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Abstract

Glial scars are a common pathological occurrence in a variety of central nervous system (CNS) diseases and injuries. They
are caused after severe damage and consist of reactive glia that form a barrier around the damaged tissue that leads to a
non-permissive microenvironment which prevents proper endogenous regeneration. While there are a number of therapies
that are able to address some components of disease, there are none that provide regenerative properties. Within the past
decade, neural stem cells (NSCs) have been heavily studied due to their potent anti-inflammatory and reparative capabilities
in disease and injury. Exogenously applied NSCs have been found to aid in glial scar healing by reducing inflammation and
providing cell replacement. However, endogenous NSCs have also been found to contribute to the reactive environment by
different means. Further understanding how NSCs can be leveraged to aid in the resolution of the glial scar is imperative in
the use of these cells as regenerative therapies. To do so, humanised 3D model systems have been developed to study the
development and maintenance of the glial scar. Herein, we explore the current work on endogenous and exogenous NSCs in

the glial scar as well as the novel 3D stem cell-based technologies being used to model this pathology in a dish.
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Introduction

The high complexity of the central nervous system (CNS)
leads to its limited ability to recover upon damage, mainly
due to the scarce regenerative potential. Available treatments
aim to stop damage and alleviate symptoms; therefore, thera-
peutic strategies that aim to promote repair are a primary
focus of many studies. Regenerative medicine holds the
promise to induce repair in organs and tissues after disease
or injury. One of the main lines of inquiry within regen-
erative medicine is how to best leverage stem cells of the
brain, also called neural stem cells (NSCs), both endogenous
and exogenous, as potential therapy for human neurologi-
cal conditions. Unfortunately, in humans and rodents, with
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age, the capabilities of the endogenous NSCs decline mak-
ing the repair of the brain after injury or disease extremely
limited. However, an ever-increasing number of studies
have identified the suitability of NSCs for engraftment to
positively modulate the inflammatory environment and pro-
mote reparative programs in the injured and diseased CNS
(Baker et al. 2017; Fischer et al. 2020; Peruzzotti-Jametti
et al. 2018; Pluchino et al. 2003).

Typically, after injury or in disease, glial cells in the CNS
become reactive in response to inflammation. Inflamma-
tion can be initiated by local infiltration of periphery born
immune cells, such as T and B cells—known as adaptive
inflammation—or triggered by the resident glial cells of the
brain, including microglia and astrocytes, which is known
as innate inflammation (Amor and Woodroofe 2014). Due
to the highly heterogenous response of the CNS to injuries
and diseases, the initial events triggering CNS damage may
be highly variable (Adams and Gallo 2018). Here, they can
involve a combination of the innate and adaptive immune
responses, which will affect the cytokines and secreted fac-
tors released that influence the downstream cellular and tis-
sue responses (Bhat and Steinman 2009). However, despite
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the complex inflammatory processes involved in CNS inju-
ries and diseases, the initial response of acute inflammation
acts as a protective process designed to facilitate eventual
repair processes. In the CNS, glial cells form what is called
a glial scar, which is a structural formation consisting of
reactive glia, both astrocytes and myeloid cells, as well as a
variety of other cells, that surround an area of severe tissue
damage (Adams and Gallo 2018). This structure is seen in
a multitude of injuries and disease, including spinal cord
injury (SCI), chronic multiple sclerosis (MS) lesions, stroke,
and Alzheimer’s disease (AD) (Adams and Gallo 2018). Ini-
tially, the glial scar acts as a protective mechanism, prevent-
ing the spread of damage to the healthy surrounding tissue
(Silver and Miller 2004). Furthermore, there is a subset of
reactive astrocytes that proliferate around the lesion which
have been found to help repair the blood—brain barrier after
injury (Faulkner et al. 2004). Without formation of the
glial scar, there is no initiation of reparative mechanisms
(Gesteira et al. 2016). However, glial scars are also associ-
ated with chronic non-resolving CNS pathology (Bradbury
and Burnside 2019). This is caused by subsets of reactive
astrocytes and macrophages that are neurotoxic and pro-
inflammatory, the deposition of extracellular matrix (ECM)
proteins, and the physical barrier formed by the glial scar
itself. Together, these factors contribute to the inhibitory
environment of the glial scar thereby preventing repair via
hindering neuronal growth (Adams and Gallo 2018). Con-
tinued work into unravelling the underlying pathology of
the glial scar will be helpful in the design of new regenera-
tive therapeutics, such as harnessing the anti-inflammatory
capabilities of NSCs. In addition, targeting specific subsets
of reactive glia may prove to be beneficial in the repair of
the glial scar.

Herein, we discuss how endogenous and exogenously
applied NSCs have a beneficial or detrimental contribution
towards the resolution of the glial scar and how the glial
scar can be modelled in vitro using next-generation cellular
technologies towards the development and testing of more
targeted therapeutics for repair in the injured and diseased
CNS.

The pathobiology of the glial scar

CNS injuries or diseases result in multifaceted cellular and
molecular responses that include the formation of a glial
scar. The glial scar is loosely defined as a structural for-
mation of reactive glia that creates a physiological barrier
around the perimeter of areas with severe tissue damage
and lesions. Specifically, the formation of the glial scar has
been extensively studied within the context of SCI (Yang
et al. 2020). However, its formation has been identified after
traumatic brain injury (Yang et al. 2020), ischemic stroke
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(Huang et al. 2014), and numerous neurodegenerative dis-
eases, including MS (Bribian et al. 2018) and AD (D'Ambrosi
and Apolloni 2020). Therefore, understanding the dynamic
role of the glial scar components and their response within
different injury and disease settings is an area of growing
interest. Findings from these studies will aid in identifying
new targets and critical windows wherein next-generation
therapies can be applied. This includes promoting endog-
enous stem/progenitor cell responses or applying exogenous
stem cells through transplants to promote the regeneration
of the damaged areas of the CNS.

The glial scar comprises a highly spatio-temporal cel-
lular heterogeneity wherein both intracellular and extracel-
lular components contribute to its formation and its pro-
gression (Adams and Gallo 2018). Anatomically, it can be
divided into two distinct cellular compartments: the lesion
core and the lesion border that surrounds the core. Within
the lesion core, a heterogenous mixture of cell populations
exists, which includes astrocytes, fibroblast-like cells, such
as pericytes and ependymal cells, and phagocytic mac-
rophages (Yang et al. 2020). Additionally, the deposition
of extracellular matrix (ECM) proteins within the lesion
core, such as chondroitin sulphate proteoglycan (CSPG),
forms a major inhibitory matrix. Here, these ECM pro-
teins contribute to the inhibition of axonal regrowth which
severely reduces the regenerative capacity of the glial scar
and leads to further activation of pro-inflammatory myeloid
cells (Gaudet and Popovich 2014). Immediately surround-
ing the glial scar, reactive astrocytes, NG2 glia, microglia,
and other peripheral immune cells form a compact, protec-
tive border around the lesion core to prevent the spread
inflammation to otherwise healthy tissue (Bradbury and
Burnside 2019; Yang et al. 2020). However, over time,
border-forming reactive astrocytes and macrophages are
thought to become dysregulated leading to a persistent
inflammatory cellular state that spreads into the surround-
ing healthy tissue (Fig. 1) (Bradbury and Burnside 2019).

Fundamental heterogeneity exists among glial scars due
to the various ways in which a glial scar can form, as well as
taking into consideration the molecular and structural vari-
ances within the CNS (Adams and Gallo 2018). Thus, the
molecular architecture of the glial scar is dependent on a host
of molecular and physiological contingencies, including the
preceding injury or disease, the anatomical location within
the CNS, the severity of the insult, and, recently, the chrono-
logical age of the individual (Adams and Gallo 2018). For
example, the involvement of innate versus adaptive immune
responses is known to influence the development and resolu-
tion of the glial scar. For example, in MS, the initial injury
is triggered by adaptive immune responses, wherein the
infiltration of peripherally activated inflammatory T cells
attacks oligodendrocytes resulting in the further activation
of astrocytes and microglia and then leading to the formation
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Fig.1 Endogenous and exogenous roles of neural stem cells in the
glial scar. A In injury or disease, endogenous NSCs migrate to glial
scar areas from stem cell niches, including the subventricular zone
(SVZ) in the brain and the central canal of the spinal cord. Depend-
ing on the injury, disease, or age, NSCs can immediately initiate their
proliferative response and migrate towards the site of injury, which
may last up 5 weeks after injury. These NSCs have been found to
contribute to reactive gliosis by differentiating into reactive astro-
cytes. Depending on the model of the glial scar, further studies have
found that endogenous NSCs can also provide new myelination and
neural replacement by differentiating into oligodendrocytes or neu-
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rons, respectively. Due to the harsh environment in the scar, including
inflammation from reactive myeloid cells and astrocytes, the physi-
cal barrier formed by fibroblast-like cells (Fb-like cells), and depos-
its of inhibitor extracellular matrix (ECM), it is difficult for NSCs to
provide total cell replacement. B Transplantation of exogenous NSCs
from a variety of sources, including human iPS-based or from adult
rodent tissue, has identified their beneficial role in amelioration of
certain aspects of the scar. Herein, NSCs are anti-inflammatory and
promote trophic support via the secretion of factors, including IL-4,
IL-13, and NGF. Further studies have found that they can provide
neuronal replacement and promote myelin repair
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of a glial scar (or lesion) (Bribian et al. 2018). In the earli-
est stages of MS disease, the damaged areas of the CNS are
partially healed (Lubetzki et al. 2020). However, as the dis-
ease progresses and the involvement of the adaptive immune
system lessens, the lesioned areas are no longer capable of
self-healing. This lack of resolution of the glial scar con-
tributes to the chronic neurodegeneration observed in the
latter stages of MS disease (Faissner et al. 2019). Current
work has been focused on the resolution of chronic astro-
cyte reactivity to promote repair in the MS brain (Wheeler
et al. 2020). On the one hand, MS disease is initiated by the
infiltration of activated T cells into the CNS, which secrete
pro-inflammatory molecules such as IFNy and IL-17 that
cause astrocyte and microglial reactivity leading to specific
downstream events (Reich et al. 2018). On the other hand,
SCl is initiated by a mechanical injury which causes physical
damage and leads to activation of the innate immune cells
of the CNS, microglia, with some involvement of peripheral
macrophages (Yang et al. 2020). Astrocyte reactivity and the
generation of a glial scar are therefore triggered by differ-
ent mechanisms than what is seen in MS disease, including
the involvement of different cell types and cytokines. Due
to these inherent pathological differences, there are major
disparities in the cellar mechanisms involved in the initia-
tion of inflammation and scar formation, which should be
considered when interpreting findings in the type of injury
or disease setting under study.

Therefore, the extraordinary heterogeneity in reactive
astroglial responses is dependent on the diversity of the
stimuli encountered, as well as the pathological manifesta-
tion of the inflammation. Given this complexity, the role
of NSCs is also highly variable, dependent on the injury
and/or disease, and influenced by the cytokines and inflam-
matory mechanisms involved. Herein, we will explore the
basic concepts of the glial scar and NSC interactions within
various models of inflammation, such SCI, MS, and stroke.

Cellular components of the glial scar

Astrocytes are the major player in the formation of the
glial scar. The response to injury from astrocytes is called
reactive gliosis, which is associated with increased prolif-
eration, a pro-inflammatory activated state and hypertro-
phy. Hypertrophic astrocytes upregulate the production of
intermediate filaments, such as glial fibrillary acidic protein
(GFAP), nestin, and vimentin, owing to their increased size
and the formation of a physical barrier around the lesion,
which is believed to inhibit regeneration, along with the
secretion of CSPGs. However, work has shown that
astrocytes also serve a beneficial function after injury by
containing the site of damage, preventing the spread to
healthy tissue, which is necessary for the eventual repair
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of the site of injury (Faulkner et al. 2004; Gu et al. 2019).
Although astrocytes are important in the early stages of
scar formation to protect surrounding healthy tissue, they
may also be associated with chronic progression and non-
resolved inflammation, inhibiting endogenous repair. Tran-
scriptional profiling of reactive astrocytes in mice after
ischemic stroke and neuroinflammation has revealed that
there are genes that can identify a pan-reactive subtype
of astrocytes, termed Al-like, which produce factors that
contribute to neuronal cell death (Liddelow et al. 2017;
Zamanian et al. 2012). The use of binary terms to describe
cells, including A1l-like (pro-inflammatory) and A2-like
(anti-inflammatory), has now become historically dated.
Use of next-generation sequencing technologies, such as
single-cell and nuclear RNA sequencing, on astrocytes
has revealed the vast cellular heterogeneity of this glial in
response to disease, injury, and age (Escartin et al. 2021).
Moving forward, care should be taken to avoid this overly
simplistic binary terminology when discussing cell-specific
responses to disease and injuries.

Interestingly, the transcriptomic activation of astrocytes
was found to differ based on the type of injury or disease
model being used, wherein reactive astrocytes induced by
ischemia demonstrated a more protective phenotype com-
pared to an LPS astrogliosis neuroinflammation model
(Zamanian et al. 2012). Despite the activation of astrocytes
via systemic administration of LPS being a model of gliosis
rather than glial scarring, the initiation of astrogliosis has
been found to lead to the formation of a glial scar regardless
(Adams and Gallo 2018).

In vivo experimental models of SCI show that Al-like
reactive astrocytes populate the glial scar border and are a
main component of the barrier-like structure. However, with
the widespread application of RNA sequencing technologies
in experimental animal models of SCI, the transcriptomic
diversity of astrocytes has been recently explored ex vivo.
Previous work was only able to understand bulk transcrip-
tomic changes of specific cell types, but now, single-cell
RNA sequencing (scRNAseq) has confirmed the diversity
of cell subtypes in the brain. Using this technology, multi-
ple astrocyte subpopulations have been identified after SCI,
demonstrating transcriptional differences between reactive
neurotoxic astrocytes (upregulation of Nes, Ctnnbli, Axin2,
Plaur, Mmp2, and Mmp13) and scar-forming astrocytes
(upregulation of Cdh2, Sox9, Xyltl, Chstll, Csgalnactl,
Acan, Pcan, and Slit2) (Hara et al. 2017). Overall, this sug-
gests that there are multiple distinct roles of astrocyte sub-
populations in the formation and progression of the glial
scar, which significantly differs based on model system.
Thus, a therapeutic approach that targets specific astrocyte
subtypes found to negatively influence the regenerative
capacity of the glial scar may result in the greatest benefit
for patients.
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Myeloid cells play a key role in the formation and progres-
sion of the glial scar, as well as driving persistent neuroin-
flammation in the CNS (Adams and Gallo 2018). Several
types of myeloid cells that contribute to the glial scar can be
distinguished based on the origin of their progenitors, their
anatomical localisation, surface marker expression, and cel-
lular lifespan, which includes the CNS-resident microglia and
monocyte-derived macrophages (Kierdorf et al. 2019). These
cells migrate to the lesion core of the scar where they prolifer-
ate and secrete pro-inflammatory cytokines that contribute to
the persistent inflammatory response. Similar to the binary
classification system of astrocyte activation, myeloid cells have
also been historically categorized as either pro-inflammatory,
classically activated (or M1-like), or alternatively activated,
anti-inflammatory (or M2-like), according to their differential
gene expression (Hu et al. 2015). Just as with astrocytes, the
terminology of myeloid cell activation must consider the mul-
tidimensional integration of cellular state where epigenetic,
transcriptomic, proteomic, and metabolomic changes con-
tribute to myeloid cell polarization (Ginhoux and Garel 2018;
Murray 2017; Song and Colonna 2018). Therefore, in agree-
ment with the new astrocyte nomenclature, non-binary terms
should be avoided moving forward. Myeloid cells respond
to proteins, nucleic acids, and metabolites released into the
extracellular environment of the glial scar which are termed
damage-associated molecular patterns (DAMPs) (Chen and
Nunez 2010; Didangelos et al. 2016). The binding of DAMPs
to their cognate receptors expressed on myeloid cells leads
to their activation, resulting in morphological changes from a
ramified to an ameboid shape, production and secretion of pro-
inflammatory cytokines, and migration to the lesion core (Del
Fresno and Sancho 2021; Pineau and Lacroix 2007). After
migrating to the lesion core, activated myeloid cells have been
found to impair wound healing and contribute to the inflamma-
tory environment by persisting at the site of the injury (Nathan
and Ding 2010). However, activation of microglia and mac-
rophages renders these cells nearly indistinguishable from each
other morphologically (Yamasaki et al. 2014).

Genetic strategies developed to track resident microglia
in mice has revealed some of their unique qualities, such as
being fundamental to the spatial organization of the glial scar
(McKinsey et al. 2020; Prinz et al. 2021). Here, depletion of
microglia using PLX5622, a CSFI1R inhibitor, results in dys-
regulated glial scar formation, reduced neuronal survival, and a
worsened locomotor recovery phase after SCI (Bellver-Landete
et al. 2019; Zhou et al. 2020). Moreover, rather than being nec-
essary in forming the glial scar, microglia have been found to
be necessary to support remyelination of damaged nerves and
promote axonal regrowth via the production of neurotrophic
factors (Gaudet and Fonken 2018). In a toxin-mediated model
of demyelination, endogenous remyelination was found to be
dependent on the presence of anti-inflammatory ‘M2’ micro-
glia and macrophages (Miron et al. 2013). The myeloid cell

phenotype in the glial scar is ever-evolving throughout the pro-
gression of disease or after injury, having been found to shift
towards a more pro-inflammatory state as the injury progresses
and anti-inflammatory during repair (Milich et al. 2021).
Designing ways to modify this shift and, instead, promote the
anti-inflammatory, pro-regenerative functions of myeloid cells
in the glial scar is an area of intense study in the field of regen-
erative medicine.

Fibroblast-like cells are common in the connective tissue
of peripheral organs (Xu and Yao 2021). Within the CNS
their location is mostly restricted to the basal laminae of
the vascular system (Soderblom et al. 2013). Despite their
function in the CNS under homeostatic conditions remain-
ing mostly unknown, following injury fibroblast-like cells
limit the regenerative capacity of the glial scar by sealing
the lesion border, producing extracellular components that
inhibit axonal regrowth, and stimulating myeloid cells to
perpetuate the ongoing pro-inflammatory response (Klapka
and Muller 2006). Here, reducing fibroblast-like pericyte-
derived cell scarring in an in vivo SCI model resulted in
less ECM deposition within the glial scar which allowed for
sensorimotor functional recovery (Dias et al. 2018). Whether
other, specific fibroblast-like cells contribute to glial scar
formation, or if they share a common molecular marker with
other CNS subtypes, such as astrocytes, is still a matter of
debate.

Neuron-glial antigen 2 (NG2)* oligodendrocyte pro-
genitor cells (OPCs) have been found to rapidly react after
injury in the CNS, where they proliferate and migrate to
the site of injury. Along with astrocytes, they surround the
lesion area, forming a physical barrier. Blocking of NG2-
OPC proliferation after SCI reduces the accumulation of
activated myeloid cells and reduces astrocyte hypertrophy,
allowing for axonal regeneration (Rodriguez et al. 2014).
This implicates NG2-OPCs in the formation and mainte-
nance of the glial scar. Interestingly, recent work has indi-
cated they are able to trans-differentiate into functional
astrocytes, which in turn supports and maintains the archi-
tecture of the glial scar (Hackett et al. 2016). Moreover,
similar to astrocytes, OPCs can become hypertrophic and
overexpress (and secrete) CSPGs, thereby contributing to
the inhibition of axonal regrowth and regeneration of the
glial scar (Ughrin et al. 2003). On the other hand, in some
instances, NG2-OPCs have also been found to undergo dif-
ferentiation into mature myelinating oligodendrocytes after
demyelinating injury. Herein, NG2-OPCs are given support-
ive cues from anti-inflammatory macrophages supporting
their differentiation (Miron et al. 2013). In support of this,
in a contusion SCI mouse model, OPCs have been found
to differentiate into myelinating oligodendrocytes in the
lesion core (Assinck et al. 2017). However, histopathologi-
cal examination of some types of glial scar, such as those
in human MS, has found that OPCs, rather than undergoing
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maturation to myelin-producing oligodendrocytes, accumu-
late within the lesion core and remain stuck in a progenitor
state due to a yet undiscovered mechanism (Franklin and
Ffrench-Constant 2017).

The role of the extracellular matrix in the glial scar

In the glial scar, many ECM proteins that have been depos-
ited by reactive glia, such as glycoproteins and proteogly-
cans, are believed to contribute to neuronal damage, chronic
inflammation, and poor regenerative capacity (Bradbury and
Burnside 2019). The ECM is a network of proteins that
form a scaffold-like structure for cells that provides bio-
chemical and biomechanical cues that influence cell behav-
iour (Barros et al. 2011). This is particularly relevant when
unravelling the complex cellular interactions and signalling
communications within the glial scar.

ECM proteins can be broadly divided into two groups:
fibrous molecules that seal the glial scar and proteogly-
cans, which are extracellular molecules that can act via
toll-like receptors (TLRs) to amplify pro-inflammatory
responses of cells (Didangelos et al. 2016; Klapka and
Muller 2006). Fibrous ECM proteins, such as collagens,
act as a meshwork that can bind proteins such as sema-
phorins and proteoglycans that inhibit the regenerative
capacity of the glial scar (Klapka and Muller 2006).
In vivo, inhibition of collagen-producing pericytes
results in incomplete glial scar closure, which suggests
that fibrous ECMs are potential key factors in the main-
tenance and generation of glial scars (Goritz et al. 2011).
Moreover, several other ECM proteins have been reported
to inhibit axonal regeneration such as chondroitin sulfate
glycosaminoglycans (Bradbury et al. 2002) and tenascin
proteins (Roll and Faissner 2019). Proteomic analysis
of the extracellular glial scar environment has identi-
fied several soluble endogenous alarmins. Here, soluble
molecules such as the extracellular high-mobility group
box-1 (HMGB1) activates pro-inflammatory IL-1p and
nuclear factor kappa light chain enhancer of activated B
cells (NFxB) signalling cascade in fibroblasts that further
supports the continuation of secondary damage in the glial
scar (Didangelos et al. 2016).

Interestingly, fragments of certain insoluble and fibrous
ECM proteins such as tenascin, small leucine-rich repeat
proteins (SLRPs), hyaluronan fragments, and sulphated
proteoglycans can bind to TLRs and amplify the pro-
inflammatory response (Gaudet and Popovich 2014). Thus,
a therapeutic approach that inhibits the key enzymes criti-
cal for specific ECM protein biosynthesis may hold thera-
peutic potential in resolving the glial scar (Grimpe and
Silver 2004).
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Neural stem cell interactions with the glial
scar

In the adult mammalian brain and spinal cord, neural stem
cells reside in neurogenic niches. Such neurogenic areas
are the subventricular zone (SVZ) of the lateral wall of
the lateral ventricles, the subgranular zone of the dentate
gyrus (DG) of the hippocampus, and the central canal of
the spinal cord (Decimo et al. 2012). Within these niches,
NSCs undergo limited self-renewal and can terminally dif-
ferentiate into neurons, astrocytes, and oligodendrocytes
when stimulated under non-homeostatic conditions, such
as in disease and injury (Llorens-Bobadilla et al. 2015;
Michailidou et al. 2014). On the other hand, NSCs derived
from the central canal of the spinal cord originate from
ependymal stem cells, and still have the same capability
of differentiating into neurons, astrocytes, and oligoden-
drocytes (Barnabé-Heider et al. 2010; Martens et al. 2002;
Meletis et al. 2008; Sabelstrom et al. 2013).

In modelling pathological conditions, including MS
and SCI, in rodents, previous work has demonstrated that
NSCs within neurogenic niches become activated and
cells can migrate into the damaged area (Butti et al. 2019;
Michailidou et al. 2014; Sabelstrom et al. 2013). Herein,
they can provide neural cell replacement in the form of
astrocytes, neurons, or oligodendrocytes and aid in the
regeneration of damaged tissue via the secretion of trophic
and anti-inflammatory factors (Nait-Oumesmar et al. 2007,
Willis et al. 2020). However, they have been found to con-
tribute to scar formation (Stenudd et al. 2015).

Endogenous NSC contribution to the glial scar

NSCs have been reported to play an essential function in
producing protective scar-contributing astrocytes under
pathological circumstances in both the brain and the spi-
nal cord and generate a small population of oligoden-
drocyte progenitor cells that myelinate axons (Fig. 1A)
(Barnabe-Heider et al. 2010; Grégoire et al. 2015). The
earliest evidence of NSC involvement in the pathophysi-
ological processes surrounding CNS injury was their pro-
liferative response in the adult mouse spinal cord after
SCI (Barnabe-Heider et al. 2010). Herein, it was found
that a specific population of ependymal stem cells within
the central canal of the spinal cord are recruited to the
injury after around 2 weeks and act as bona fide NSCs,
where they differentiated into astrocytes and OPCs. Two
separate lineage-tracing studies examining the fate of
ependymal stem cells have revealed that they exhibit
multipotent traits following SCI whereby they differenti-
ate into astrocytes and OPCs (Barnabé-Heider et al. 2010,
Meletis et al. 2008). Here, the progeny of pre-labelled
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ependymal stem cells, astrocytes, and OPCs were also
found to inhabit distinct locations following SCI 2 weeks
post-injury (Barnabé-Heider et al. 2010). Whereas astro-
cytes gave rise to progeny that secreted growth inhibi-
tory proteins such as CSPGs and proteoglycans and were
localized to the margins of the glial scar, OPCs generated
differentiated oligodendrocytes that were found distrib-
uted around the lesion core. Interestingly, ependymal stem
cells differentiated not only into astrocytes, which were
localized at the lesion core of the glial scar, but also into
oligodendrocytes which were found within the surround-
ing normal appearing white matter (Meletis et al. 2008).
Despite the capability to differentiate into astrocytes
and oligodendrocytes, ependymal stem cells in SCI are
seemingly pre-disposed towards the astrocyte lineage as
they are estimated to account for approximately half of
the total glial scar-associated astrocytes (Fig. 1A). They
have also been reported to produce and secrete the ECM
protein laminin, which is permissive for the regrowth
of damaged axons (Barnabé-Heider et al. 2010; Frisén
et al. 1995, Meletis et al. 2008).

In a follow-up study, SCI in adult transgenic mice with
defective ependymal stem cell proliferation leads to sig-
nificant defects in the formation of the glial scar, increased
numbers of cleaved caspase 3—positive apoptotic neurons,
and increased neuronal cell loss when compared with con-
trol mice (Sabelstrom et al. 2013). This work supports the
idea that ependymal stem cell-derived astrocytes serve
a neuroprotective role, possibly through the paracrine-
mediated release of neurotrophic factors into the lesion
environment. Intriguingly, there was a significant reduc-
tion in inflammatory cells within the lesion in these trans-
genic mice. This suggests that ependymal stem cells, rather
than restricting secondary damage, are seemingly involved
in the expansion of inflammatory cells within the lesion
(Sabelstrom et al. 2013). These initial results led to the
hypothesis that ependymal stem cell-derived astrocytes
and reactive astrocytes are, in fact, two distinct types of
glial scar—associated astrocytes that have beneficial and
detrimental effects, respectively, on axonal growth and
regeneration.

Similar findings were reported in a SCI model using con-
tusion injury, which better recapitulates the pathophysiology
of human SCI (Lacroix et al. 2014). In this study, the authors
observed ependymal lineage stem cell proliferation occur-
ring within the cervical spine region of mice 35 days after
low thoracic SCI. These data demonstrate that the ependy-
mal stem cell proliferative response is prolonged and can be
elicited at long distance from the site of injury. It also indi-
cates likely involvement of long-distance paracrine signal-
ling that alters the central canal microenvironment leading to
activation of the proliferative response (Lacroix et al. 2014).

However, a recent study used a genetic knock-in cell fate
mapping strategy in a mouse hemisection model of SCI that
found that the contribution of ependymal stem cell progeny
following injury is minimal, local, and dependent on the
direct injury to the ependyma (Li et al. 2016). In fact, using
the same transgenic mouse, it was found that the potential
of these cells for self-repair and regeneration is highly influ-
enced by factors such as age and the lesion environment (Li
et al. 2016). This was explored in juvenile mice where the
induction of mild SCI, via a dorsal funiculi transection, led
to the effective sealing of the lesion area by mature, endog-
enous glial cells rather than ependymal stem cell-derived
astrocytes at 4 weeks post injury. Juvenile mice also had bet-
ter recovery that was associated with decreased astrogliosis
and microgliosis and reduced infiltration of pericytes and
macrophages (Li et al. 2016). On the contrary, severe SCI
injury in juvenile mice and any model of SCI in adult mice
identified ependymal stem cells as indispensable for wound
healing, acting as a reserve mechanism for self-repair when
other glial cells fail to seal the lesion core (Li et al. 2016).
Overall, this work highlights the important considerations
of the severity of SCI and biological age when designing
therapies to induce regeneration of the lesioned areas.

Intriguingly, more recent studies using mice indicate that
lesion-inducing CNS injury elicits the activation, recruit-
ment, and migration of NSCs from regions other than the
traditionally defined stem cell niches to the lesion sites (Buffo
et al. 2008). For instance, astrocytes in non-neurogenic
regions such as the cortex and striatum have been shown
to acquire neurosphere-forming capacity and generate neu-
rons in response to pathological cues, including models of
stab wound and cerebral ischemia, or to the modulation of key
signalling pathways (Buffo et al. 2008; Sirko et al. 2013).
Likewise, in a fate-tracing experiment, striatal astrocytes
have been shown to undergo an in vivo neurogenic response
up to 49 days after injury, where they differentiate into neu-
rons, after middle cerebral artery occlusion (MCAO), an
animal model of stroke, which could be recapitulated under
basal conditions by blocking notch signalling (Magnusson
et al. 2014).

When considering the contribution of endogenous NSCs
to the formation of the glial scar, the response of NSCs
within the SVZ in stroke has been the most extensively char-
acterized. The SVZ is a highly neurogenic stem cell niche
which is known to be sensitive to diffusible, proliferation-
inducing factors released following brain ischemia (Grégoire
et al. 2015; Lin et al. 2015; Zhang et al. 2014). Addition-
ally, changes in the migration behaviour of NSCs have also
been reported after ischemia. Here, studies using various
experimental rodent stroke models, including focal cerebral
ischemia and MCAO, have reported that chains of migrat-
ing NSCs are rerouted from the SVZ or rostral migratory
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stream into the ischemic zone (Arvidsson et al. 2002; Jin
et al. 2003; Parent et al. 2002; Zhang et al. 2004, 2001).
Interestingly, experiments performed in a mouse model of
cortical ischemia have revealed that migrating NSCs default
to a glial lineage and contribute to glial scar formation
through a notch-dependent signalling mechanism (Benner
et al. 2013). Here, targeted inhibition of notch signalling,
using an inducible deletion of the Notch intracellular domain
co-transcriptional activator, RBPJx (recombination signal
binding protein for immunoglobulin kappa J region), in nes-
tin positive cells resulted in a marked shift of NSC fate in
the SVZ from the astrocyte lineage towards the generation of
neuroblasts which resulted in defective glial scar formation
and enhanced microvascular haemorrhaging at 14 days after
injury (Benner et al. 2013). Additionally, stroke-induced
neurogenesis and gliogenesis have been reported to occur
in the main neurogenic niche of the brain, the hippocam-
pal dentate gyrus; however, little evidence exists that these
newly formed cells are capable of migrating to other brain
regions (Kernie and Parent 2010). It has also been reported
that MCAO elicits a proliferative response of NSCs in ven-
tricular zones caudal to the lateral ventricles that includes
the third and fourth ventricles (Lin et al. 2015). Lastly, in
addition to canonical GFAP* SVZ astrocytes, ependymal
stem cells of the SVZ are reported to act as an additional, but
temporary, neurogenic reservoir 14 days after stroke (Zhang
et al. 2007). However, these SVZ-derived ependymal stem
cells are seemingly restricted to a neuronal lineage, with
negligible contribution to the formation of the glial scar for-
mation. Rather, they are rapidly depleted due to lack of the
capacity for self-renewal that is retained by SVZ astrocytes
(Zhang et al. 2007).

Exogenous NSCs in treatment of the glial scar

Due to the limited pool of endogenous NSCs present in the
adult, coupled with their potentially diminished regenera-
tive potential with age, the delivery of exogenous NSCs is
viewed as a promising alternative source of cells that can be
delivered into the CNS to promote neurogenesis and ame-
liorate inflammation in CNS disorders where a glial scar
is present (Chen et al. 2011; McDonald et al. 1999; Tsuji
et al. 2010). Much of the interest surrounding the potential
of NSC transplantation as a next-generation therapy stems
from numerous, seminal studies showcasing their ability
to engraft in rodents and non-human primates (Peruzzotti-
Jametti et al. 2018; Pluchino et al. 2009), survive (Pluchino
et al. 2003), and elicit beneficial effects via immunomodu-
lation and trophic support irrespective of cell replacement
(Willis et al. 2020).

The trophic support provided by NSC transplantation
occurs via the release of soluble growth factors that act in a
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paracrine manner to create a supportive extracellular milieu
(Fig. 1B). This prevents further degeneration of the remain-
ing cells within the glial scar and stimulates regenerative
processes (Xiao et al. 2014). These observations were gath-
ered from numerous studies across different experimental
mouse models of CNS diseases and injuries such as Par-
kinson’s disease, ischemic stroke, amyotrophic lateral scle-
rosis, and MS (Willis et al. 2020). Interestingly, in many of
these studies, the engrafted NSCs preferentially accumulated
within perivascular spaces of the CNS where they formed
new entities termed ‘atypical niches’. Within these atypical
niches, NSCs remained in an immature state; however, they
were still capable of exerting immunomodulatory effects via
cell-to-cell interactions with immune cells and paracrine
and metabolic signalling (Fig. 1B) (Cusimano et al. 2012,
Peruzzotti-Jametti et al. 2018).

Despite many earlier successes with this technology, there
still remain outstanding issues centred around the therapeu-
tic efficacy of the treatment and survival of the graft long
term (Mothe et al. 2011; Tetzlaff et al. 2011). One proposed
reason for this is the presence of a hostile microenviron-
ment within the injured CNS that contains several factors,
including the inflammatory environment and non-permissive
ECM, that limit the survival, self-renewal, migration, and neu-
ronal differentiation of transplanted stem cells (Charil and
Filippi 2007; Dooley et al. 2014; Imitola et al. 2006; Kim
et al. 2012; Neumann 2000; Singhal et al. 2008; Watanabe
et al. 2007; Yiu and He 2006). Here, previous work has pro-
vided evidence in support of this hypothesis by showing that
the method of cell delivery in relation to the glial scar plays a
key role in graft survival and integration. Using an experimen-
tal in vivo glial scar model of the rat auditory system, Sekiya
et al. challenged the dogmatic view that donor cells must be
transplanted locally and demonstrated that transplantation of
NSCs at the surface of the glial scar results in superior out-
comes in terms of graft integration and functional recovery
(Sekiya et al. 2015). These superior outcomes were attrib-
uted, unexpectedly, to the presence of the glial scar. Normally
considered a challenging barrier to cell transplantation, the
glial scar has been shown to harbour many important struc-
tural and chemical cues that are only preserved upon surface
transplantation (Sekiya et al. 2015). For instance, endogenous
astrocytes were reported to engage in the formation of a ‘glial
scar bridge’ which acted as a guide to donor cells and helped
support neurite elongation (Goldshmit et al. 2012). This
occurred in a manner similar to that observed in CNS recov-
ery in amphibians and fish (Goldshmit et al. 2012). Instead, it
is thought that intraneural delivery either removes those cues
or places the cells immediately into a hostile cellular environ-
ment that renders them unable to engage with the tissue in a
beneficial manner.

A key factor in the survival of the graft is how differ-
entiated the cells are prior to transplantation. Donor cells
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employed in the above study were region-restricted precur-
sor cells at a relatively late stage of inner ear development
and not bona fide neural stem cells (Sekiya et al. 2015).
Indeed, NSCs expressing defined transcription factors spe-
cific to an ontogenetic stage, such as retina-specific neurons
or OPC-specific, may possess a superior probability of suc-
cessfully integrating into the host CNS as functional cells
when compared to NSCs that have not yet begun to express
such factors (MacLaren et al. 2006). In fact, NSCs isolated
from various sources, such as from embryonic stem cells
(ESCs) or induced pluripotent stem cells (iPSCs), and cul-
tured in vitro for use as a regenerative therapy are inherently
less neurogenic than endogenous neural stem cells and are,
therefore, predisposed towards a gliogenic fate upon trans-
plantation (Temple 2001; Zhang 2006).

There exist other components of the glial scar that render
it non-conducive towards graft migration, survival, and func-
tional integration. In particular, the group of ECM proteins
known as CSPGs readily interacts with neuronal receptors that
inhibit axon regeneration (Bradbury and Burnside 2019).
Further, CSPGs are known to modify and enhance the neuro-
inflammatory processes occurring in the injured CNS (Bartus
et al. 2014; Didangelos et al. 2014). Consequently, therapeu-
tic approaches utilizing enzymatic digestion of CSPGs are a
promising approach for CNS repair due to their innate ability
to render the ECM more permissive to neuronal plasticity
and connectivity (Suzuki et al. 2017). For example, break-
down of chondroitin sulphate-glycosaminoglycans using the
chondroitinase ABC enzyme prior to NSC transplantation into
the spinal cord of mice during the chronic stage of an experi-
mental model of compression SCI led to reduced scarring,
increased graft survival, and improved limb function (Suzuki
et al. 2017).

Furthermore, NSCs have been found to modify the phe-
notype of activated myeloid cells via multiple, independent
routes such as the production and release of anti-inflammatory
factors, such as IL-4 and IL-13, the release and uptake of
extracellular vesicles (EVs), and direct cell-to-cell contact
(Fig. 1B) (Willis et al. 2020). On the one hand, in the devel-
oping brain, microglia help to support neurogenesis by regu-
lating NSC proliferation and differentiation through the secre-
tion of pro-inflammatory cytokines (Cunningham et al. 2013;
Morton et al. 2018; Shigemoto-Mogami et al. 2014; Walton
et al. 2006). On the other hand, in injury and disease, endog-
enous and exogenous NSCs have been found to transfer func-
tional mitochondria that modulates the pro-inflammatory
phenotype of recipient myeloid cells (Peruzzotti-Jametti
et al. 2021). Although less is known about myeloid cell-NSC
interactions within neuroinflammatory environments, such
as the glial scar, it has been suggested that tinkering with
the metabolism of pro-inflammatory myeloid cells is a novel
therapeutic strategy aimed at regulating their inflammatory
status (Peruzzotti-Jametti et al. 2018). Within NSCs, several

mechanisms of action exist that function to modify the pro-
inflammatory environment through metabolic competition for
myeloid cell-derived metabolites (Pluchino et al. 2020). In
particular, we have found that the intermediate metabolite of
the tricarboxylic acid cycle (TCA) succinate is released from
myeloid cells and accumulates extracellularly within the CSF
of mice with experimental autoimmune encephalomyeli-
tis (EAE), an experimental rodent model of MS (Peruzzotti-
Jametti et al. 2018). However, intracerebroventricular injec-
tion of mouse or human NSCs into mice with EAE reduced
the levels of extracellular succinate through SUCNR1 depend-
ent and independent scavenging mechanisms and ameliorated
EAE-induced pathology and associated clinical disability
(Krzak et al. 2021, Peruzzotti-Jametti et al. 2018). Whether
a similar scavenging mechanism exists within endogenous
NSCs to limit inflammation and maintain glial scar integrity
remains undetermined. However, this work provides compel-
ling evidence that NSC transplantation could be beneficial in
the resolution and regeneration of the glial scar, possibly by
targeting the metabolic machinery of myeloid cells.

These studies shed light on a number of important cel-
lular responses that could determine the feasibility and
effectiveness of cell therapies for CNS repair and need to
be thoroughly investigated before clinical translation can
be achieved. Among these, the extent to which transplanted
NSCs might potentiate reactive astrogliosis and glial scar-
ring is of particular relevance. Understanding how to cre-
ate a permissive microenvironment for exogenous NSCs
and how to better facilitate their differentiation towards
functional neurons and oligodendrocytes, rather than
glial scar—contributing astrocytes, is important towards
the development of next-generation NSC-based therapies.
Furthermore, understanding how NSCs can be used as a
multifaceted therapy in the treatment of injuries and disease
with glial scars, such as the targeting of toxic astrocytes
and inflammatory myeloid cells, may aid in the treatment
of these disorders.

Human cell sources for neural stem cell
transplantation

The most important challenge in studying exogenous trans-
plantation of NSCs is understanding how this technology
can be realistically brought to clinic. To this end, the choos-
ing of the optimal cell source with which to obtain NSCs
must be evaluated. Human NSCs can be derived from mul-
tiple different sources, including foetal stem cells (FSCs)
and ESCs (Liu et al. 2013), iPSCs (Rosati et al. 2018), mes-
enchymal stromal cells (MSCs) (Hermann et al. 2004), and
directly induced NSCs (iNSCs) (Thier et al. 2012).

ESCs are pluripotent stem cells obtained from the inner
cell mass of the embryonal blastocyst and are characterized
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by the ability to undergo unlimited self-renewal as well as
the capacity to differentiate into any specialized cell type
(Martello and Smith 2014). However, carrying out research
on and with these cells is hampered by the ethical concerns
associated with collecting these cells from aborted human
embryos. Additional ethical issues are associated with using
foetal NSCs due to the starting with foetal cortical tissues. In
addition, ESCs and FSCs are allogeneic, and their transplan-
tation could lead to immune rejection in the patient (Taylor
et al. 2011).

With the advent of iPSC technology, the ethical and
immune rejection issues associated with the other cellular
sources are circumvented. These cells can be generated from
the patient and have indefinite self-renewal ability and the
capability to produce any type of cells of the body, including
NSCs (Takahashi et al. 2007). However, concerns remain
with iPS-NSCs due to their potential tumorigenic nature
and genome instability after reprogramming (Desgres and
Menasche 2019; Koyanagi-Aoi et al. 2013). Several groups
have reported teratoma formation following the transplan-
tation of iPS-NSCs (Itakura et al. 2017). However, even
if efforts are undertaken to remove undifferentiated NSCs
before transplantation, the risk of tumour formation still
remains (Itakura et al. 2017).

More recently, direct reprogramming of fibroblasts into
NSCs using the Yamanaka factors has been investigated. This
method avoids approaches that are based on viral integra-
tion into the target genome and instead bypasses the pluri-
potent state in NSC generation (Thier et al. 2012). Compar-
ing the methodology of NSC generation from iPSCs and
ESCs, iNSCs can be produced faster and more efficiently
than iPSC-derived NSCs and appear to be safer for trans-
plantation, as they bypass the pluripotent state. Nevertheless,
further research must be carried out on human iNSCs for
their clinical application to be possible. Thus, their perceived
safety could fail due to the presence of incompletely con-
verted iNSCs within the transplanted cell preparations, or
even due to the lack of genomic integrity caused by culture-
driven mutations which could result in the unwanted growth
of remaining or altered stem cells into tumours.

Lastly, NSCs can be differentiated from MSCs isolated
from adult bone marrow. In vitro, MSCs grow as neurosphere-
like structures that express neuroectodermal markers, and ter-
minal differentiation can be obtained using neuronal or glial
induction protocols (Hermann et al. 2004). Clonal analysis has
shown that MSC-derived NSCs are multipotent and retain the
capacity to generate both glia and neurons in vitro (Hermann
et al. 2004). Moreover, they seem to also possess regenerative
capabilities and immunomodulatory effects in vivo (Martin
et al. 2019). However, their safety is still under study due to
the risk of retaining their ability to differentiate into cells of
mesodermal origin (Ullah et al. 2015).
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Modelling the glial scar using 3D stem cell
technologies

Understanding the complex processes that underlie the for-
mation of the glial scar experimental animal models is chal-
lenging not only due to the high complexity of the CNS
microenvironment. From this point of view, in vitro cellular
modelling systems provide a more reductionist approach
that can complement findings gathered from experimental
animal models. This affords researchers the unique ability
to interrogate specific cellular responses and interactions in
a well-defined and highly reproducible environment (Fang
et al. 2019).

The complex, 3D nature of the glial scar has proven to
be particularly difficult to accurately model in standard 2D
in vitro systems for a number of reasons. Firstly, in vivo
astrocytes have been shown to exhibit high regional, mor-
phological, and functional heterogeneity that is unable to
be fully recapitulated using in vitro 2D culture systems
(Bayraktar et al. 2014; Matyash and Kettenmann 2010;
Zhang and Barres 2010). These morphological differences
are also reflected in the nomenclature. While in vivo astro-
cytes are broadly classified as either protoplasmic (with
highly branched bushy processes and mainly localized in
the grey matter) or fibrous (with straight and long pro-
cesses and mainly located in the white matter), astrocytes
in 2D culture systems are classified into type 1 (large, flat,
and polygonal shaped), or type 2 (branched architecture)
(Oberheim et al. 2012; Tabata 2015; Watson et al. 2017).
Worth noting, the degree of resemblance between type 1/
type 2 and protoplasmic/fibrous astrocytes is still unclear,
and the in vitro astrocytic phenotypes are likely to repre-
sent an artefactual feature caused by their growth in rigid
2D systems. Secondly, astrocytes in vivo adopt a very
complex morphology, extending intricate branched pro-
cesses that interact with neurons and other cell types in
three dimensions, which is not recapitulated in 2D in vitro
models (Oberheim et al. 2012). Lastly, 2D in vitro cul-
tured astrocytes are believed to adopt an artificial pheno-
type characterized by an artefactual activation status that
can prove particularly problematic when trying to study
astrocyte reactivity and the pathology of the glial scar (East
et al. 2013).

Thus, the need to find more in vivo-like culture models
to study the pathological mechanism of glial scar formation
has led to the development and application of novel 3D cul-
ture systems, which have greatly advanced our understand-
ing of the glial scar in vivo. Research efforts have generally
focused on designing low-throughput matrices of nanofibril-
lar scaffolds or hydrogels that allow the investigation of the
phenotypic properties of astrocytes in 3D formats (Watson
et al. 2017). By using these 3D culture systems, astrocytes
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can be maintained in a less reactive manner than in 2D cul-
ture. This can be leveraged to induce a classical reactive
response reminiscent of their behaviour in vivo upon phar-
macological stimulation (East et al. 2009, 2012). Several
independent studies using primary rodent astrocytes seeded
into collagen-based hydrogels have reported that astrocytes
were successfully established and subsequently adopted more
branched, stellate, or ramified morphologies that are reminis-
cent of their in vivo appearance compared to the flat, polygo-
nal morphology exhibited by astrocytes in 2D culture systems
(Balasubramanian et al. 2016; East et al. 2010, 2009, 2012).
The morphological features of in vitro astrocytes can further
be enhanced by using collagen—hyaluronic acid hydrogels
which better model the protein—glycosaminoglycan extra-
cellular matrix environment of the brain extracellular space
(Cao et al. 2012). Three-dimensional collagen gels have also
been shown to be permissive not only for the differentiation
of primary rodent NSCs into astrocytes but also for astrocyte
migration compared to the 2D counterparts (Ge et al. 2013;
O'Connor et al. 2000; Watanabe et al. 2007). This can be
further enhanced by infusion of the gel with fibroblast growth
factor 2 (Macaya et al. 2013).

Despite the high structural and compositional diversity of
the nanofiber scaffolds and hydrogels, many shared features
have resulted from their use to characterize the phenotypic
properties of astrocytes in 3D formats. These include valu-
able insights into effects on expression of genes associated
with in vivo responses to damage and disease (e.g., GFAP),
as well as on cell viability, shape, and motility (Watson
et al. 2017).

To allow for the study of cellular interactions in vitro,
3D astrocyte models have been further developed into
complex co-culture systems with neurons or different stem
cell types, including NSCs (East et al. 2010, 2009, 2013;
Phillips 2014). For example, a co-culture interaction sys-
tem, in which astrocytes are cultured in a gel format adja-
cent to gel bound primary dorsal root ganglion neurons,
has been developed to study reciprocal astrocyte—neuron
interactions in a 3D environment that models the axon
growth inhibitory cellular interfaces that develop in the
CNS in response to damage (East et al. 2012). An addi-
tional elegant 3D co-culture system has been developed
by East and colleagues to assess the response of astrocytes
to three cell therapies that are currently under investiga-
tion for CNS repair. The proposed model involves seeding
astrocytes into 3D collagen gels which are subsequently
layered on top with neural crest stem cells from hair folli-
cles, differentiated Schwann cell-like adipose-derived stem
cells, or mesenchymal stem cells from bone marrow (BM-
MSCs) (East et al. 2013). In a similar fashion, a human
brain endothelial cell line has been seeded on top of an
astrocyte-filled collagen gel to create a 3D model of the

blood-brain barrier (Hawkins et al. 2015; Sreekanthreddy
et al. 2015).

It is therefore apparent that the use of different 3D culture
or co-culture systems has proven to be essential for advanc-
ing our understanding on glial reactivity status and glial-
scarring properties. These new culture systems have also
allowed for the study if astrocyte-neural and astrocyte-stem
cell graft interactions using a highly controlled and repro-
ducible experimental setup that retains many of the in vivo
properties of astrocytes. With the current developments in
cerebral organoids, future work may establish their use in the
study of the glial scar, as they can be maintained in vitro for
several months. Furthermore, this technology lends itself to
the addition of myeloid cells, which can be better studied in
this 3D model (Abud et al. 2017).

Conclusion

Rodent studies tracing endogenous NSCs in injuries and dis-
ease have revealed diversified roles for these cells depending
on the model system. In SCI-based models, many endog-
enous NSCs have been found to contribute to astrocyte
reactivity within the scar via differentiation. On the other
hand, in rodent MS-model systems, endogenous NSCs con-
tribute to repair of demyelinated areas by differentiating
into myelinating OPCs. Much of this work highlights the
importance of the injury or disease model system, wherein
there are inherent differences in glial scar formation. This
includes the location of the scar, brain or spinal cord, and
exactly how the scar was formed, whether from physical
injury or disease associated. Furthermore, the endogenous
NSC response may be a specific mechanism seen in rodents,
whereas in humans, it may be far more muted due a limited
number of NSCs with age. Interestingly exogenous NSC
therapy has provided much better results in the healing of
the scar. Transplanted NSCs have been shown to overcome
the inflammatory milieu and engraft where they provide
neurotrophic and anti-inflammatory support to the dam-
aged tissue. Nevertheless, our understanding of how NSCs
can be used as a regenerative therapy is still in its infancy.
Towards a better understanding of the glial scar in injury
as well as disease, 3D stem cell model systems have been
developed. Herein, human stem cells have been able to be
differentiated into a multitude of cells found within the scar,
allowing for a more targeted in vitro analysis on the exact
structure and molecular makeup of this pathology, including
inhibitor ECM proteins on scaffolds. Furthermore, this will
help parse apart the exact mechanisms on how NSCs interact
with the glial scar components, allowing for more targeted
regenerative therapies.

@ Springer



410

Cell and Tissue Research (2022) 387:399-414

Acknowledgements We are grateful to Giovanni Pluchino for critically
reading the manuscript. The authors acknowledge the contribution of
past and present members of the Pluchino laboratories, who have con-
tributed to (or inspired) this review.

Author contribution All authors contributed equally to the research,
writing, and editing of this review.

Funding This work has received support from the National Multiple
Sclerosis Society (USA; grant RG-1802-30200 to SP), the Italian
Multiple Sclerosis Association (AISM, grant 2018/R/14 to SP), the
US Department of Defense (DoD) Congressionally Directed Medical
Research Programs (CDMRP) (grant MS-140019 to SP), and the Bas-
cule Charitable Trust (RG 75149 and RG 98181 to SP). AMN is funded
through a European Committee for Treatment and Research in Mul-
tiple Sclerosis Postdoctoral Research Fellowship Exchange Program
(G104956). AD is funded through an Erasmus + student internship.
RBI is funded through a Medical Research Council Doctoral Training
Partnership (MRC DTP) award (RG86932) and a Cambridge Trust
scholarship. CMW is funded through a National Multiple Sclerosis
Society Personal Fellowship (FG-2008-36954).

Declarations

Conflict of interest SP is co-founder and shareholder (>5%) of CITC
Ltd., co-founder and Non-Executive Director (NED) at Asitia Thera-
peutics and iSTEM Therapeutics, and CSO at ReNeuron.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abud EM, Ramirez RN, Martinez ES, Healy LM, Nguyen CHH,
Newman SA, Yeromin AV, Scarfone VM, Marsh SE, Fimbres
C, Caraway CA, Fote GM, Madany AM, Agrawal A, Kayed R,
Gylys KH, Cahalan MD, Cummings BJ, Antel JP, Mortazavi A,
Carson MJ, Poon WW, Blurton-Jones M (2017) iPSC-derived
human microglia-like cells to study neurological diseases. Neu-
ron 94:278-293 279

Adams KL, Gallo V (2018) The diversity and disparity of the glial scar.
Nat Neurosci 21:9-15

Amor S, Woodroofe MN (2014) Innate and adaptive immune responses
in neurodegeneration and repair. Immunology 141:287-291

Arvidsson A, Collin T, Kirik D, Kokaia Z, Lindvall O (2002) Neuronal
replacement from endogenous precursors in the adult brain after
stroke. Nat Med 8:963-970

Assinck P, Duncan GJ, Plemel JR, Lee MJ, Stratton JA, Manesh SB,
Liu J, Ramer LM, Kang SH, Bergles DE, Biernaskie J, Tetzlaff
W (2017) Myelinogenic plasticity of oligodendrocyte precur-
sor cells following spinal cord contusion injury. The Journal of

@ Springer

Neuroscience : the Official Journal of the Society for Neurosci-
ence 37:8635-8654

Baker EW, Platt SR, Lau VW, Grace HE, Holmes SP, Wang L, Duberstein
KJ, Howerth EW, Kinder HA, Stice SL, Hess DC, Mao H, West
FD (2017) Induced pluripotent stem cell-derived neural stem cell
therapy enhances recovery in an ischemic stroke pig model. Sci
Rep 7:10075

Balasubramanian S, Packard JA, Leach JB, Powell EM (2016) Three-
dimensional environment sustains morphological heterogeneity
and promotes phenotypic progression during astrocyte develop-
ment. Tissue Eng Part A 22:885-898

Barnabe-Heider F, Goritz C, Sabelstrom H, Takebayashi H, Pfrieger
FW, Meletis K, Frisen J (2010) Origin of new glial cells in intact
and injured adult spinal cord. Cell Stem Cell 7:470-482

Barnabé-Heider F, Goritz C, Sabelstrom H, Takebayashi H, Pfrieger
FW, Meletis K, Frisén J (2010) Origin of new glial cells in
intact and injured adult spinal cord. Cell Stem Cell 7:470-482

Barros CS, Franco SJ, Muller U (2011) Extracellular matrix: func-
tions in the nea005108rvous system. Cold Spring Harb Per-
spect Biol 3:a005108

Bartus K, James ND, Didangelos A, Bosch KD, Verhaagen J, Yafez-
Muiioz RJ, Rogers JH, Schneider BL, Muir EM, Bradbury EJ
(2014) Large-scale chondroitin sulfate proteoglycan digestion
with chondroitinase gene therapy leads to reduced pathology
and modulates macrophage phenotype following spinal cord
contusion injury. J Neurosci 34:4822-4836

Bayraktar OA, Fuentealba LC, Alvarez-Buylla A, Rowitch DH
(2014) Astrocyte development and heterogeneity. Cold Spring
Harb Perspect Biol 7:2a020362

Bellver-Landete V, Bretheau F, Mailhot B, Vallieres N, Lessard M,
Janelle ME, Vernoux N, Tremblay ME, Fuehrmann T, Shoichet
MS, Lacroix S (2019) Microglia are an essential component
of the neuroprotective scar that forms after spinal cord injury.
Nat Commun 10:518

Benner EJ, Luciano D, Jo R, Abdi K, Paez-Gonzalez P, Sheng H,
Warner DS, Liu C, Eroglu C, Kuo CT (2013) Protective astro-
genesis from the SVZ niche after injury is controlled by Notch
modulator Thbs4. Nature 497:369-373

Bhat R, Steinman L (2009) Innate and adaptive autoimmunity
directed to the central nervous system. Neuron 64:123-132

Bradbury EJ, Burnside ER (2019) Moving beyond the glial scar for
spinal cord repair. Nat Commun 10:3879

Bradbury EJ, Moon LD, Popat RJ, King VR, Bennett GS, Patel
PN, Fawcett JW, McMahon SB (2002) Chondroitinase ABC
promotes functional recovery after spinal cord injury. Nature
416:636-640

Bribian A, Perez-Cerda F, Matute C, Lopez-Mascaraque L (2018)
Clonal glial response in a multiple sclerosis mouse model. Front
Cell Neurosci 12:375

Buffo A, Rite I, Tripathi P, Lepier A, Colak D, Horn A-P, Mori T,
Gotz M (2008) Origin and progeny of reactive gliosis: a source
of multipotent cells in the injured brain. Proc Natl Acad Sci U
S A 105:3581-3586

Butti E, Bacigaluppi M, Chaabane L, Ruffini F, Brambilla E, Berera
G, Montonati C, Quattrini A, Martino G (2019) Neural stem
cells of the subventricular zone contribute to neuroprotection of
the corpus callosum after cuprizone-induced demyelination. The
Journal of Neuroscience : the Official Journal of the Society for
Neuroscience 39:5481-5492

Cao H, Marcy G, Goh ELK, Wang F, Wang J, Chew SY (2012) The
effects of nanofiber topography on astrocyte behavior and gene
silencing efficiency. Macromol Biosci 12:666-674

Charil A, Filippi M (2007) Inflammatory demyelination and neuro-
degeneration in early multiple sclerosis. J Neurol Sci 259:7-15

Chen GY, Nunez G (2010) Sterile inflammation: sensing and reacting
to damage. Nat Rev Immunol 10:826-837


http://creativecommons.org/licenses/by/4.0/

Cell and Tissue Research (2022) 387:399-414

411

Chen LW, Kuang F, Wei LC, Ding YX, Yung KKL, Chan YS (2011)
Potential application of induced pluripotent stem cells in cell
replacement therapy for Parkinson’s disease. CNS Neurol Disord
Drug Targets 10:449-458

Cunningham CL, Martinez-Cerdeno V, Noctor SC (2013) Microglia
regulate the number of neural precursor cells in the developing
cerebral cortex. The Journal of Neuroscience : the Official Jour-
nal of the Society for Neuroscience 33:4216-4233

Cusimano M, Biziato D, Brambilla E, Donega M, Alfaro-Cervello C,
Snider S, Salani G, Pucci F, Comi G, Garcia-Verdugo JM, De
Palma M, Martino G, Pluchino S (2012) Transplanted neural
stem/precursor cells instruct phagocytes and reduce secondary
tissue damage in the injured spinal cord. Brain : a Journal of
Neurology 135:447-460

D’Ambrosi N, Apolloni S (2020) Fibrotic scar in neurodegenerative
diseases. Front Immunol 11:1394

Decimo I, Bifari F, Krampera M, Fumagalli G (2012) Neural stem cell
niches in health and diseases. Curr Pharm Des 18:1755-1783

Del Fresno C, Sancho D (2021) Myeloid cells in sensing of tissue dam-
age. Curr Opin Immunol 68:34-40

Desgres M, Menasche P (2019) Clinical translation of pluripotent
stem cell therapies: challenges and considerations. Cell Stem
Cell 25:594-606

Dias DO, Kim H, Holl D, Werne Solnestam B, Lundeberg J, Carlen
M, Goritz C, Frisen J (2018) Reducing pericyte-derived scarring
promotes recovery after spinal cord injury. Cell 173:153-165
el22

Didangelos A, Iberl M, Vinsland E, Bartus K, Bradbury EJ (2014)
Regulation of IL-10 by chondroitinase ABC promotes a dis-
tinct immune response following spinal cord injury. J Neurosci
34:16424-16432

Didangelos A, Puglia M, Iberl M, Sanchez-Bellot C, Roschitzki B,
Bradbury EJ (2016) High-throughput proteomics reveal alarmins
as amplifiers of tissue pathology and inflammation after spinal
cord injury. Sci Rep 6:21607

Dooley D, Vidal P, Hendrix S (2014) Immunopharmacological inter-
vention for successful neural stem cell therapy: new perspectives
in CNS neurogenesis and repair. Pharmacol Ther 141:21-31

East E, de Oliveira DB, Golding JP, Phillips JB (2010) Alignment of
astrocytes increases neuronal growth in three-dimensional colla-
gen gels and is maintained following plastic compression to form
a spinal cord repair conduit. Tissue Eng Part A 16:3173-3184

East E, Golding JP, Phillips JB (2009) A versatile 3D culture model
facilitates monitoring of astrocytes undergoing reactive gliosis.
J Tissue Eng Regen Med 3:634-646

East E, Golding JP, Phillips JB (2012) Engineering an integrated cel-
lular interface in three-dimensional hydrogel cultures permits
monitoring of reciprocal astrocyte and neuronal responses. Tis-
sue Eng Part C Methods 18:526-536

East E, Johns N, Georgiou M, Golding JP, Loughlin AJ, Kingham PJ,
Phillips JB (2013) A 3D in vitro model reveals differences in the
astrocyte response elicited by potential stem cell therapies for
CNS injury. Regen Med 8

Escartin C, Galea E, Lakatos A, O’Callaghan JP, Petzold GC, Serrano-Pozo
A, Steinhauser C, Volterra A, Carmignoto G, Agarwal A, Allen NJ,
Araque A, Barbeito L, Barzilai A, Bergles DE, Bonvento G, Butt
AM, Chen WT, Cohen-Salmon M, Cunningham C, Deneen B, De
Strooper B, Diaz-Castro B, Farina C, Freeman M, Gallo V, Goldman
JE, Goldman SA, Gotz M, Gutierrez A, Haydon PG, Heiland DH,
Hol EM, Holt MG, Iino M, Kastanenka KV, Kettenmann H, Khakh
BS, Koizumi S, Lee CJ, Liddelow SA, MacVicar BA, Magistretti P,
Messing A, Mishra A, Molofsky AV, Murai KK, Norris CM, Okada
S, Oliet SHR, Oliveira JF, Panatier A, Parpura V, Pekna M, Pekny
M, Pellerin L, Perea G, Perez-Nievas BG, Pfrieger FW, Poskanzer
KE, Quintana FJ, Ransohoff RM, Riquelme-Perez M, Robel S, Rose
CR, Rothstein JD, Rouach N, Rowitch DH, Semyanov A, Sirko S,

Sontheimer H, Swanson RA, Vitorica J, Wanner IB, Wood LB, Wu
J, Zheng B, Zimmer ER, Zorec R, Sofroniew MV, Verkhratsky A
(2021) Reactive astrocyte nomenclature, definitions, and future direc-
tions. Nat Neurosci 24:312-325

Faissner S, Plemel JR, Gold R, Yong VW (2019) Progressive multiple
sclerosis: from pathophysiology to therapeutic strategies. Nat
Rev Drug Discovery 18:905-922

Fang A, Hao Z, Wang L, Li D, He J, Gao L, Mao X, Paz R (2019)
In vitro model of the glial scar. Int J Bioprint 5:235

Faulkner JR, Herrmann JE, Woo MJ, Tansey KE, Doan NB, Sofroniew
MV (2004) Reactive astrocytes protect tissue and preserve func-
tion after spinal cord injury. The Journal of Neuroscience : the
Official Journal of the Society for Neuroscience 24:2143-2155

Fischer I, Dulin JN, Lane MA (2020) Transplanting neural progenitor
cells to restore connectivity after spinal cord injury. Nat Rev
Neurosci 21:366-383

Franklin RJM, Ffrench-Constant C (2017) Regenerating CNS myelin—
from mechanisms to experimental medicines. Nat Rev Neurosci
18:753-769

Frisén J, Johansson CB, Torok C, Risling M, Lendahl U (1995)
Rapid, widespread, and longlasting induction of nestin con-
tributes to the generation of glial scar tissue after CNS injury.
J Cell Biol 131:453-464

Gaudet AD, Fonken LK (2018) Glial cells shape pathology and
repair after spinal cord injury. Neurotherapeutics 15:554-577

Gaudet AD, Popovich PG (2014) Extracellular matrix regulation
of inflammation in the healthy and injured spinal cord. Exp
Neurol 258:24-34

Ge D, Song K, Guan S, Qi Y, Guan B, Li W, LiuJ, Ma X, Liu T,
Cui Z (2013) Culture and differentiation of rat neural stem/
progenitor cells in a three-dimensional collagen scaffold. Appl
Biochem Biotechnol 170:406-419

Gesteira TF, Coulson-Thomas YM, Coulson-Thomas VJ (2016) Anti-
inflammatory properties of the glial scar. Neural Regen Res
11:1742-1743

Ginhoux F, Garel S (2018) The mysterious origins of microglia. Nat
Neurosci 21:897-899

Goldshmit Y, Sztal TE, Jusuf PR, Hall TE, Nguyen-Chi M, Currie
PD (2012) Fgf-dependent glial cell bridges facilitate spinal
cord regeneration in zebrafish. ] Neurosci 32:7477-7492

Goritz C, Dias DO, Tomilin N, Barbacid M, Shupliakov O, Frisen
J (2011) A pericyte origin of spinal cord scar tissue. Science
333:238-242

Grégoire C-A, Goldenstein BL, Floriddia EM, Barnabé-Heider F,
Fernandes KJL (2015) Endogenous neural stem cell responses
to stroke and spinal cord injury. Glia 63:1469—-1482

Grimpe B, Silver J (2004) A novel DNA enzyme reduces glycosami-
noglycan chains in the glial scar and allows microtransplanted
dorsal root ganglia axons to regenerate beyond lesions in the
spinal cord. The Journal of Neuroscience : the Official Journal
of the Society for Neuroscience 24:1393-1397

Gu Y, Cheng X, Huang X, Yuan Y, Qin S, Tan Z, Wang D, Hu X, He
C, Su Z (2019) Conditional ablation of reactive astrocytes to
dissect their roles in spinal cord injury and repair. Brain Behav
Immun 80:394-405

Hackett AR, Lee DH, Dawood A, Rodriguez M, Funk L, Tsoulfas
P, Lee JK (2016) STAT3 and SOCS3 regulate NG2 cell prolif-
eration and differentiation after contusive spinal cord injury.
Neurobiol Dis 89:10-22

Hara M, Kobayakawa K, Ohkawa Y, Kumamaru H, Yokota K, Saito
T, Kijima K, Yoshizaki S, Harimaya K, Nakashima Y, Okada
S (2017) Interaction of reactive astrocytes with type I colla-
gen induces astrocytic scar formation through the integrin-N-
cadherin pathway after spinal cord injury. Nat Med 23:818-828

Hawkins BT, Grego S, Sellgren KL (2015) Three-dimensional cul-
ture conditions differentially affect astrocyte modulation of

@ Springer



412

Cell and Tissue Research (2022) 387:399-414

brain endothelial barrier function in response to transforming
growth factor f1. Brain Res 1608:167-176

Hermann A, Gastl R, Liebau S, Popa MO, Fiedler J, Boehm BO,
Maisel M, Lerche H, Schwarz J, Brenner R, Storch A (2004)
Efficient generation of neural stem cell-like cells from adult
human bone marrow stromal cells. J Cell Sci 117:4411-4422

Hu X, Leak RK, Shi Y, Suenaga J, Gao Y, Zheng P, Chen J (2015)
Microglial and macrophage polarization-new prospects for
brain repair. Nat Rev Neurol 11:56-64

Huang L, Wu ZB, Zhuge Q, Zheng W, Shao B, Wang B, Sun F, Jin
K (2014) Glial scar formation occurs in the human brain after
ischemic stroke. Int J Med Sci 11:344-348

Imitola J, Chitnis T, Khoury SJ (2006) Insights into the molecular
pathogenesis of progression in multiple sclerosis: potential
implications for future therapies. Arch Neurol 63:25-33

Itakura G, Kawabata S, Ando M, Nishiyama Y, Sugai K, Ozaki
M, lida T, Ookubo T, Kojima K, Kashiwagi R, Yasutake K,
Nakauchi H, Miyoshi H, Nagoshi N, Kohyama J, Iwanami A,
Matsumoto M, Nakamura M, Okano H (2017) Fail-safe system
against potential tumorigenicity after transplantation of iPSC
derivatives. Stem Cell Reports 8:673-684

Jin K, Sun Y, Xie L, Peel A, Mao XO, Batteur S, Greenberg DA
(2003) Directed migration of neuronal precursors into the
ischemic cerebral cortex and striatum. Mol Cell Neurosci
24:171-189

Kernie SG, Parent JM (2010) Forebrain neurogenesis after focal
ischemic and traumatic brain injury. Neurobiol Dis 37:267-274

Kierdorf K, Masuda T, Jordao MJC, Prinz M (2019) Macrophages at
CNS interfaces: ontogeny and function in health and disease. Nat
Rev Neurosci 20:547-562

Kim H, Cooke MJ, Shoichet MS (2012) Creating permissive microen-
vironments for stem cell transplantation into the central nervous
system. Trends Biotechnol 30:55-63

Klapka N, Muller HW (2006) Collagen matrix in spinal cord injury. J
Neurotrauma 23:422-435

Koyanagi-Aoi M, Ohnuki M, Takahashi K, Okita K, Noma H,
Sawamura Y, Teramoto I, Narita M, Sato Y, Ichisaka T,
Amano N, Watanabe A, Morizane A, Yamada Y, Sato T,
Takahashi J, Yamanaka S (2013) Differentiation-defective
phenotypes revealed by large-scale analyses of human pluri-
potent stem cells. Proc Natl Acad Sci USA 110:20569-20574

Krzak G, Willis CM, Smith JA, Pluchino S, Peruzzotti-Jametti L (2021)
Succinate receptor 1: an emerging regulator of myeloid cell func-
tion in inflammation. Trends Immunol 42:45-58

Lacroix S, Hamilton LK, Vaugeois A, Beaudoin S, Breault-Dugas C,
Pineau I, Lévesque SA, Grégoire C-A, Fernandes KJL (2014)
Central canal ependymal cells proliferate extensively in response
to traumatic spinal cord injury but not demyelinating lesions.
PLoS One 9:¢85916

Li X, Floriddia EM, Toskas K, Fernandes KJL, Guérout N, Barnabé-
Heider F (2016) Regenerative potential of ependymal cells for
spinal cord injuries over time. EBioMedicine 13:55-65

Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer
L, Bennett ML, Munch AE, Chung WS, Peterson TC, Wilton DK,
Frouin A, Napier BA, Panicker N, Kumar M, Buckwalter MS, Rowitch
DH, Dawson VL, Dawson TM, Stevens B, Barres BA (2017) Neuro-
toxic reactive astrocytes are induced by activated microglia. Nature
541:481-487

Lin R, Cai J, Nathan C, Wei X, Schleidt S, Rosenwasser R, Iacovitti L
(2015) Neurogenesis is enhanced by stroke in multiple new stem
cell niches along the ventricular system at sites of high BBB
permeability. Neurobiol Dis 74:229-239

Liu J, Gotherstrom C, Forsberg M, Samuelsson EB, Wu J, Calzarossa
C, Hovatta O, Sundstrom E, Akesson E (2013) Human neural
stem/progenitor cells derived from embryonic stem cells and
fetal nervous system present differences in immunogenicity

@ Springer

and immunomodulatory potentials in vitro. Stem Cell Res
10:325-337

Llorens-Bobadilla E, Zhao S, Baser A, Saiz-Castro G, Zwadlo K,
Martin-Villalba A (2015) Single-cell transcriptomics reveals a
population of dormant neural stem cells that become activated
upon brain injury. Cell Stem Cell 17:329-340

Lubetzki C, Zalc B, Williams A, Stadelmann C, Stankoff B (2020)
Remyelination in multiple sclerosis: from basic science to clini-
cal translation. Lancet Neurol 19:678-688

Macaya DJ, Hayakawa K, Arai K, Spector M (2013) Astrocyte infiltra-
tion into injectable collagen-based hydrogels containing FGF-2
to treat spinal cord injury. Biomaterials 34:3591-3602

MacLaren RE, Pearson RA, MacNeil A, Douglas RH, Salt TE, Akimoto
M, Swaroop A, Sowden JC, Ali RR (2006) Retinal repair by trans-
plantation of photoreceptor precursors. Nature 444:203-207

Magnusson JP, Goritz C, Tatarishvili J, Dias DO, Smith EMK, Lindvall
O, Kokaia Z, Frisén J (2014) A latent neurogenic program in
astrocytes regulated by Notch signaling in the mouse. Science
346:237-241

Martello G, Smith A (2014) The nature of embryonic stem cells. Annu
Rev Cell Dev Biol 30:647-675

Martens DJ, Seaberg RM, van der Kooy D (2002) In vivo infusions of
exogenous growth factors into the fourth ventricle of the adult
mouse brain increase the proliferation of neural progenitors
around the fourth ventricle and the central canal of the spinal
cord. Eur J Neurosci 16:1045-1057

Martin I, Galipeau J, Kessler C, Le Blanc K, Dazzi F (2019) Chal-
lenges for mesenchymal stromal cell therapies. Science transla-
tional medicine 11

Matyash V, Kettenmann H (2010) Heterogeneity in astrocyte morphol-
ogy and physiology. Brain Res Rev 63:2-10

McDonald JW, Liu XZ, Qu Y, Liu S, Mickey SK, Turetsky D, Gottlieb
DI, Choi DW (1999) Transplanted embryonic stem cells survive,
differentiate and promote recovery in injured rat spinal cord. Nat
Med 5:1410-1412

McKinsey GL, Lizama CO, Keown-Lang AE, Niu A, Santander N,
Larpthaveesarp A, Chee E, Gonzalez FF, Arnold TD (2020) A
new genetic strategy for targeting microglia in development and
disease. Elife 9

Meletis K, Barnabé-Heider F, Carlén M, Evergren E, Tomilin N, Shupliakov
O, Frisén J (2008) Spinal cord injury reveals multilineage differentia-
tion of ependymal cells. PLoS Biol 6:¢182

Michailidou I, de Vries HE, Hol EM, van Strien ME (2014) Activation
of endogenous neural stem cells for multiple sclerosis therapy.
Front Neurosci 8:454

Milich LM, Choi JS, Ryan C, Cerqueira SR, Benavides S, Yahn SL,
Tsoulfas P, Lee JK (2021) Single-cell analysis of the cellular
heterogeneity and interactions in the injured mouse spinal cord.
The J exp med 218

Miron VE, Boyd A, Zhao JW, Yuen TJ, Ruckh JM, Shadrach JL, van
Wijngaarden P, Wagers AJ, Williams A, Franklin RIM, Ffrench-
Constant C (2013) M2 microglia and macrophages drive oli-
godendrocyte differentiation during CNS remyelination. Nat
Neurosci 16:1211-1218

Morton MC, Neckles VN, Seluzicki CM, Holmberg JC, Feliciano DM
(2018) Neonatal subventricular zone neural stem cells release
extracellular vesicles that act as a microglial morphogen. Cell
Rep 23:78-89

Mothe AJ, Zahir T, Santaguida C, Cook D, Tator CH (2011) Neural
stem/progenitor cells from the adult human spinal cord are multi-
potent and self-renewing and differentiate after transplantation.
PloS One 6:¢27079

Murray PJ (2017) Macrophage polarization. Annu Rev Physiol
79:541-566

Nait-Oumesmar B, Picard-Riera N, Kerninon C, Decker L, Seilhean D,
Hoglinger GU, Hirsch EC, Reynolds R, Baron-Van Evercooren A



Cell and Tissue Research (2022) 387:399-414

413

(2007) Activation of the subventricular zone in multiple sclero-
sis: evidence for early glial progenitors. Proc Natl Acad Sci USA
104:4694—4699

Nathan C, Ding A (2010) Nonresolving inflammation. Cell
140:871-882

Neumann H (2000) The immunological microenvironment in the
CNS: implications on neuronal cell death and survival. J Neural
Transm Suppl 59:59-68

O’Connor SM, Stenger DA, Shaffer KM, Maric D, Barker JL, Ma W
(2000) Primary neural precursor cell expansion, differentiation
and cytosolic Ca(2+) response in three-dimensional collagen gel.
J Neurosci Methods 102:187-195

Oberheim NA, Goldman SA, Nedergaard M (2012) Heterogeneity
of astrocytic form and function. In: Milner R (ed) Astrocytes:
Methods and Protocols. Humana Press, Totowa, NJ, Methods in
Molecular Biology, pp 23—45

Parent JM, Vexler ZS, Gong C, Derugin N, Ferriero DM (2002) Rat
forebrain neurogenesis and striatal neuron replacement after focal
stroke. Ann Neurol 52:802-813

Peruzzotti-Jametti L, Bernstock JD, Vicario N, Costa ASH, Kwok CK,
Leonardi T, Booty LM, Bicci I, Balzarotti B, Volpe G, Mallucci G,
Manferrari G, Donega M, Iraci N, Braga A, Hallenbeck JM, Murphy
MP, Edenhofer F, Frezza C, Pluchino S (2018) Macrophage-derived
extracellular succinate licenses neural stem cells to suppress chronic
neuroinflammation. Cell stem cell 22:355-368 313

Peruzzotti-Jametti L, Bernstock JD, Willis CM, Manferrari G, Rogall
R, Fernandez-Vizarra E, Williamson JC, Braga A, van den Bosch
A, Leonardi T, Krzak G, Kittel A, Beninca C, Vicario N, Tan
S, Bastos C, Bicci I, Iraci N, Smith JA, Peacock B, Muller KH,
Lehner PJ, Buzas EI, Faria N, Zeviani M, Frezza C, Brisson A,
Matheson NJ, Viscomi C, Pluchino S (2021) Neural stem cells
traffic functional mitochondria via extracellular vesicles. PLoS
biol 19:e3001166

Phillips JB (2014) Monitoring neuron and astrocyte interactions with a
3D cell culture system. Methods Mol Biol 1162:113-124

Pineau I, Lacroix S (2007) Proinflammatory cytokine synthesis in
the injured mouse spinal cord: multiphasic expression pattern
and identification of the cell types involved. J] Comp Neurol
500:267-285

Pluchino S, Gritti A, Blezer E, Amadio S, Brambilla E, Borsellino G,
Cossetti C, Del Carro U, Comi G, t Hart B, Vescovi A, Martino G
(2009) Human neural stem cells ameliorate autoimmune encepha-
lomyelitis in non-human primates. Ann Neurol 66:343-354

Pluchino S, Quattrini A, Brambilla E, Gritti A, Salani G, Dina G,
Galli R, Del Carro U, Amadio S, Bergami A, Furlan R, Comi G,
Vescovi AL, Martino G (2003) Injection of adult neurospheres
induces recovery in a chronic model of multiple sclerosis. Nature
422:688-694

Pluchino S, Smith JA, Peruzzotti-Jametti L (2020) Promises and limita-
tions of neural stem cell therapies for progressive multiple scle-
rosis. Trends Mol Med 26:898-912

Prinz M, Masuda T, Wheeler MA, Quintana FJ (2021) Microglia and
central nervous system-associated macrophages-from origin to
disease modulation. Annu Rev Immunol 39:251-277

Reich DS, Lucchinetti CF, Calabresi PA (2018) Multiple sclerosis. N
Engl J Med 378:169-180

Rodriguez JP, Coulter M, Miotke J, Meyer RL, Takemaru K, Levine
JM (2014) Abrogation of beta-catenin signaling in oligodendro-
cyte precursor cells reduces glial scarring and promotes axon
regeneration after CNS injury. The Journal of Neuroscience : the
Official Journal of the Society for Neuroscience 34:10285-10297

Roll L, Faissner A (2019) Tenascins in CNS lesions. Semin Cell Dev
Biol 89:118-124

Rosati J, Ferrari D, Altieri F, Tardivo S, Ricciolini C, Fusilli C, Zalfa
C, Profico DC, Pinos F, Bernardini L, Torres B, Manni I, Piaggio
G, Binda E, Copetti M, Lamorte G, Mazza T, Carella M, Gelati

M, Valente EM, Simeone A, Vescovi AL (2018) Establishment
of stable iPS-derived human neural stem cell lines suitable for
cell therapies. Cell Death Dis 9:937

Sabelstrom H, Stenudd M, Réu P, Dias DO, Elfineh M, Zdunek S,
Damberg P, Goritz C, Frisén J (2013) Resident neural stem cells
restrict tissue damage and neuronal loss after spinal cord injury
in mice. Science (new York, NY) 342:637-640

Sekiya T, Holley MC, Hashido K, Ono K, Shimomura K, Horie RT,
Hamaguchi K, Yoshida A, Sakamoto T, Ito J (2015) Cells trans-
planted onto the surface of the glial scar reveal hidden poten-
tial for functional neural regeneration. Proc Natl Acad Sci
112:E3431-E3440

Shigemoto-Mogami Y, Hoshikawa K, Goldman JE, Sekino Y, Sato K
(2014) Microglia enhance neurogenesis and oligodendrogenesis
in the early postnatal subventricular zone. The Journal of Neu-
roscience : the Official Journal of the Society for Neuroscience
34:2231-2243

Silver J, Miller JH (2004) Regeneration beyond the glial scar. Nat Rev
Neurosci 5:146-156

Singhal S, Lawrence JM, Bhatia B, Ellis JS, Kwan AS, Macneil A,
Luthert PJ, Fawcett JW, Perez M-T, Khaw PT, Limb GA (2008)
Chondroitin sulfate proteoglycans and microglia prevent migra-
tion and integration of grafted Miiller stem cells into degenerat-
ing retina. Stem Cells 26:1074-1082

Sirko S, Behrendt G, Johansson PA, Tripathi P, Costa M, Bek S, Heinrich
C, Tiedt S, Colak D, Dichgans M, Fischer IR, Plesnila N, Staufenbiel
M, Haass C, Snapyan M, Saghatelyan A, Tsai L-H, Fischer A, Grobe
K, Dimou L, G6tz M (2013) Reactive glia in the injured brain acquire
stem cell properties in response to sonic hedgehog. [corrected]. Cell
Stem Cell 12:426-439

Soderblom C, Luo X, Blumenthal E, Bray E, Lyapichev K, Ramos
J, Krishnan V, Lai-Hsu C, Park KK, Tsoulfas P, Lee JK (2013)
Perivascular fibroblasts form the fibrotic scar after contusive
spinal cord injury. The Journal of Neuroscience : the Official
Journal of the Society for Neuroscience 33:13882—13887

Song WM, Colonna M (2018) The identity and function of microglia
in neurodegeneration. Nat Immunol 19:1048-1058

Sreekanthreddy P, Gromnicova R, Davies H, Phillips J, Romero IA,
Male D (2015) A three-dimensional model of the human blood-
brain barrier to analyse the transport of nanoparticles and astro-
cyte/endothelial interactions. F1000Res 4:1279

Stenudd M, Sabelstrom H, Frisen J (2015) Role of endogenous neu-
ral stem cells in spinal cord injury and repair. JAMA Neurol
72:235-237

Suzuki H, Ahuja CS, Salewski RP, Li L, Satkunendrarajah K, Nagoshi
N, Shibata S, Fehlings MG (2017) Neural stem cell mediated
recovery is enhanced by Chondroitinase ABC pretreatment in
chronic cervical spinal cord injury. PloS One 12:¢0182339

Tabata H (2015) Diverse subtypes of astrocytes and their development
during corticogenesis. Front Neurosci 9

Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda
K, Yamanaka S (2007) Induction of pluripotent stem cells from
adult human fibroblasts by defined factors. Cell 131:861-872

Taylor CJ, Bolton EM, Bradley JA (2011) Immunological considera-
tions for embryonic and induced pluripotent stem cell banking.
Philos Trans R Soc Lond B Biol Sci 366:2312-2322

Temple S (2001) The development of neural stem cells. Nature
414:112-117

Tetzlaff W, Okon EB, Karimi-Abdolrezaee S, Hill CE, Sparling JS,
Plemel JR, Plunet WT, Tsai EC, Baptiste D, Smithson LJ, Kawaja
MD, Fehlings MG, Kwon BK (2011) A systematic review of cel-
lular transplantation therapies for spinal cord injury. J Neuro-
trauma 28:1611-1682

Thier M, Worsdorfer P, Lakes YB, Gorris R, Herms S, Opitz T, Seiferling
D, Quandel T, Hoffmann P, Nothen MM, Brustle O, Edenhofer

@ Springer



414

Cell and Tissue Research (2022) 387:399-414

F (2012) Direct conversion of fibroblasts into stably expandable
neural stem cells. Cell Stem Cell 10:473-479

Tsuji O, Miura K, Okada Y, Fujiyoshi K, Mukaino M, Nagoshi N,
Kitamura K, Kumagai G, Nishino M, Tomisato S, Higashi H,
Nagai T, Katoh H, Kohda K, Matsuzaki Y, Yuzaki M, Ikeda E,
Toyama Y, Nakamura M, Yamanaka S, Okano H (2010) Thera-
peutic potential of appropriately evaluated safe-induced pluri-
potent stem cells for spinal cord injury. Proc Natl Acad Sci U S
A 107:12704-12709

Ughrin YM, Chen ZJ, Levine JM (2003) Multiple regions of the NG2
proteoglycan inhibit neurite growth and induce growth cone col-
lapse. The Journal of Neuroscience : the Official Journal of the
Society for Neuroscience 23:175-186

Ullah I, Subbarao RB, Rho GJ (2015) Human mesenchymal stem
cells—current trends and future prospective. Biosci Rep 35

Walton NM, Sutter BM, Laywell ED, Levkoff LH, Kearns SM, Marshall
GP 2nd, Scheffler B, Steindler DA (2006) Microglia instruct sub-
ventricular zone neurogenesis. Glia 54:815-825

Watanabe K, Nakamura M, Okano H, Toyama Y (2007) Establishment
of three-dimensional culture of neural stem/progenitor cells in
collagen type-1 gel. Restor Neurol Neurosci 25:109-117

Watson PMD, Kavanagh E, Allenby G, Vassey M (2017) Bioengi-
neered 3D glial cell culture systems and applications for neu-
rodegeneration and neuroinflammation. SLAS DISCOVERY:
Advancing the Science of Drug Discovery 22:583-601

Wheeler MA, Clark IC, Tjon EC, Li Z, Zandee SEJ, Couturier CP,
Watson BR, Scalisi G, Alkwai S, Rothhammer V, Rotem A,
Heyman JA, Thaploo S, Sanmarco LM, Ragoussis J, Weitz DA,
Petrecca K, Moffitt JR, Becher B, Antel JP, Prat A, Quintana FJ
(2020) MAFG-driven astrocytes promote CNS inflammation.
Nature 578:593-599

Willis CM, Nicaise AM, Peruzzotti-Jametti L, Pluchino S (2020) The
neural stem cell secretome and its role in brain repair. Brain res
1729:146615

Xiao L, Saiki C, Ide R (2014) Stem cell therapy for central nerve
system injuries: glial cells hold the key. Neural Regen Res
9:1253-1260

Xu L, Yao Y (2021) Central nervous system fibroblast-like cells in
stroke and other neurological disorders. Stroke; a Journal of Cer-
ebral Circulation 52:2456-2464

Yamasaki R, Lu H, Butovsky O, Ohno N, Rietsch AM, Cialic R, Wu
PM, Doykan CE, Lin J, Cotleur AC, Kidd G, Zorlu MM, Sun
N, Hu W, Liu L, Lee JC, Taylor SE, Uehlein L, Dixon D, Gu J,
Floruta CM, Zhu M, Charo IF, Weiner HL, Ransohoff RM (2014)

@ Springer

Differential roles of microglia and monocytes in the inflamed
central nervous system. J Exp Med 211:1533-1549

Yang T, Dai Y, Chen G, Cui S (2020) Dissecting the dual role of the
glial scar and scar-forming astrocytes in spinal cord injury. Front
Cell Neurosci 14:78

Yiu G, He Z (2006) Glial inhibition of CNS axon regeneration. Nat
Rev Neurosci 7:617-627

Zamanian JL, Xu L, Foo LC, Nouri N, Zhou L, Giffard RG, Barres BA
(2012) Genomic analysis of reactive astrogliosis. The Journal of
Neuroscience : the Official Journal of the Society for Neurosci-
ence 32:6391-6410

Zhang R, Zhang Z, Wang L, Wang Y, Gousev A, Zhang L, Ho K-L,
Morshead C, Chopp M (2004) Activated neural stem cells con-
tribute to stroke-induced neurogenesis and neuroblast migration
toward the infarct boundary in adult rats. J Cereb Blood Flow
Metab 24:441-448

Zhang RL, Chopp M, Roberts C, Liu X, Wei M, Nejad-Davarani SP,
Wang X, Zhang ZG (2014) Stroke increases neural stem cells
and angiogenesis in the neurogenic niche of the adult mouse.
PLoS One 9:¢113972

Zhang RL, Zhang ZG, Wang Y, LeTourneau Y, Liu XS, Zhang X,
Gregg SR, Wang L, Chopp M (2007) Stroke induces ependymal
cell transformation into radial glia in the subventricular zone of
the adult rodent brain. J Cereb Blood Flow Metab 27:1201-1212

Zhang RL, Zhang ZG, Zhang L, Chopp M (2001) Proliferation and
differentiation of progenitor cells in the cortex and the subven-
tricular zone in the adult rat after focal cerebral ischemia. Neu-
roscience 105:33-41

Zhang S-C (2006) Neural subtype specification from embryonic stem
cells. Brain Pathol 16:132-142

Zhang Y, Barres BA (2010) Astrocyte heterogeneity: an underappreci-
ated topic in neurobiology. Curr Opin Neurobiol 20:588-594

Zhou X, Wahane S, Friedl MS, Kluge M, Friedel CC, Avrampou K,
Zachariou V, Guo L, Zhang B, He X, Friedel RH, Zou H (2020)
Microglia and macrophages promote corralling, wound compac-
tion and recovery after spinal cord injury via Plexin-B2. Nat
Neurosci 23:337-350

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	The role of neural stem cells in regulating glial scar formation and repair
	Abstract
	Introduction
	The pathobiology of the glial scar
	Cellular components of the glial scar
	The role of the extracellular matrix in the glial scar

	Neural stem cell interactions with the glial scar
	Endogenous NSC contribution to the glial scar
	Exogenous NSCs in treatment of the glial scar
	Human cell sources for neural stem cell transplantation

	Modelling the glial scar using 3D stem cell technologies
	Conclusion
	Acknowledgements 
	References


