGB1 reduced evidence for myelination after LPC-induced demyelination. (A) A representative IHC image of mouse spinal cord injected with 1 !
LPC (1.0%) and water control 10 days post lesion (dpl) stained with Olig2, CC1, and DAPI. (B) A representative IHC image of mouse spinal cord co-injected with 1 !
LPC (1.0%) and 1 pul rhHMGB1 (1 mg/ml in water) at 10 dpl stained with Olig2, CC1, and DAPI. (C) A representative IHC image of mouse spinal cord injected with
PBS and 1 pl rhHMGB1 (1 mg/mlin water) at 10 days post injection stained with Olig2, CC1, and DAPI. (D) Quantification of the number of Olig2+ cells. (E)
Quantification of the Olig2+ and CC1+ cells. (F) Percent of Olig2+ cells that were also CC1+. (G) Representative image of mouse spinal cord injected with 1 pl LPC
(1.0%) and water control 10 dpl stained for myelin basic protein (MBP) and DAPI. (H) A representative IHC image of mouse spinal cord co-injected with LPC and
rhHMGB1 at 10 dpl stained for myelin basic protein (MBP) and DAPI. (I) A representative IHC image of mouse spinal cord injected with PBS and 1 .l rhHMGB1

(1 mg/ml in water) at 10 days post injection stained for myelin basic protein (MBP) and DAPI. (J) Percent of the lesion area that was MBP+. (K) Quantification of the
area of the lesion in mm?. White dashed lines indicate lesion/injection site. Two to six spinal cord sections from each mouse were used for quantification, 3-5 mice
per condition. ***P < 0.0001; ***P < 0.001; *P < 0.01; and *P < 0.05. ns when P > 0.05. Scale bar = 50 pm.
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FIGURE 2 | HMGB1 delayed maturation of oligodendrocytes in vivo. (A) A representative IHC image of mouse spinal cord injected with 1 I LPC (1.0%) and water
control 10 dpl stained for Olig2, Nkx2.2, and DAPI. (B) A representative IHC image of mouse spinal cord co-injected with 1 pl LPC (1.0%) and 1 ! rhHMGB1

(1 mg/mlin water) at 10 dpl stained for Olig2, Nkx2.2, and DAPI. (C) A representative IHC image of mouse spinal cord injected with 1 wl rhHMGB1 (1 mg/ml in water)
10 days post injection stained for Olig2, Nkx2.2, and DAPI. (D-F) Quantification of lesions, including Olig2+ cells, Olig2+, and Nkx2.2+ cells and the percent of
Olig2+ cells that were also Nkx2.2+. White lines indicate lesion/injection site. Two to six spinal cord sections from each mouse were used for quantification, 3-5 mice
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Park et al., 2004; Hoarau et al., 2011). To test this hypothesis, we
utilized receptor-specific inhibitors to determine which receptor
HMGBI was acting through in OPCs.

OPC cultures obtained from wild type (WT) Sprague Dawley
rat pups (P0-P3) were treated for 72 h with each receptor
inhibitor and 0.5 pwg/ml HMGBI in differentiation media.
Consistent with prior research (Nicaise et al., 2019), adding
HMGBI to differentiation media significantly diminished the
amount of MBP produced by oligodendroglial lineage cells
when compared to differentiation media alone. This indicated
a failure of OPCs to differentiate into mature, myelinating
OLs in the presence of HMGBI1 in vitro. Treatment with
the inhibitors of TLR4 (C34), TLR9 (hydroxychloroquine

sulfate) or RAGE (FPS-ZM1) in the presence of HMGB1 was
unable to restore differentiation to control levels. However, the
TLR4 and TLRY inhibitors were able to produce significantly
more differentiation than the HMGB1 only condition. In
contrast, treatment of OPCs with CU CPT22 (1 pM, a
TLR2/1 specific inhibitor) in the presence of HMGBI (0.5 pug/ml)
resulted in a significant increase in the percentage of mature
OL lineage cells (Olig2+/ MBP+). HMGB1 and CU CPT22
co-treated cultures exhibited no significant differences in
differentiation when compared to differentiation media only
control conditions (Figure 4), suggesting that HMGB1-mediated
inhibition of OPC differentiation is mediated, at least in part,
by TLR2/1.
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FIGURE 3 | HMGBH treatment did not increase inflammation within demyelinated lesions. (A) A representative IHC image of mouse spinal cord injected with 1 pl
LPC (1.0%) and water control 10 dpl stained with iINOS, Iba1, and DAPI. (B) A representative IHC image of mouse spinal cord co-injected with 1 pl LPC (1.0%) and
1wl rhHMGB1 (1 mg/ml in water) at 10 dpl stained with INOS, Iba1, and DAPI. (C) A representative IHC image of mouse spinal cord injected with 1 pl rhHMGB1

(1 mg/mlin water) 10 days post injection stained with iINOS, Iba1, and DAPI. (D-F) Single channel images of INOS immunostaining of samples represented in panels
(A-C). Lesion areas are represented by dashed white lines. (G) Quantification of lba1+ cells. (H) Quantification of Iba1+ and INOS+ cells. (I) Percent of lba1+ cells

that were also iINOS + . White dashed lines indicate lesion/injection site. Two to six spinal cord sections from each mouse were used for quantification, 3-5 mice per
condition. ns when P > 0.05. Scale bar = 50 pm.
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FIGURE 4 | HMGBH inhibited OPC differentiation via TLR2/1 receptors. (A) Differentiation of rat OPC cultures after 72 h of treatment with differentation media,
differentiation media plus HMGB1 or differentiation media plus HMGB1 and CU CPT22. (B) Quantification of the amount of differentiation, as measured by the
percent of MBP+ cells, normalized to differentiation media using each receptor inhibitor [Not shown: all conditions are significantly different from HMGB1

(o < 0.0001), except FPS-Zm1 3 uM and 6 uM (ns)]. Analyzed by one-way ANOVA, where ****P < 0.0001; ***P < 0.001; **P < 0.01; and *P < 0.05. ns when

P > 0.05. Scale bar = 100 pm.

HMGB1 Regulates NFkB Signaling in OPCs
To define how HMGB1 may regulate the transcriptional
responses of OPCs, we noted that NFkB is a common
downstream target of TLR2/1 signaling. Nuclear factor kB
(NFkB) is a well-established downstream target of TLR2/1 and
has also been found to be activated in chronic MS lesions
in OLs (Bonetti et al, 1999). NFkB is a transcription factor
comprised of at least five cytoplasmic proteins [RelB, c-Rel, p50,
P52, and p65 (RelA)] and is inhibited by IkB, which sequesters
NFkB in the cytoplasm where it is inactive. Activating NFxB
requires degradation of IkB, allowing NF«kB to translocate into
the nucleus where the Rel subunits can bind target genes and
begin transcription (Bonetti et al., 1999). To evaluate the effects
of HMGBI on the intracellular localization of NFkB in OPCs, we
treated OPCs with HMGBI and fixed at various timepoints, then
immunostained for NFkB to determine if subcellular localization
was influenced by HMGB1. In HMGBI1-treated OPCs we found
80% of cells exhibited nuclear localization of NFkB after 1-, 2-

and 4-h of treatment (Figure 5). This was in contrast to cells
treated with only differentiation media, where less than 20% of
the OPCs had any notable nuclear NFkB localization. Thus, the
nuclear translocation of NFkB in response to HMGBI1 suggests
that this pathway may represent a means by which HMGB1 could
influence gene transcription and OPC differentiation.

To evaluate whether regulation of TLR2/1 signaling also
impacted the nuclear localization of NFkB in response to
HMGBI, we examined the subcellular localization of NF«B in
HMGBI treated OPCs with and without the TLR2/1 inhibitor
CU CPT22. We observed CU CPT22 and HMGBI1 co-treated
cells did not exhibit significant nuclear localization of NFkB
and that the proportion of cells with nuclear NFkB did not
differ significantly from OPCs cultured in differentiation media
alone (Figure 5). These results suggest that HMGBI activation
of NFkB regulated nuclear transcription can be regulated or
mediated by TLR2. Hence, identification of NF«B target genes
that are transcribed in response to HGMBI may represent
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FIGURE 5 | HMGB1 promoted nuclear localization of NFkB after HMGB1 treatment. (A) Immunocytochemical detection of NFkB in primary OPC cultures identified
NFkB to be predominantly in the cytoplasm of control, differentiating cells, but was observed to be rapidly localized to the nucleus when exposed to HMGB1.
Addition of the TLR2 inhibitor, CU CPT22, prevented the nuclear localization of NFkB in HMGB1-treated OL lineage cells. (B) Quantification of the percent of OL
lineage cells with nuclear localization of NFkB over time. Analyzed by repeated measures ANOVA, where **P < 0.01; and ns when P > 0.05. Scale bar = 20 pm.

future candidates for mediating the arrest of OPC differentiation
by HMGBI.

Lastly, to interrogate the downstream effects of HMGB1 on
OPC behavior, RNAseq datasets we generated previously
(Nicaise et al., 2019) were used to identify HMGBI regulated
genes. We analyzed the differentially expressed genes (DEGs)
which exhibited upregulation in the presence of HMGBI,
and also downregulation in HMGBI1 inhibited conditions,
and cross-referenced DEG lists against lists of known NF«B
regulated genes (Rouillard et al, 2016). This analysis of
transcriptional datasets determined that NFkB target genes
represented 35.7% of all significantly upregulated DEGs and
also 24.5% of all downregulated DEGs in OPCs. Gene ontology
analysis revealed that these NFkB regulated DEGs represented
processes of cellular proliferation and differentiation that
were consistent with HMGBI1-induced impairment of OPC
differentiation demonstrated both in vivo (Figure 1) and in
our previous study (Nicaise et al., 2019). Together, these data
strongly implicate NFkB-regulated transcription in impaired
OPC-mediated remyelination and as a pathway directly regulated
by HMGBI (Figure 6).

DISCUSSION

Previous work in our lab has shown that HMGBI1 was
preferentially expressed by progenitor cells in progressive forms

of MS and that this was coincident with these progenitors
displaying a cellular senescent phenotype. This led to the
hypothesis that elevated HMGBI1 in progressive MS may be
both an indicator and mediator of chronic demyelination. To
further test the possibility that HMGBI1 can negatively impact
OPC-mediated remyelination, results of this study have shown
that a single injection of HMGB1 given at the time of the LPC
lesion is sufficient to significantly impair OPC differentiation
and thus attenuated the degree of remyelination. However, this
failure is not due to a lack of OPCs, as we saw comparable
levels of OPCs in the non-HMGBI and HMGBI lesions. This
observation that OPCs persist in lesions but fail to differentiate
has been widely observed and documented in MS (Skaper, 2019).
Herein, we have tested this hypothesis and our results show
that HMGBI can negatively impact remyelination in vivo, and
we have identified TLR-NFkB signaling as a possible signaling
mechanism in OPCs that mediates the effects of extracellular
HMGBLI in vitro.

Since TLRs are known receptors for HMGBI1, we had also
tested the possibility that TLR-signaling may contribute to
the effects of HMGB1 on OPCs. HMGBI is not the first
putative ligand reported for TLR2 as a means of affecting OLs.
Indeed, TLR2 has previously been implicated as a receptor
for hyaluronan and has been shown to block OPC maturation
and remyelination (Sloane et al, 2010). The high molecular
weight form of hyaluronan that is secreted by astrocytes has
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been shown to accumulate in chronically demyelinated lesions
in both MS patients and mice with experimental autoimmune
encephalomyelitis (EAE), and has also been shown to inhibit
remyelination in LPC lesions (Back et al, 2005). It is an
interesting possibility that these two significantly different
molecules may be acting in similar ways on the same pathway to
similar effect. It is important to qualify that although HMGBI is
recognized as a ligand for TLRs, inhibition of TLR2 by itself
is known to promote OPC differentiation (Sloane et al., 2010).
Thus, our findings cannot conclusively establish that TLR2 is the
only receptor for HMGBI1 because there remains the possibility
that inhibiting TLR2 may have offset the effects of HMGBI1 in
a manner unrelated to direct ligand-receptor interaction. From
this perspective HMGB1 and regulation of TLR2 signaling on
OPCs may act as competing physiological antagonists in the
regulation of OPC fate.

Our data indicate that extracellular HMGB1 may act via
TLRs expressed on OPCs to induce activation of NFkB signaling.

This finding is consistent with previous work by others on
the expression of TLR2 by OPCs and for a negative role for
TLR2 activation on OPC differentiation potential (Sloane et al.,
2010; Wasko et al., 2019). Interestingly, our work also pointed
to a significant influence of HMGBI1 on NFkB signaling, both
as indicated by the rapid nuclear translocation of NFkB in
HMGBI treated OPCs and in terms of gene ontology analysis
of pathways and transcriptional targets in OPCs regulated by
HMGBI. Herein we report that extracellular HMGB1, which is
also a factor found abundantly in the inflammatory milieu of
the demyelinated lesion in the MS brain, is a potential inducer
of NFkB signaling resulting in perturbed OPC remyelinating
potential (Figure 7). Our in vitro studies which are corroborated
by in vivo findings in the LPC lesion model, are in contrast
to prior in vivo work implicating IFNy as a driver of NFkB
activity in OL (Stone et al, 2017). In the previous study,
it was reported that blocking NFkB activation in OLs using
cell-specific expression of IkBaAN resulted in OL death and a
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hypomyelination phenotype during murine development (Stone
et al., 2017), suggesting a positive function for NFkB signaling
in promoting myelination. Whereas based on our findings, we
consider NFkB signaling via TLR2 activation by HMGBI1 to
be an impediment to OL differentiation and remyelination.
Indeed, our analysis of transcriptional changes in OPCs that
are regulated by HMGBL1 support these findings that blocking
HMGBI results in activation of gene pathways associated with
myelination and OL maturation and these data provide a new
perspective on regulatory pathways governing the fate potential
of OPCs.

HMGBI1 has been shown to activate NFkB downstream
signaling through TLR2, TLR4, TLRY, and RAGE in several
disease contexts (Lohani and Rajeswari, 2016). In diabetic
neuropathy, HMGBI1 increases NF«B activity (Alomar et al,
2021), while in diabetic retinopathy, HMGB1 has been shown
to upregulate NFkB specifically by inhibiting the activity of IKB-
a (Liang et al., 2020). IKB-a is a protein responsible for NFkB
sequestration in the cytoplasm, where it is unable to perform
its transcriptional functions (Liu et al, 2017). In cuprizone
studies, drugs found to increase IkB levels were protective
(Khaledi et al., 2021), while in developmental studies of the
inflammatory molecule S100B, delays in maturation of OPCs
were observed concordant to NFkB activation, albeit through the
RAGE pathway (Santos et al., 2018).

The present findings and our past work point to a disease-
relevant role for extracellular HMGBI as a factor contributing
to remyelination failure in MS. At present, it is unclear
if the extracellular (secreted) form of HMGBI is derived
from a separate pool of HMGBI1 in progenitor cells, or
if the stressful conditions of MS cause nuclear HMGBI1 to
be modified and exported to the extracellular environment.

Since it is known that HMGB1 has nuclear localization
and export signals (Bonaldi et al., 2003) that facilitate its
movement between the cytoplasm and the nucleus, it is
plausible that erroneous signaling could contribute to the
redirection of HMGBI1 to the extracellular space. Curiously,
HMGBI1 has no secretory signal peptide, and is not known
to be secreted through the Golgi apparatus. Yet, HMGBLI is
released, at least by monocytes, after concentrations of
cytosolic HMGBI lead to translocation into secretory lysosomes
(Bonaldi et al, 2003). Understanding these fundamental
properties of intracellular management of HMGB1 protein
could provide important insights into how to affect the
release of HMGBI from progenitor cells in the context of
disease. On that point, we know that HMGBI is expressed
and produced by progenitor cells in the MS brain (Nicaise
et al, 2019; Absinta et al, 2021) but we do not yet know
why progenitor cells in the MS brain seem to acquire a
cellular senescent phenotype related to excessive expression
and production of HMGBI1. Future studies may explore salient
questions regarding identifying the critical signals that trigger
generation of HMGBI1 by a senescent cell in this disease, and
how intracellular HMGBI1 protein is managed/modified for
extracellular release.

The focus of our study was the role of extracellular
HMGBI1 within demyelinated lesions within the MS brain.
While we employed a reductionist approach to refine our
understanding of how HMGBI1 acts on primary OLs in
culture, we recognize that there are other physiological activities
attributed to how extracellular HMGB1 may impact the brain
that were not examined in this study. For instance, HMGBI has
also been implicated in the breakdown of the BBB (Zhang
et al, 2011; Nishibori et al., 2020), an integral component
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of MS pathophysiology (Balasa et al, 2021) and studies in
MS patients corroborate this; serum levels of HMGBI in
MS patients are significantly higher than healthy controls
(Bucova et al., 2020). Additionally, serum HMGBI levels are also
elevated in EAE. Blocking extracellular HMGBI significantly
lessens disease severity by attenuating T cell extravasation into
the CNS (Robinson et al, 2013). Interestingly, HMGBI1 is
also a well-known mediator of inflammation (Gorgulho et al.,
2019; Wang et al, 2019; Ciprandi et al, 2020; Liu et al,
2020; Nishibori et al, 2020; Yang et al., 2021). We had
analyzed the degree of activated microglia/macrophages in
HMGBI-LPC and control-LPC lesioned animals as a means
to discern whether the impaired recovery in the HMGBI-
treated animals was also reflective of an ongoing, active
lesion. Our analysis from 10 dpl suggest that at this late
timepoint the inflammatory response did not differ in between
LPC-treated groups. It is important to point out that since
this study did not characterize earlier post-lesion timepoints,
we cannot exclude the possibility that HMGB1 may have
had an effect on microglial responses within the lesion
environment prior to our analysis. Nevertheless, the consequence
of HMGBI1 administration by 10 dpl suggests that microglia do
not remain activated when significantly impaired remyelination
was noted (Figure 7). We also recognize that the role of
microglia in demyelination and MS is complex, potentially
playing both beneficial and harmful roles (Voet et al., 2019).
In particular, in this LPC model, proinflammatory microglia
have been found to be robustly active and present in the
earlier stages post-lesion (Baydyuk et al., 2019), and a transition
from a pro-inflammatory (iNOS+ TNFa+ CCL2+) to a more
regenerative phenotype (Arg-1+ CD206+ IGF-1+) has been
associated with initiation of remyelination in the LPC model
(Lloyd et al, 2019). Additional study will be required to
test whether HMGBI1 impairs remyelination through direct
actions on OPCs, or engages microglial cells, or both, in vivo.
When considered together, our findings in this study are
distinct but complementary to these previous studies and serve
to highlight that extracellular HMGBI1 likely contributes to
manifold pathological changes associated with demyelination
and autoimmunity related to complex, multi-system diseases
like MS.

Multiple sclerosis is not the only instance where extracellular
HMGBI1 may negatively impact white matter. In animal models
of stroke, extracellular HMGBI1 has been found to stimulate
inflammation, albeit through TLR4 signaling (Yang et al., 2011)
instead of TLR2, as we showed here. Patients with cerebral and
myocardial ischemia have also been found to have elevated levels
of HMGBI in their blood serum (Goldstein et al., 2006), much
in the same way MS patients have elevated blood serum levels of
HMGBI (Bucova et al., 2020). HMGBI has also been implicated
in the periphery, with its release from neurons linked to localized
inflammation in animal models of nerve injury and arthritis
(Yang et al., 2021). Furthermore, we have studied HMGBI in
the context of MS on account of its excessive expression and
production of HMGBI1 from progenitor cells which exhibit
a cellular senescent phenotype (Davalos et al., 2013; Nicaise
et al., 2019). Yet, our findings that HMGBI can directly impair

OL maturation may also have implications for Alzheimer’s
disease and frontotemporal dementia, where HMGBI released
from astrocytes has been reported to promote senescence in
addition to neuropathology (Gaikwad et al., 2021). In these
cases, perturbation of mitochondrial function may contribute
to the development of a cellular senescent state that is also
characterized by elevated HMGBI1 expression and extracellular
release (Wiley et al, 2016). If HMGBI is also promoting
senescence in the MS brain, there is the potential for a positive
feedback loop which could exacerbate the disease condition by
having the dual consequence of promoting inflammation while
blocking remyelination.

Present treatments for MS are immunomodulatory in nature,
suppressing inflammation and inhibiting immune infiltration
into the CNS, however, this does not fully protect patients
from demyelination and eventual axonal loss (Briick et al.,
2013). We propose that through advancing our understanding
on the potential mechanism(s) by which HMGB1 functions
in the context of limiting CNS remyelination, we may exploit
this knowledge as a novel means to stimulate endogenous
remyelination in the MS brain.
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