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ABSTRACT

The extracellular matrix is an area that is poorly studied in the context of central nervous
system (CNS) regeneration and inflammation. Previous works have demonstrated the
chondroitin sulfate proteoglycans (CSPGs) to be a major group of matrix constituents that
potently inhibit the growth of axons both during development and following injury. However,
there are gross changes that occur in the composition of the matrix in injury, the full implications
of which have yet to be elucidated. We use the lysolecithin-induced model of demyelination in
mice to investigate the roles that CSPGs serve in remyelination and inflammation with respect to
microglia and macrophages. We find that CSPGs are a mediator of microglia/macrophage-
mediated inflammation in the spinal cord, and loss of a regulatory enzyme, exostosin-like 2
(EXTLZ2), results in exacerbated neuroinflammation following injury. In culture, bone marrow-
derived macrophages from EXTL2" animals produce more matrix metalloproteinase and tumor
necrosis factor alpha when stimulated with CSPGs. The supernatant from these cells are also
more neurotoxic to cultured neurons. Overall, this work highlights CSPGs as an important factor

that influences inflammation in the CNS.
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Portions of the introductory text in Chapter 1 are used with permission from Pu et al. (2018) of
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CHAPTER 1 - Introduction

1.1 Multiple Sclerosis

Multiple sclerosis (MS) is a CNS demyelinating disease, in which aberrant immune
activation and penetration into the CNS parenchyma causes stripping of myelin from axons,
leaving axons vulnerable to secondary insult or death of the soma. The perturbation of myelin
integrity, in conjunction with axonal disruption is thought to underlie many neurological deficits
clinically observed in MS (Bruick, 2005). One of the most currently active areas of MS research
is the pursuit of remyelination strategies: therapeutic approaches to the regeneration of myelin.
All currently approved treatments for MS are targeted towards dampening the immune system in
a variety of ways, in an attempt to halt the progression of disease or conversion from clinically
isolated syndrome (a single incidence of clinical presentation) to relapsing-remitting MS
(wherein patients experience cycles of exacerbation of symptoms followed by recovery) to
secondary progressive MS (where there is continuous neurodegeneration in the absence of overt
inflammation). However, a pathological consequence of MS is neurodegeneration, likely
contributed to by the loss of myelin and damage to their underlying axons. Therefore, there is a

significant need for treatments aimed at neuroprotection and regenerating the lost myelin.

1.2 Oligodendrocyte Precursor Cells and their Biology

Mature oligodendrocytes arise from oligodendrocyte precursor cells (OPCs) derived from
progenitors in the ventricular zone during embryogenesis. The initial population of OPCs
throughout the fetal brain and spinal cord is a late developmental event, beginning at E12, and
appears to take on a ventral to dorsal pattern. In the brain, an initial wave of OPCs forms and

migrates from the medial ganglionic eminence and anterior entopeduncular area of the ventral



forebrain (Kessaris et al., 2006). These OPCs will populate the entire cortex, followed by
subsequent waves of OPCs originating from lateral and caudal ganglionic eminences later in
fetal development, and eventually from a population of cortical progenitors near time of birth
(Kessaris et al., 2006). A similar pattern has been demonstrated in the spinal cord, where the
ventral wave of OPCs is sonic hedgehog (Shh) signaling dependent, and the dorsal wave is Shh-
independent (Crawford et al., 2016). Interestingly, in the fetal forebrain, ventrally-derived OPCs
appear to be largely replaced by dorsally-derived OPCs by P10 (Kessaris et al., 2006). In
contrast, others have reported a more restricted spatial and functional patterning in both the brain

and spinal cord (Yue et al., 2006; Tripathi et al., 2011).

Although developmental myelination involves the direct differentiation of OPCs into
myelinating oligodendrocytes, a population of self-renewing OPCs remain distributed evenly in
the adult CNS. Adult OPCs are highly active in their surveillance of their environment and
maintenance of homeostatic density in the CNS. Time lapse microscopy through a cranial
window shows constant extension and retraction of processes, and continuous migration of OPCs
in the adult cortex (Hughes et al., 2013). OPCs also maintain stringent control of their density in
the cortex despite undergoing proliferative, apoptotic, or differentiation processes (Hughes et al.,
2013). The density of OPCs plays a major role in the regulation of myelination. OPCs require a
sufficiently high spatial constraint in order to differentiate, and this effect is replicated using inert

microbeads (Rosenberg et al., 2008).

OPCs arising from or residing in various regions of the brain and spinal cord will exhibit
functional differences. Surprisingly, dorsally-derived OPCs in the spinal cord exhibit greater
proliferation and recruitment to a lysolecithin-induced lesion in the ventral funiculus. Therefore,

this population of OPCs appears to a major player in remyelination (Crawford et al., 2016).



Interestingly, the same study reports that dorsal OPCs are simultaneously more susceptible to
impairment in differentiation in aging conditions (Crawford et al., 2016). Transplantation studies
where white matter OPCs were grafted into grey matter niches, and vice versa, revealed
functional differences between white and grey matter-derived OPCs. White matter-derived OPCs
were able to efficiently differentiate into oligodendrocytes in both white and grey matter niches,
whereas grey matter-derived OPCs did not exhibit the same competency (Vigano et al., 2013).
Despite this, cortical grey matter lesions in MS have been reported to have greater remyelination
efficiency (Albert et al., 2007a; Chang et al., 2012; Strijbis et al., 2017), and white matter OPCs
appear to be more susceptible to inflammatory factors such as IFNy (Lentferink et al., 2018).
Important to note, however, is that the contributions of intrinsic functional differences in white
and grey matter OPCs, and the role the microenvironment of each niche plays, has yet to be

clarified.

OPCs and oligodendrocytes are electrophysiologically responsive: they express a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR), N-methyl-D-aspartate
receptor (NMDAR), and y-aminobutyric acid (GABA) receptors, indicating they are responsive
to neurotransmitter signaling in the CNS. AMPAR and NMDAR are thought to regulate, in part,
activity-dependent myelination, where axonal glutamate will promote OPC survival, “tethering”
of OPCs to the axon, and differentiation of OPCs into oligodendrocytes (Lundgaard et al., 2013;
Wake et al., 2011), although NMDAR-deficient OPCs function and myelinate normally (De
Biase et al., 2011). In myelin-producing oligodendrocytes, NMDARSs are present on the inner
tongue of the compact myelin sheath and respond to glutamate released as a result of axonal

activity. Calcium influx through NMDARs promotes the shuttling of lactate from the



oligodendrocyte to the periaxonal space, supporting the increased metabolic demand in the axon

during neuronal activity (reviewed in Micu et al., 2017).

1.3 CNS Myelination

In central nervous system (CNS) myelination, OPCs differentiate into immature
oligodendrocytes, which subsequently extend processes to contact multiple axons. These
processes then begin to enwrap the axons and the inner tongue of myelin continually spirals

around the axon, pushing under previously wrapped layers (Snaidero et al., 2014).

Several other major changes are associated with myelination, including activation of
directed mMRNA transport, cytoskeletal rearrangements (Zuchero et al., 2015), electrochemical
changes (Baraban et al., 2017; Cheli et al., 2015) and local changes in protein and lipid
composition of the myelinic plasma membrane (Fitzner et al., 2006). Finally, multiple layers of
the oligodendrocyte membrane form compact myelin. MBP is essential in the compaction of the
phospholipid bilayers (Weil et al., 2016). Myelin sheaths form internodes along the axon,
clustering ion channels into nodal regions and segregating distinct paranodal and juxtaparanodal
regions. The internodal length and thickness of the myelin sheath is determined by several
intrinsic and external factors. Oligodendrocytes originating from the spinal cord produce longer
sheaths both in vitro and ex vivo than those originating from the cortex (Bechler et al., 2015).
Oligodendrocytes exhibit preference for wrapping inert microfibres or axons above a specific
diameter, demonstrated to be independent of axonal activity (Lee et al., 2012); however,
optogenetically stimulating neurons in the premotor cortex induces myelin thickening (Wake et
al., 2011; Gibson et al., 2014). Varying types of experiences also have differential effects on

myelination, where exercise and environmental enrichment promotes oligodendrocyte



development and social isolation reduces prefrontal cortex myelination in mice (Krityakiarana et

al., 2010; Tomlinson et al., 2018; Tomlinson et al., 2016).

Axonal health and function in both central and peripheral nervous systems is highly
dependent on myelin. In the CNS, the ensheathment of axons by oligodendrocyte myelin
increases conduction velocity by allowing saltatory conduction. The formation of myelin
internodes along axons clusters ion channels to nodes of Ranvier while insulating other segments
of the axon, increasing resistance and allowing for more efficient action potential propagation.
Importantly, oligodendrocytes have also been shown to provide metabolic support to axons, as
implied by targeted impairment of oligodendroglial peroxisome function, where impairment of
normal peroxisome functioning in oligodendrocytes resulted in axonal degeneration,
demyelination, and premature death of mutant mice (Kassmann et al., 2007). This hypothesis is
further supported by studies using mice lacking the lactate transporter monocarboxylate
transporter-1 (Lee et al., 2012). Furthermore, there may still be forms of axonal support provided
by oligodendrocytes that have yet to be fully elucidated. Mice lacking 2°,3’-cyclic nucleotide
phosphodiesterase exhibit normal myelination in development, but in adulthood have severe
motor deficits and premature death due to axonal loss (Lappe-Siefke et al., 2003). Swelling of
myelinated axons was also seen in white matter. Proteolipid protein (PLP)-deficient mice show
similar axonal swellings and neurodegeneration in adolescence, despite phenotypically normal
myelin development, and a similar phenomenon was observed in patients with null mutations in
the PLP gene (Griffiths et al., 1998; Garbern et al., 2002). Together, these suggest that myelin

serves essential functions aside from insulation of axons.



1.4 Remyelination and Remyelination Failure in MS

Several lines of evidence suggest a compounding effect of inhibitory factors that
ultimately impair the regenerative capacity of the CNS. The microenvironment of the CNS,
including extracellular matrix composition and deposition, the inflammatory state of the lesional
milieu, the presence of active immune cells, and aging-related deficits in both immune and CNS

compartments cumulatively limit remyelination.

As mature oligodendrocytes are not thought to regenerate new myelin, remyelination
requires the replenishment and maturation of OPCs (Gensert and Goldman, 1997; Jarjour and
Kennedy, 2004) within the injured area. OPCs are a population of surveillant, self-renewing glial
progenitors labeled by antibodies to neuron-glial antigen 2 (NG2) (Dawson et al., 2003; Tripathi
et al., 2010), platelet-derived growth factor receptor alpha (PDGFRa) (Rivers et al., 2008; Zhu et
al., 2014), and the transcription factors Oligl and Olig2 (Dai et al., 2005; Othman et al., 2011).
OPCs homeostatically form a tiled pattern in the adult CNS; however, they will constitutively
survey the microenvironment and respond to injury by migrating to the injury site and
proliferating (Hughes et al., 2013). OPCs will subsequently terminally differentiate into
oligodendrocytes, which then extend processes to contact and ensheath axons (Sherman and

Brophy, 2005; Emery, 2010).

Restoration of myelin to denuded axons has been shown to preserve axonal health and
restore axonal function to a limited but significant extent. Promoting remyelination is an
appealing goal not only to protect the demyelinated axons from functional destabilization and
secondary damage (Irvine and Blakemore, 2008), but also to restore electrophysiological (Blight

and Young, 1989) and functional (Duncan et al., 2009) properties as demonstrated in animal



models. It is speculated that remyelination may even reverse some early deficits in MS

(Alizadeh et al., 2015).

Remyelination has been documented in subsets of MS patients; however, the mechanisms
differentiating plaques that are able to remyelinate and plaques that do not have yet to be
elucidated. Remyelination has been observed in demyelinated white matter (Lassmann et al.,
1997; Patrikios et al., 2006; Prineas et al., 1993; Prineas & Connell, 1979) and more recently in
cortical grey matter (Albert et al., 2007; Chang et al., 2012) MS plagues. However,
remyelination is often restricted to lesion borders (Prineas and Connell, 1979). Moreover,
remyelinated internodes do not regain their original thickness (Ludwin and Maitland, 1984), and
internodes are generally shorter (Blakemore and Murray, 1981) than in normal appearing white
matter. Interestingly, acute demyelinated plaques appear to remyelinate more efficiently than
chronic ones (Ozawa et al., 1994; Patrikios et al., 2006). There are several possible explanations
as to why remyelination is limited both spatially and temporally in MS, such as failure of OPCs
to migrate and repopulate the lesion, or failure of OPCs to mature and differentiate into
oligodendrocytes due to several inhibitory factors (Wolswijk, 1998; Kuhlmann et al., 2008)

including the chondroitin sulfate proteoglycans (Lau et al., 2012; Keough et al., 2016).

Research in the past few decades have identified a plethora of factors that promote or
inhibit remyelination in various animal models of CNS injury. Receptors interacting with either
secreted ligands or cell-derived ligands can exert profound influence on oligodendrocyte
proliferation and maturation. For example, epidermal growth factor (EGF) (Aguirre et al., 2007,
Palazuelos et al., 2015), fibroblast growth factor (FGF) (Murtie et al., 2005), platelet-derived
growth factor (PDGF) (Allamargot et al., 2001), brain-derived neurotrophic factor (BDNF)

(Miyamoto et al., 2015), nerve growth factor (NGF) (Takano et al., 2000), and insulin-like



growth factor (IGF) (Pang et al., 2007) have been shown in in vitro and mouse studies to have
remyelination-promoting effects. Inflammation-related molecules have also been identified to
enhance OPC proliferation, such as TNFa (Arnett et al., 2001), IL-1B (Mason et al., 2001) and
complement factor C5 (Weerth et al., 2003). General inflammation in the microenvironment also
seems to stimulate remyelination (Arnett et al., 2003; Foote & Blakemore, 2005; Mei et al.,
2016). Estrogen, progesterone, prolactin, triiodothyronine (T3), and the endocannabinoid 2-
arachidonoylglycerol have also been implicated in remyelination-enhancing roles (Ibanez et al.,
2004; Gregg et al., 2007; Khalaj et al., 2013; Kumar et al., 2013; Itoh et al., 2016; Feliu et al.,
2017; Remaud et al., 2017). Several studies have now shown roles for axon-derived neuregulins
in both PNS and CNS remyelination (Fricker et al., 2011; Kataria et al., 2018; Lundgaard et al.,
2013; Michailov et al., 2004; Stassart et al., 2013; Viehover et al., 2001) and axonal glutamate
signaling (Gautier et al., 2015). OPCs express the nicotinic acetylcholine receptor and, when
stimulated with nicotine, increase their intracellular free calcium (Rogers et al., 2001), although
it is still unclear whether cholinergic signaling exerts any effect on OPC proliferation or
maturation. Several GPCRs expressed by OPCs are also required for successful and efficient
remyelination (Mei et al., 2016; Mogha et al., 2016). Other signaling pathways known to be
involved, although with some conflicting reports, include sonic hedgehog (Ferent et al., 2013;
Sanchez & Armstrong, 2017; Wang et al., 2008), Notch (Aparicio et al., 2013; Hammond et al.,
2014; John et al., 2002; Jurynczyk et al., 2005), muscarinic acetylcholine receptors (Cui et al.,
2006; De Angelis et al., 2012; Mei et al., 2016; Welliver et al., 2018), TLRs (Srivastava et al.,
2018), and the kappa opioid receptor (Mei et al., 2016). Nogo and LINGO-1 are two surface
receptors expressed by OPCs, shown to potently inhibit remyelination (Mi et al., 2009; Mi et al.,

2013; Sozmen et al., 2016; Sun et al., 2015), with function-blocking anti-LINGO-1 antibodies



being extensively studied in MS patients (Mellion et al., 2017; Tran et al., 2014;
ClinicalTrials.gov NCT03222973). More developmental myelination-modulating factors have
been identified but have yet to be investigated in the context of CNS injury. The above is

summarized in Table 1.1.

Several drug screens have also been performed to identify clinically available
pharmaceutical compounds that promote OPC differentiation and MBP expression in vitro and
possess remyelinating or neuroprotective properties in vivo. These drug screens have identified,
among many candidates, tamoxifen (Gonzalez et al., 2016), benztropine (Deshmukh et al.,
2013), clemastine (Mei et al., 2014), the imidazole class of antifungals (Najm et al., 2015;
Hubler et al., 2018), quetiapine (Zhang et al., 2012; Zhornitsky et al., 2013), and omeprazole
(Zhu et al., 2019). A double-blind clinical trial has been recently completed documenting
positive results with the use of clemastine fumarate for relapsing remitting MS patients (Green et

al., 2017).

Spatial and mechanical properties of the tissue microenvironment modulate the
proliferation, migration, and differentiation of OPCs. A softer ECM will be more conducive to
OPC differentiation compared to a stiffer, less elastic ECM, which favors Schwann cell
myelination (Urbanski et al., 2016). Mechanical stimulation of the tissue can also alter the
signaling mechanisms through which ECM molecules act. Static stretch delivered to murine
neural stem and progenitor cells revealed a decreased preference towards oligodendrocyte
lineage differentiation (Arulmoli et al., 2015). Additionally, static tension applied to OPCs
inhibited proliferation but promoted differentiation (Hernandez et al., 2016; Jagielska et al.,

2017). OPC differentiation and myelination appear to also depend heavily on spatial packing, as



OPCs plated at higher densities with either other cells or inert beads in culture exhibit greater

MBP expression overall (Rosenberg et al., 2008).

Overall, several intrinsic and extrinsic factors must work in concert to overcome the
many inhibitors of remyelination and orchestrate successful remyelination. Aside from cell-
derived molecules described above, the extracellular matrix is also highly modified in injury, and
is abundant in molecules that are able to potently inhibit OPC proliferation, migration,

differentiation, and myelination.

1.5 The Extracellular Matrix Plays a Role in Remyelination Failure

The extracellular matrix can be largely separated into three compartments in the CNS: the
parenchymal basement membrane (BM), the interstitial matrix, and the perineuronal nets (PNNSs)
(Lau et al., 2013). The BM is primarily comprised of the heparan sulfate proteoglycan (HSPG)
family member perlecan, laminin-2, type 1V collagens, and fibronectin. The PNNs and interstitial
matrix differ from the BM in that they are principally composed of chondroitin sulfate
proteoglycans (CSPGs). CSPGs form PNNs by directly interacting with hyaluronan through the
G1 domain, and indirectly interacting with tenascin R via link proteins. These structures are
found in close association with neuronal soma and dendrites, in high abundance starting at the
closing of critical periods. PNNs are thought to buffer ions and offer protection from oxidative
stress, stabilize existing synaptic connections and reduce plasticity of synapses to prevent
aberrant connections, and to some extent, modulate the activity of neurons (reviewed in Testa et

al., 2018).

There is extensive disruption and remodeling of the ECM following injury. The dynamics

of several ECM constituents are correlated with gliosis and inflammation, or regenerative stages
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in murine demyelination. | describe major ECM members present in the injured area and their

currently known effects on remyelination below.

1.5.1 Heparan sulfate proteoglycans (HSPGs)

Sections 1.5.1 through 1.5.6 are adapted from Pu et al., 2018, coauthored with Erin L.
Stephenson and V. Wee Yong.

HSPGs are one of the major constituents of the ECM. Family members include glypicans
(1-6), syndecans (1-4), perlecan (also known as HSPG2), agrin, collagen XVIIl, CD44,
neuropilin-1, betaglycan and serglycin. Syndecans, glypicans, CD44, neuropilin-1 and
betaglycan are membrane-anchored, whereas perlecan, agrin, and collagen XVIII are found
extracellularly in basement membranes (BM). Serglycin is found in secretory vesicles (Sarrazin
etal., 2011). HSPGs structurally parallel CSPGs, similarly composed of a core protein with
attached GAGs. HS GAGs are repeating disaccharides of N-acetylglucosamine and glucuronic
acid (Kjellén and Lindahl, 1991), and differ from CSPGs such that CSPGs contain N-
acetylgalactosamine in place of N-acetylglucosamine.

Similar to CSPGs, many functions of HSPGs are exerted through GAG chains and are
regulated by sulfation patterns of GAGs. In development, HSPGs act as co-receptors and
reservoirs for fibroblast growth factor-2 (FGF2), a growth factor critical for proliferation and
differentiation of neural stem cells (Nurcombe et al., 1993). HSPGs may induce the dimerization
and improved activation of FGF receptor by binding to multiple FGF proteins (Spivak-Kroizman
etal., 1994). The positive effect of HSPGs on FGF signaling may be conferred by the specific 6-
O-sulfation pattern on heparan sulfate GAGs, as there is no promotion of mitosis in a
lymphoblastic cell line in the absence of this sulfation pattern (Pye et al., 1998). In addition,

HSPGs modulate NCAM, slit-1 and -2, Wnt, and transforming growth factor-p (TGFp)
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signaling. In the case of Wnt, HSPG interaction with Wnt prevents the aggregation of the protein
and maintains the morphogenic gradient for stable signaling (Fuerer et al., 2010). Increasing
bioavailability of various factors by stabilizing connections between the ligand and its receptor is
a mechanism of signaling modulation common to other binding partners of HSPGs (Hécker et
al., 2005). HSPGs also bind other ECM molecules such as laminin, fibronectin, tenascins,
hyaluronan and thrombospondin (Bandtlow and Zimmermann, 2000). They serve roles in axonal
guidance and distribution of morphogens Wnt, Engrailed, slits, and netrins (Properzi et al.,
2008).

HSPGs are upregulated following injury in peripheral nerve and CNS nigrostriatal lesions
associated with fibroblasts and macrophages (Properzi and Fawcett, 2004). For example,
perlecan is upregulated in injured neurons and reactive astrocytes of the mouse hippocampus
following intra-cerebroventricular kainate injections (Shee et al., 1998). De Yébenes and
colleagues (De Yébenes et al., 1999) showed that perlecan was correspondent with astrocytes
and microglia in vitro, and both perlecan mMRNA and immunoreactivity increased 3 days
following stab wound in the mouse hippocampus.

While little work has been done investigating the direct effect of HSPGs on
oligodendrocyte function following injury, HSPGs may influence oligodendrogenesis by
modulating the injured microenvironment. Oligodendrocytes differentially express HSPGs at
various stages of differentiation (Bansal et al., 1996; Stringer et al., 1999). Increased syndecan-2
and -4 and glypican mRNA correlated with differentiation of progenitors into mature cells, and
syndecan-1 and -3 exhibited the inverse expression, facilitating FGF2-mediated oligodendrocyte
progenitor proliferation (Winkler et al., 2002) and myelin sheath thickness (Furusho et al., 2012).

The interaction between HSPGs and FGF2 and platelet-derived growth factor (PDGF) has been
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well-documented (Gutiérrez and Brandan, 2010; Mundhenke et al., 2002; Smith et al., 2009;
Zhang et al., 2001). FGF2 and PDGF are both mitogens for OPCs, and FGF2 is also an inhibitor
of OPC differentiation (Armstrong et al., 2002; Baron et al., 2000; Butt and Dinsdale, 2005;
Murtie et al., 2005; Woodruff et al., 2004). Importantly, OPCs express FGF2 and PDGF ligands
and receptors in response to demyelination (Armstrong et al., 2002; Frost et al., 2003; Redwine
and Armstrong, 1998). Thus, it is possible that HSPGs deposited within a lesion accumulate
FGF2 and PDGF, resulting in suppression of OPC differentiation and maturation. Currently,

more work is required to directly correlate HSPG to oligodendrocyte function in vivo.

1.5.2 Hyaluronan

Hyaluronan is an unsulfated, linear GAG chain comprised of alternating units of GICA
and GIcNAc (Necas et al., 2008). It is secreted natively as a high molecular weight polymer
primarily from astrocytes, and is able to bind the N-terminus of lectican core proteins with the
assistance of link proteins (Bignami et al., 1993; Spicer et al., 2003). Hyaluronan is an essential
component of the perineuronal net, connecting to multiple CSPGs in order to create an organized
network (Kwok et al., 2011).

Hyaluronan possesses different functions depending on its molecular weight. Under
inflammatory conditions, there is an increase in synthesis of high molecular weight hyaluronan
that is subsequently digested into low molecular weight hyaluronan fragments by secreted
hyaluronidases and (matrix metalloproteinases) MMPs (Noble, 2002). Presently, controversy
surrounds the debate on which form of hyaluronan is more pro-inflammatory or beneficial to
remyelination.

There is support for the hypothesis that low molecular weight hyaluronan acts as danger

associated molecular patterns (DAMPS), able to initiate pro-inflammatory signaling in
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macrophages/microglia, resulting in the release of inflammatory cytokines such as MIP1a,
CCL2, IL-12 and TNFa (Mckee et al., 1996; Jiang et al., 2005). The pro-inflammatory effects of
low molecular weight hyaluronan are thought to be exerted through CD44, TLR2 and TLR4
signaling. Function-blocking anti-CD44 antibody given to alveolar macrophages inhibited
increases in pro-inflammatory cytokine production (Mckee et al., 1996), and use of TLR2 and
TLR4 knockout mice has revealed that both TLRs, in addition to the intracellular adaptor
MyD88, are also critical in hyaluronan signaling in macrophages/microglia following spinal cord
injury (Jiang et al., 2005). High molecular weight hyaluronan also decreases inflammatory
signaling in cultured microglia through competitive binding to TLRs or CD44, as both are also
receptors for low molecular weight hyaluronan and LPS (Austin et al., 2012). High molecular
weight hyaluronan was reported to contribute to the pathogenesis of experimental autoimmune
encephalomyelitis (EAE) through facilitating lymphocyte adhesion and rolling (Winkler et al.,
2013). In addition, inhibition of hyaluronan synthesis in EAE mice resulted in skewing of
reactive T cells toward Tw2 lineage and increased the number of Foxp3* Tregs in the spinal cord
(Kuipers et al., 2016). In contrast, Muto et al. showed that injection of low molecular weight
hyaluronan reduced LPS-mediated sickness syndrome in mice, suggesting a potential anti-
inflammatory role for low molecular weight hyaluronan depending on context (Muto et al.,
2009).

High molecular weight hyaluronan from astrocytes accumulates in chronic demyelinated
MS lesions; these authors postulated that the high molecular weight hyaluronan inhibits OPC
maturation, and ultimately leads to deficient remyelination in vivo (Back et al., 2005). However,
others suggest that high molecular weight hyaluronan reduces proliferation and deposition of

CSPGs by cultured astrocytes (Struve et al., 2005; Khaing et al., 2011), giving rise to a more
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permissive environment for remyelination. Data from Sloane et al. has identified TLR2 to be the
primary receptor mediating inhibition of OPC maturation by hyaluronan (Sloane et al., 2010).
Importantly, TLR2 appears to only be stimulated by low molecular weight hyaluronan (Termeer
et al., 2002; Scheibner et al., 2006), implicating this form of hyaluronan to be the repressive
species for OPC maturation. Digestion products of the hyaluronidase PH20 expressed by OPCs
and reactive astrocytes have also been reported to inhibit OPC maturation and remyelination in
lysolecithin-induced demyelination (Preston et al., 2013). It is important to note, however, that a
more recent study reports that PH20 mRNA and protein are undetectable in the murine CNS, and
infusion of recombinant human PH20 failed to inhibit OPC differentiation in culture (Marella et
al., 2017). More studies are required to clarify the individual effects of high or low molecular

weight hyaluronan on remyelination.

1.5.3 Collagens

Collagens, in addition to several other functions, are essential structural proteins of the
ECM. The general structure is three polypeptide o chains forming varying lengths of triple helix
motifs. Several forms of the a chains exist and are able to assemble into homotrimers or
heterotrimers, conferring further diversity to collagen family members. Currently there are 28
known collagens discovered in vertebrates, termed collagen | through collagen XXVIII.
Collagens can be categorized based on the number of triple helix domains: fibrillar collagens
contain one triple helical domain, while fibril-associated collagens have interrupted triple-helices
(FACITSs), and other collagen subfamilies contain multiple triple helical domains (Gordon and
Hahn, 2010; Kadler et al., 2007; Ricard-Blum, 2011).

Under homeostatic conditions in the CNS, collagens I, 111, and IV are present in the glia

limitans externa and the vascular basement membrane (Rutka et al., 1988). However, following
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mouse spinal cord contusion and Theiler’s virus-induced demyelination, collagens I and IV are
deposited into the lesioned area and become a major component of the fibrous scar tissue (Haist
et al., 2012; Klapka and Muller, 2006; Okada et al., 2007). Traumatic spinal cord injury in mice
have also shown that collagens are secreted primarily from lesion-infiltrating cells, such as
perivascular fibroblasts (Soderblom et al., 2013), reactive astrocytes (Hara et al., 2017; Liesi and
Kauppila, 2002), and meningeal fibroblasts (Matthews et al., 1979).

Work done on the influence of collagen on oligodendrocytes and remyelination has
yielded conflicting results. OPCs plated on collagen are less migratory when compared to control
culture (Milner et al., 1996). Premyelinating oligodendrocyte growth cones avoided collagen 1V
in culture (Fox et al., 2006). In contrast, collagen | purified and formed into microspheres have
been used as a delivery medium for OPCs onto a dorsal root ganglion (DRG) culture. Collagen
microspheres were shown to support OPC proliferation and differentiation, and OPCs were able
to successfully myelinate cultured DRG neurons (Yao et al., 2013), implying an important
scaffolding function. Similarly, collagen I and IV are commonly used in oligodendrocyte cell
cultures (Sundberg et al., 2010; Yamashita et al., 2017), suggesting at minimum a lack of
repressive function in oligodendrocytes. Interestingly, oligodendrocytes lack collagen-binding
integrin receptors (Milner et al., 1996), and the role of other collagen receptors on

oligodendrocytes in the context of myelination/remyelination is unclear.

1.5.4 Laminins

Laminins are high molecular weight fibrous glycoproteins abundantly present in the
endothelial basement membrane of the blood-brain barrier (Engel and Furthmayr, 1987).
Laminins’ myriad functions are exerted through interactions with collagen 1V, HSPGs, nidogen,

dystroglycan, and laminin receptors of the integrin family (Leiton et al., 2015; Novak and Kaye,
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2000). Their largely structural role is mediated in part by associating with collagen IV networks
through nidogen-1 (Takagi et al., 2003) and perlecan (lozzo, 2005). In injury, laminins are
secreted by reactive astrocytes (Bernstein et al., 1985; Liesi et al., 1984) and deposited into the
injury site, particularly into expanded perivascular spaces (Risling et al., 1993).

Laminin-2 is generally a permissive substrate for OPC survival and maturation. It
enhances myelin membrane formation and oligodendrocyte sensitivity to PDGF in
developmental myelination (Barros et al., 2011; Buttery and Ffrench-Constant, 1999; Colognato
et al., 2002; Frost et al., 1999); however, this phenomenon is unexplored in the context of injury,
and may be detrimental to remyelination as PDGF signaling results in the arrest of terminal
oligodendrocyte differentiation (Baron et al., 2000). Blockade of the mouse 061 integrin, a
known laminin receptor, decreased oligodendrocyte survival in culture (Corley et al., 2001; Frost
et al., 1999). Concurrently, overexpression of a dominant negative 1 integrin results in
hypomyelination of spinal cord and optic nerve axons. Transgenic mice expressing a dominant-
negative B1 integrin subjected to cuprizone-induced demyelination exhibited reduced
percentages of remyelinated axons in the corpus callosum; however, remyelinated axons had g-
ratios comparable to those in wild-type mice (Lee et al., 2006), indicating a possible role of the
laminin-p1 integrin interaction in OPC proliferation or recruitment. Indeed, high expression of
a6P1 integrin in OPCs and low expression in mature oligodendrocytes support this finding
(O’Meara et al., 2011). Studies using knockout of the laminin-2 a2 subunit show laminin
promotes OPC survival in the subventricular zone at birth, and loss of the laminin a2 gene results
in delayed oligodendrocyte maturation and dysmyelination at postnatal day 21 (Relucio et al.,

2012). There is also in vitro evidence suggesting laminin-2 promotes OPC proliferation through
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stimulating cleavage of dystroglycan by MMPs. Blocking dystroglycan cleavage resulted in
significantly decreased OPC proliferation (Leiton et al., 2015).

Interestingly, Benninger and colleagues (Benninger et al., 2006) report that 1 integrin
signaling is not essential for developmental myelination, and conditional ablation of the 1
integrin in oligodendroglial cells of mice given a focal demyelinating lesion resulted in
unimpaired remyelination. Unlike the dominant-negative B1 integrin mice described above (Lee
et al., 2006), assessment of developmental myelination in the optic nerve showed no difference

in the conditional knockout mice compared to wild-type.

1.5.5 Fibronectin

Fibronectin exists as a protein dimer, serving as a scaffold for cell adhesion and
migration. During embryogenesis fibronectin is essential as defects in fibronectin signaling
causes embryonic lethality (George et al., 1993). While not expressed in the developed CNS
normally, following injury, fibronectin leaks in from plasma and is also produced locally by
reactive astrocytes, microglia/macrophages and endothelial cells (Milner et al., 2007; Stoffels et
al., 2013b; Zhao et al., 2009). Fibronectin can signal through the av integrins on OPCs, which
are upregulated in demyelinated lesions (Stoffels et al., 2013a).

Whether fibronectin is inhibitory or beneficial to remyelination is still debated.
Fibronectin has been shown to increase MMP9 activity in conditioned media from primary OPC
cultures; in the presence of fibronectin, MMP9 activity is constrained to the cell bodies of OPCs.
Due to this mislocalization of MMP9 activity, OPCs exhibited less branching and fewer
secondary processes on fibronectin compared to laminin (Sigkova et al., 2009). These results are
corroborated by immature oligodendrocytes plated on fibronectin. Oligodendrocytes appear

morphologically immature and a majority of cells fail to form myelin membranes; however,

18



MBP expression was normal compared to control cultures (Qin et al., 2017). There is also data
suggesting fibronectin impedes the morphological differentiation of OPCs by inhibiting
reorganization of the actin cytoskeleton that would normally allow myelin sheet-directed
vesicular transport (Siskova et al., 2006). Fibronectin aggregates have also been observed in both
chronic EAE and chronically demyelinated MS lesions, and injection of astrocyte-derived
fibronectin aggregates into experimentally demyelinated lesions resulted in reduced OPC
differentiation and remyelination (Stoffels et al., 2013a). However, Milner et al. (Milner et al.,
1996) show fibronectin promotes migration of OPCs to a similar extent in vitro compared to
laminin. In addition, knockout of astrocyte-derived fibronectin resulted in reduced OPC

proliferation following demyelination (Stoffels et al., 2015).

1.5.6 Other ECM molecules that regulate properties of oligodendrocytes and remyelination

Several other ECM components have also been shown to change in response to CNS
injury and to influence oligodendrocyte function in myelination/remyelination. Following injury,
vitronectin is upregulated by macrophages/microglia and reactive astrocytes (Zhao et al., 2009).
In vitro, vitronectin has been observed to promote oligodendrocyte migration (Milner et al.,
1996) and to promote the differentiation of oligodendrocytes from embryonic stem cells (Gil et
al., 2009).

Dystroglycan serves as an adaptor, linking laminin to intracellular actin networks (Chen
et al., 2003). There are several reports of dystroglycan regulating myelination. Remyelination of
the rat sciatic nerve is improved with interaction of B-dystroglycan, a cleavage product of the full
dystroglycan protein, with the laminin a2 chain (Masaki et al., 2003). sSiRNA depletion of
dystroglycan eliminates the differentiation of oligodendrocytes potentiated by IGF1 and laminin

in vitro (Eyermann et al., 2010). Blockade of dystroglycan function results in failure of
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oligodendrocytes to produce myelin membrane sheets or to initiate myelination in co-culture
with dorsal root ganglion neurons (Colognato et al., 2007).

Decorin, a member of the small leucine-rich proteoglycans, is known to suppress the
expression of phosphacan, brevican, neurocan and NG2 (Davies et al., 2004), and thus would
reduce an inhibitory CSPG environment and facilitate repair processes. This effect may be in
part due to the negative regulation of TGFp by decorin (Yamaguchi et al., 1990), as TGFp has
been shown to induce CSPG expression (Gato et al., 2002; Schachtrup et al., 2010; Schonherr et
al., 1991). Minor et al. (Minor et al., 2008) also suggest that decorin directly affects neurons and
promotes axonal growth on CSPGs and myelin. In addition, decorin treatment following stab
wound to the cerebral cortex in rats decreases Sema3A protein within the lesion area (Minor et
al., 2011). The recent report that Tregs promote remyelination is attributed to their production of
the secreted ECM-associated signaling protein CCN3 (Dombrowski et al., 2017).

The role of thrombospondin, an ECM glycoprotein, in the context of remyelination has
yet to be elucidated. While thrombospondin-1 has been shown to promote OPC migration in the
normal CNS (Scott-Drew and ffrench-Constant, 1997), others report that knockout of
thrombospondin-1 increases the differentiation of mature oligodendrocytes (Lu and Kipnis,
2010). Osteopontin, another glycoprotein, stimulates MBP synthesis and myelin sheath
formation when applied to oligodendrocytes in vitro. In the same study, myelinating mixed
cultures taken from osteopontin null mice contain less MBP than wild-type cultures (Selvaraju et
al., 2004).

A growing body of evidence implicates tenascin C, commonly upregulated following
CNS injury (Jones and Bouvier, 2014), as a negative regulator of myelinogenesis. Astrocytes

plated on tenascin C have fewer myelinated fibers in myelinating cultures (Nash et al., 2011).
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OPCs derived from tenascin C knockout mice exhibit accelerated rate of maturation and earlier
morphological differentiation (Garwood et al., 2004). Moreover, oligodendrocytes plated on

tenascin C fail to express MBP (Czopka et al., 2009).

1.6 Chondroitin Sulfate Proteoglycans (CSPGSs)

CSPGs are a class of ECM proteoglycans that are widely expressed within the CNS; they
can be synthesized by all neural cell types (Dyck and Karimi-Abdolrezaee, 2015) or brought into
the CNS by infiltrating immune cells (Stephenson et al., 2018). CSPGs are comprised of a
central core protein with varying number of associated glycosaminoglycan (GAG) chains bound
to serine residues. A distinct tetrasaccharide linker mediates the joining of the core protein and
GAGs. Chondroitin sulfate GAGs are formed from repeating disaccharides of N-
acetylgalactosamine (GalNAc) and glucuronic acid (GIcA) (Prydz and Dalen, 2000). In addition,
GAGs may also be further modified through sulfation at various carbon positions. Functions of
CSPGs vary depending on core protein, number of chondroitin sulfate GAGs, and sulfation
patterns of GAG chains (Sugahara et al., 2003; Galtrey and Fawcett, 2007). Members of the
CSPG family are distinguished by their core proteins. Family members include the four lecticans
(i.e., aggrecan, brevican, neurocan, and versican), RPTP/phosphacan, and NG2 (Siebert et al.,
2014).

During development, CSPGs provide guidance cues for axonal growth cones (Laabs et
al., 2005), and, in late development are found in perineuronal nets surrounding neural soma
(Carulli et al., 2006; Kwok et al., 2011; Lau et al., 2013; Wang & Fawcett, 2012). As
developmental critical periods close, perineuronal nets envelop soma and proximal dendrites to
limit synaptic plasticity and stabilize existing synapses (Bandtlow and Zimmermann, 2000;

Rhodes and Fawcett, 2004; Dyck and Karimi-Abdolrezaee, 2015). In the adult CNS, the N-
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terminal domains of lectican core proteins interact with hyaluronan through link proteins, and the

C-terminal domain interacts with tenascins to form a structural network.
1.7 Role of CSPGs in MS

CSPGs are a substantial component of the fibrotic scar following several types of CNS
injury, including traumatic injuries (Jones et al., 2003; Buss et al., 2009), ischemic insults
(Huang et al., 2014; Deng et al., 2015), and MS. Several CSPG species are present at the border
of active MS plaques, including versican, aggrecan, and neurocan (Sobel and Ahmed, 2001).
Despite the ubiquity of CSPGs in CNS injury, the function of these CSPGs in the fibrotic scar is
largely unclear. It is suggested that the CSPG/astrocytic scar acts as a barrier to further damage
in the acute phase of injury. Importantly, preventing the acute deposition of CSPGs immediately
following injury using xyloside results in a worsened injury. Therefore, the temporal kinetics of

CSPG deposition should be further explored to guide the development of therapies.

Modulation of CSPGs such as by the use of proteases to remove the glycosaminoglycans
of CSPGs have shown varying successes in the neuronal regeneration field (Barritt et al., 2006;
Bradbury et al., 2002; Caggiano et al., 2005; Ikegami et al., 2005; Massey et al., 2006; Siebert et
al., 2011; Yick et al., 2000) and the non-permissive effects have been identified in several animal
models of demyelination and MS (discussed below). However, the direct impact of CSPGs in

remyelination in MS remains largely unexplored.
1.8 CSPGs in Oligodendrocyte Biology

While substantial literature exists characterizing the non-permissive properties of CSPGs
with regards to axonal regeneration, the effects of CSPGs on oligodendrocytes and OPCs are less

well described. Recent studies have highlighted the suppression of myelinogenic processes by
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CSPGs. In vitro studies show that CSPGs impede process outgrowth and differentiation of
OPCs; most OPCs failed to extend processes at 1-2 days post-plating and lacked formation of
membranous sheets at 6 days post-plating (Siebert and Osterhout, 2011). Similarly, there is data
to suggest inhibitory effects of CS GAGs on oligodendrocyte differentiation (Karus et al., 2016).
Pendleton et al. (Pendleton et al., 2013) have published congruent results showing inhibitory
effects of CSPGs on oligodendrocyte growth. Our group has found impaired adhesion and
process outgrowth when neonatal or adult mouse OPCs were plated on CSPGs. While the
acquisition of oligodendrocyte maturity marker myelin basic protein (MBP) appeared to be
unaffected by CSPGs, OPCs adhered poorly to a CSPG-coated substrate. These results were
further corroborated by human OPCs plated on CSPGs, which also exhibited significantly
reduced process outgrowth (Lau et al., 2012). Support for CSPGs being inhibitory for myelin
repair in vivo comes from studies where the inhibition of CSPG synthesis and deposition after

demyelination enhanced remyelination post injury (Lau et al., 2012; Keough et al., 2016).

Interestingly, NG2 is highly expressed on OPCs in homeostasis and upregulated in
response to injury (Jones et al., 2002). Expression of NG2 is likely contributing to proliferation
of the OPC pool following injury, as NG2 knockout in OPCs results in a reduced mitotic index
and fewer mature oligodendrocytes following lysolecithin injection (Kucharova and Stallcup,
2015). This effect may be attributed to NG2 maintaining expression of PDGFRa on the cell
surface, resulting in increased sensitivity to PDGF (Nishiyama et al., 1996). There is also
evidence suggesting that CS-GAGs modified by different sulfation patterns will differentially
affect regenerative processes. 4-sulfated CS is non-permissive while 6-sulfated CS is permissive
to axon growth, but CS-E is also non-permissive (Brown et al., 2012; Lin et al., 2011; Wang et

al., 2008). This may be an important distinction because most CSPGs deposited in the glial scar
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after CNS injury is 4S-GAGs (Wang et al., 2008). Selective elimination of 4S-GAGs was shown
to have therapeutic effects in mouse optic nerve crush 3 days after injury (Pearson et al., 2018).
Together, these data may imply a need to consider temporal kinetics as well as composition of
CSPGs in order to develop effective therapeutics.

There is currently limited knowledge on the mechanisms by which CSPGs inhibit
oligodendrocyte differentiation and maturation. Several CSPG receptors have been identified on
neurons, including the Nogo receptors 1 and 3 (Dickendesher et al., 2012), and CD44
(Kawashima et al., 2000). Interestingly these receptors do not appear to be highly expressed by
oligodendrocyte precursor cells (Zhang et al., 2014).

A possible oligodendrocyte receptor for CSPGs may be the protein tyrosine phosphatase
sigma (PTPo). Cell cultures using oligodendrocytes derived from PTPc”" mice as well as
knockdown of PTPo in vivo show that the inhibitory effects of the CSPG aggrecan is ameliorated
by loss of PTPo signaling (Pendleton et al., 2013), although whether the same effect extends to
other CSPG members remains to be elucidated. Others have utilized pharmacological inhibitors
to perturb PTPo signaling and demonstrated improved axonal regeneration as well as
remyelination following spinal cord injury (Dyck et al., 2018; Luo et al., 2018). The downstream
effects are hypothesized to be generated by activation of a pathway involving protein kinase C,
the GTPase RhoA, and Rho-associated kinase (ROCK), culminating in the depolymerization of

the actin cytoskeleton and altering polarity of the cell (Amano et al., 2010).
1.9 CSPGs and Inflammation

Aside from the growth-inhibitory effects of CSPGs on regenerative processes such as
remyelination, we and others have also demonstrated that they promote a pro-inflammatory

phenotype in macrophages and microglia (Figure 1.1). When presented with a purified CSPG
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mixture, cultured bone marrow-derived macrophages (BMDMs) secrete cytokines such as
colony stimulating factors, interleukins (IL) 1a, 1B, and 6, TNFa, several chemokines, and select
MMPs, including MMP2, 3, 8, 9, and 12 (Stephenson et al., 2018). MMP2 and 9 have been
previously reported to play key roles in leukocyte infiltration into the CNS (Agrawal et al.,
2008). BMDMs will also migrate towards CSPGs (Kang et al., 2017; Stephenson et al., 2018),

indicating chemoattractive properties of CSPGs.

CSPGs are thought to interact with macrophages through binding to cell surface
receptors, including toll-like receptors (TLRs) 2, 6, and 4 (Kim et al., 2009; Zhang et al., 2015),
CD44 (Kawashima et al., 2002; Rolls et al., 2008), 1 integrins, leukocyte-common antigen
receptor (LAR), and PTPc. MyD88 is recruited downstream of TLR signaling, resulting in the
activation of NFxB. CSPGs have also been shown to signal through PTPc expressed by
microglia/macrophages in spinal cord injury, and blockade of this interaction decreased the

presence of pro-inflammatory microglia/macrophages in the lesioned area (Dyck et al., 2018).

In addition to their interaction with other ECM components, highly-sulfated CSPGs also
interact with and sequester cytokines and chemokines. Several CXC- and CC-family chemokines
bind to CSPGs, including CXCL4, 8, 10, and 12, and CCL2, 5, 8, 11, 20, and 21 (Hirose et al.,
2001; Hirose et al., 2002; Kawashima et al., 2002). Interferon-y (IFNy), IL-1a, IL-1B, 2, 4, 6, 7,
8, and 12 have also been shown to bind to CSPGs (Clarke et al., 1995; Fernandez-Botran et al.,
1999; Frevert et al., 2003; Garnier et al., 2003; Hurt-Camejo et al., 1999; Lortat-Jacob et al.,
1997; Ramsden & Rider, 1992). The cytokine/chemokine-CSPG interaction appears to be
mediated by the highly negatively-charged GAGs. The binding of these cytokines and
chemokines generates an immobilized gradient and facilitates the recruitment of immune cells to

the site of inflammation.
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Interestingly, previous studies in peripheral systems have indicated that CSPGs may be
therapeutic rather than exacerbating inflammation. In combination with the pro-inflammatory
stimulating agents IFNy and lipopolysaccharide (LPS), addition of 6-sulfated CS-C GAGs
reduced nitrite levels in culture supernatant, suppressed IL-6 and TNFa, and enhanced IL-10
production (Tan and Tabata, 2014). Treatment of diet-induced obese mice with a mixture of CS
GAGs reduced levels of cytokines IL-1p and TNFa and chemokines CXCL1, CCL5, and CCL17
in serum, and fewer cultured macrophages stimulated with both TNFa and CS GAGs migrated in
a transwell migration assay (Melgar-Lesmes et al., 2016). This effect appears to extend into the
CNS compartment, as astrocyte activation induced by LPS was prevented by addition of CS
GAGs (Canas et al., 2010) and intravenous injection of CS disaccharides alleviated severity of
EAE and experimental autoimmune uveitis (Rolls et al., 2006a). However, these studies were
performed using CS GAGs or disaccharide subunits of CS GAGs, while our studies supporting a
pro-inflammatory nature were done using a mixture of native CSPGs, suggesting there are key
functional differences closely tied with structure of the molecule itself. This may be a
consideration for future studies, as using proteases and chondroitinases has been a key approach

to clearing CSPGs.

Further possible pro-regenerative roles of CSPGs have also been discussed. CSPGs
enhance expression of insulin-like growth factor 1 (IGF1) and BDNF (Rolls et al., 2008) by
microglia/macrophages, both of which function as trophic factors for OPCs (Hsieh et al., 2004;
Van’t Veer et al., 2009; VonDran et al., 2011). Furthermore, inhibition of CSPG synthesis
immediately following spinal cord contusion injury attenuates IGF1 production and causes an
increase in TNFa levels; the authors suggested there was a switch of microglia to an

inflammatory phenotype in the absence of CSPGs (Rolls et al., 2008).
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1.10 Biosynthesis of CSPGs

CSPG biosynthesis is initiated by the addition of a linkage tetrasaccharide to the core
protein (Figure 1.2a). The tetrasaccharide is highly conserved across proteoglycan species,
comprised of xylose, two galactose monomers, and glucuronic acid. The transfer of xylose from
xylose-UDP to the core protein acceptor is catalyzed by xylosyltransferase 1 (XYLT1). The first
and second galactoses are transferred from UDP-galactose to the proteoglycan by
galactosyltransferase | (B4GalT7) and Il (G3GalT6), respectively. Finally,
glucuronosyltransferase | (B3GaT3) attaches the final monomer GIcA. The GAG is then
produced by repeated addition of sugar units to the growing chain. The first sugar added to the
linkage region determines whether the GAG will then become chondroitin sulfate, dermatan
sulfate, heparan sulfate, or keratan sulfate. In the case of chondroitin sulfate, GaINAc will be

added, with alternating GICA.

The polymerization of GAG chains requires several transferase enzymes. Chondroitin
sulfate GalNAc-transferase I (CSGalNAcT1) adds the initial GaINAc unit in a 1,4 manner.
glucuronosyltransferase II (ChPF) will attach the following GIcA in a 1,3 linkage. Hereafter,
alternating activity of chondroitin sulfate GalNAc-transferase 11 (CSGalNAcT2) and

glucuronosyltransferase Il will produce an elongated GAG chain (Prydz and Dalen, 2000).

CSPGs may also be modified following the polymerization of GAGs. Several sulfation
patterns of CS-GAGs also contribute to function of the molecule. The modifications are carried
out by four sulfotransferases: chondroitin sulfate 4-O-sulfotransferase, chondroitin 6-O-
sulfotransferase, uronyl 2-O-sulfotransferase, and N-acetylgalactosamine 4-sulfate 6-O-
sulfotransferase. CS-GAGs can thus be categorized based on sulfation pattern, where CS-A is 4-

sulfated, CS-C is 6-sulfated, CS-D is 6 sulfated on GalNAc and 2-sulfated on GIcA, and CS-E
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bears 4- and 6-sulfation on GalNAc (Dyck and Karimi-Abdolrezaee, 2015) (Figure 1.3).
Different sulfation patterns have been proposed to serve different functions; for example, an
increase in the ratio of 4-sulfation (CS-A) to 6-sulfation (CS-C) is reported to underlie the
closing of the critical period for ocular dominance in the mouse visual cortex (Miyata et al.,
2012). Evidence from multiple groups also suggest that CS-E plays a more significant role in the
inhibition of neurons than CS-GAGs of other sulfation patterns (Karumbaiah et al., 2011; Brown

etal., 2012).

1.11 Exostosin-like 2 (EXTL2)

Exostosin-like 2 (EXTL2) is a glycosyltransferase thought to be involved in CSPG and
heparan sulfate proteoglycan (HSPG) biosynthesis. Mouse studies have revealed EXTL2 is
developmentally expressed from embryonic day 7 and expression is maintained through
development and adulthood. While ubiquitously expressed in tissues, EXTLZ2 is particularly

abundant in the brain, heart, and testis (Nadanaka et al., 2013b).

EXTL2 exhibits both a1,4-N-acetylgalactosaminotransferase and al1,4-N-
acetylglucosaminotransferase activities (Kitagawa et al., 1999). EXTL2 is through to catalyze the
addition of the first N-acetylglucosamine (GIcNAc) or GalNAc onto the linkage region of the
GAG chain (Figure 1.2b). Possession of both catalytic capabilities implies roles in both CS-GAG
and heparan sulfate (HS) GAG synthesis. While normal CS-GAG synthesis is initiated by the
addition of B1,4-GalNAc to the linkage region, in vitro data suggests the pentasaccharide product
of EXTL2 (GIcNAcal-4GlcAB1-3GalB1-3GalB1-4XylpB1-O-Ser) is unable to be utilized as an
acceptor for further polymerization of the CS-GAG chain (Kitagawa et al., 1999), implying that

EXTL2 may serve as a chain terminator and regulator of CSPG synthesis. Further studies show
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that the enzymatic activity of EXTL2 is augmented by phosphorylation of the xylose residue of

the linkage region by the xylose kinase FAM20B (Nadanaka et al., 2013b).

Loss of function studies in various models of pathology in peripheral systems utilizing
EXTL2-null mice, discussed below, has given further clarification of the role of this enzyme.
Although loss of EXTL2 produces profound phenotypes in mouse models of pathology and
overproduce HS- and CS-GAGs (Nadanaka et al., 2013; Nadanaka et al., 2013b), normal
EXTL2-null animals have no reported defects; mice develop normally and are fertile. However,
mice lacking EXTL2 function produce greater amounts of CS-GAGs both homeostatically and in
injury. In carbon tetrachloride-induced liver injury, CSPG production is higher in EXTL27
animals compared to wild-type, and fewer hepatocytes incorporate BrdU, indicating depressed
proliferation of hepatocytes in response to injury and impaired recovery from liver damage
(Nadanaka and Kitagawa, 2014). EXTL2" animals also exhibit increased calcification of the
aorta in a mouse model of chronic kidney disease. The authors report that EXTL2" vascular
smooth muscle cells (VSMCs) cultured in high phosphate conditions similarly exhibit increased
calcification compared to wild-type VSMCs; however, treatment with either chondroitinase or

heparitinase significantly reduced calcium deposition (Purnomo et al., 2013).

As EXTL2 also possesses al,4-N-acetylglucosaminotransferase activity, a process
required for the initiation and elongation of heparan sulfate GAGs, loss of EXTL2 has also been
explored in the context of HSPGs. siRNA and RNA interference strategies have been employed
in the context of Sanfilippo C syndrome and other mucopolysaccharidoses, for which
knockdown of EXTL2 activity in fibroblasts derived from patients inhibited HSPG production
(Canals et al., 2015; Kaidonis et al., 2009). However, siRNA knockdown of EXTL2 in a human

embryonic kidney cell line resulted in increased heparan sulfate GAG chain length (Katta et al.,
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2015). Thus, the question of whether EXTL2 augments or inhibits HSPG production has yet to
be definitively answered. Due to the limited literature existing on EXTL2 and its functions, more

work is required to fully elucidate the role of EXTL2 in both CSPG and HSPG biology.

A genome-wide association study of MS patients by Dr. Stephen Sawcer group
(University of Cambridge, during sabbatical in Calgary) in collaboration with the Yong lab
found single nucleotide polymorphisms enriched in MS versus control DNA in a region of
chromosome 1 containing EXTL2 (unpublished). Presently, there is limited knowledge on how
dysfunction of EXTL2 in the CNS may affect CSPG biosynthesis in the context of CNS injury,
and whether it may be a viable target for future MS therapies. CSPGs are difficult to remove
from the lesion microenvironment once deposited, and while targeted therapies exist, such as
chondroitinase ABC, delivery of the treatment is another challenge. Chondroitinase ABC has
seen varying success within the traumatic spinal cord injury field (Barritt et al., 2006; Bradbury
et al., 2002; Caggiano et al., 2005; James et al., 2015; Massey et al., 2006; Starkey et al., 2012;
Yick et al., 2000), however it requires focal yet sustained delivery into the tissue, which would
be difficult for chronic, diffuse lesions such as MS. Understanding the regulatory mechanisms of
CSPG biosynthesis may provide more insight into how CSPG deposition in response to injury

may be limited.

1.12 The Lysolecithin Model of Murine Demyelination

The lysolecithin model of toxic demyelination involves stereotactic injection of
lysophosphatidylcholine (LPC; lysolecithin) into white matter tracts of the CNS, such as the
corpus callosum and dorsal or ventral funiculi of the spinal cord (Keough et al., 2015). While the
mechanism of myelin disruption is still unclear, there is evidence to suggest that lysolecithin

non-specifically disrupts lipids (Plemel et al., 2018).
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This model is ideally suited to investigate remyelination and inflammation as the
temporal progression of the injury is well-defined. There is an observable disruption of myelin,
as determined by staining of hyperintense MBP* debris at 4 hours post-injection. OPCs and
oligodendrocytes density is decreased acutely as well, with lowest densities at 24 hours.
Astrogliosis, defined by an increase in GFAP intensity within the lesion, occurs by 72 hours
(Plemel et al., 2018). A significant area of demyelination is identifiable by 7 to 10 days.
Substantial remyelination of the lesion is visible by 21 to 28 days (Figure 1.4). Another
advantage of the lysolecithin model is the spatial confinement of the injury, allowing efficient

identification of the injured area and subsequent analysis.

CSPGs have been shown to be deposited within the demyelinated lesion using
immunofluorescent staining of chondroitin sulfate glycosaminoglycan (CS-GAG) side chains
(Lau et al., 2012). Previous work from our lab indicates that among the lectican CSPG members,
the versican V1 isoform is most significantly upregulated following injection of lysolecithin,
with minimal changes in aggrecan (Keough et al., 2016), neurocan, and brevican (unpublished
observations). The distribution of versican V1 in the lysolecithin model is closely correlated with
astrocyte reactivity; however, other likely sources include reactive microglia or infiltrating
macrophages (Lau et al., 2012). The clearance of CSPGs from the lesion is also correlated to the

remyelination period.

Lysolecithin injection has been utilized previously to extensively investigate several
aspects of remyelination. This includes stereotactic injection into the corpus callosum, another
area of high myelin density (Sahel et al., 2015; Warford et al., 2018), the dorsal spinal column
(Garay et al., 2011; Kucharova et al., 2011), and the cerebellum (Woodruff and Franklin, 1999).

The injection of lysolecithin is also not limited to mice; other model species such as cats
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(Blakemore et al., 1977), and rats (Kotter et al., 2001). Lysolecithin has also been applied to in

vitro models to induce demyelination (Miron et al., 2010).

Other models of demyelination have also been used to study the biology of
remyelination. The cuprizone model, in which cuprizone is supplied through chow over several
weeks, induces demyelination seen in the corpus callosum. Remyelination will occur with the
withdrawal of cuprizone in chow (Kipp et al., 2009). Compared to the lysolecithin model, the
cuprizone model requires a more protracted time period of demyelination. In contrast,
stereotactic injection of inflammatory agents such as TNFa and IFNy (Merkler et al., 2006)
induces a similar focal demyelinating lesion, however the peripheral immune response is more
reflective of MS pathology, and involves T and B cells, as opposed to the limited engagement of

T cells in lysolecithin-induced demyelination (Ousman and David, 2000).
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1.13 Gaps of Knowledge

Although loss of EXTL2 has been associated with deficient repair in peripheral systems
such as the liver, EXTL2 and its role in CNS injury has yet to be described. Whether loss of
EXTL2 results in an increase in CSPG, particularly versican, deposition into a demyelinated
lesion in the CNS has not been previously determined. Furthermore, the effects of more
extensive CSPG deposition on the progression of injury, particularly with respect to
inflammation and remyelination, need to be clarified. Literature on how CSPGs influence

neuroinflammation remains limited.
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1.14 Statement of Aims

To investigate the role of EXTL2 in CSPG production and subsequent effects on
remyelination and neuroinflammation during an acute demyelinating injury, studies will be

conducted along the following aims:

1. Characterize the lysolecithin-induced lesion at days 7, 14, and 21 post-injection with
respect to CSPG deposition and cellular representation.

2. Elucidate potential differences in inflammation and remyelination in EXTL2 null mice
compared to wild-type mice.

3. Determine potential mechanisms by which loss of EXTL2 affects inflammation or the

repair process.

1.15 Hypothesis

| hypothesize that a loss of function of the Extl2 gene will result in overproduction and
increased deposition of CSPGs into the ECM of a lysolecithin-induced demyelinating injury.
This would inhibit OPC differentiation, migration, and maturation into oligodendrocytes to a
greater extent than in wild-type animals, and will also exacerbate the microglial/macrophage

response, ultimately impairing remyelination.
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Table 1.1 Summary of currently known factors influencing remyelination following CNS
injury. EGF = endothelial growth factor; FGF = fibroblast growth factor; PDGF = platelet-
derived growth factor; BDNF = brain-derived neurotrophic factor; NGF = nerve growth factor;
IGF = insulin-like growth factor; TNFa = tumor necrosis factor alpha; IFNy = interferon gamma,;
T3 = triiodothyronine; 2-AG = 2-arachidonoylglycerol; GPCRs = G-protein coupled receptors;
LINGO-1 = leucine rich repeat and immunoglobulin-like domain-containing protein 1; Shh =
sonic hedgehog; mMAChR = muscarinic acetylcholine receptor; TLRs = toll-like receptors; KOR

= kappa opioid receptor
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Figure 1.1 CSPGs are implicated in peripheral and CNS inflammation. Within the lumen of
blood vessels, CSPGs expressed by endothelial cells bind to cytokines and chemokines, and
interact with various receptors on the surface of immune cells. In peripheral systems, CS
disaccharides may promote an anti-inflammatory phenotype in macrophages, whereas in the
CNS parenchyma, intact CSPG promotes the production of several pro-inflammatory factors.

Contrastingly, CSPGs in the CNS may also reduce activation of astrocytes.
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Figure 1.2 Normal biosynthesis of CSPGs and EXTL2-mediated downregulation of CSPG
synthesis. The initiation and elongation of GAG chains from the CSPG core protein requires the
sequential actions of several enzymes (A). EXTL2 transfers a glucuronic acid onto the linkage
region through a B1,4 linkage, which is thought to prevent subsequent elongation of the GAG
chain (B). XylT1 = xylosyltransferase 1; B4GalT7 = 3-1,4-galactosyltransferase 7; B3GalT6 = 3-
1,3-galactosyltransferase 6; B3GaT3 = 3-1,3-glucuronyltransferase 3; CSGalNACT1 =
chondroitin sulfate N-acetylgalactosaminyltransferase 1; ChPF = chondroitin polymerizing

factor; CSGalNAcT2 = chondroitin sulfate N-acetylgalactosaminyltransferase 2.
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Figure 1.3

CS-A

CS-C

CS-D

CS-E

41




Figure 1.3 Types of chondroitin sulfate glycosaminoglycans and associated sulfation
patterns. CS-A is 4-sulfated on the N-acetylgalactosamine, CS-C is 6-sulfated on the N-
acetylgalactosamine, CS-D is both 4-sulfated on N-acetylgalactosamine and 6-sulfated on

glucuronic acid, CS-E is doubly sulfated on both C4 and C6 on N-acetylgalactosamine.
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Figure 1.4 The lysolecithin model of demyelination. Lysolecithin is injected stereotactically
into the ventral white matter between T3 and T4. Both OPC and immune
(microglia/macrophage) recruitment can be observed as early as day 3, and OPC maturation and
differentiation occurs later and can be seen at day 7 and on. Subsequent remyelination occurs

from 2-3 weeks following injury. The microglia/macrophage response is eventually resolved.
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CHAPTER 2 - The glycosyltransferase EXTL2 regulates CSPG synthesis and

neuroinflammation in a murine model of demyelination

2.1 Abstract

Chondroitin sulfate proteoglycans (CSPGs) have been identified to be a potent inhibitor
of both axonal growth and myelin generation. More recently, they have also been highlighted as
a modulator of macrophage infiltration into the central nervous system in experimental
autoimmune encephalomyelitis, and they play key roles in modulation of inflammation in the
periphery. In this study we show that CSPGs also modulate the state of neuroinflammation in an
acutely demyelinated injury in the ventral spinal cord of mice. Loss of the glycosyltransferase
exostosin like 2 (EXTL2), an enzyme that normally suppresses CSPG biosynthesis, results in
excessive deposition of CSPGs in the injured area. EXTL2"" mice also exhibit exacerbated
axonal damage and myelin disruption compared to wildtype mice. More microglia/macrophages
are recruited to the lesion site and inflammation is protracted compared to that in wild-type mice.
In tissue culture, activated bone marrow derived macrophages from EXTL2” mice overproduce
tumor necrosis factor o (TNFa) and matrix metalloproteinases (MMPs), and are more
phagocytic. Furthermore, activated EXTL27 macrophages are more detrimental to neurons but
not oligodendrocytes. These results support the view that CSPGs accumulating in lesions

hamper recovery and an emerging role for CSPGs as a modulator of neuroinflammation.
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2.2 Introduction

Multiple sclerosis (MS) is an inflammatory disease of the central nervous system (CNS)
with focal areas of demyelination induced by aberrant immune activation. Associated with
demyelination and inflammation are a multitude of changes in the composition of the CNS
extracellular matrix (ECM) (reviewed in Burnside & Bradbury, 2014; Pu et al., 2018). Previous
reports have highlighted the deposition of chondroitin sulfate proteoglycans (CSPGs) at the
borders of chronic active MS lesions (Sobel and Ahmed, 2001). CSPGs are a class of large,
glycosylated proteins present both on cell surfaces and in the extracellular matrix. Lecticans, a
subset of ECM CSPGs, homeostatically comprise a significant portion of perineuronal nets as
well as the neural interstitial matrix, serving roles in development, plasticity, and neuronal
function (Lau et al., 2013; Suttkus et al., 2014). Lectican CSPG members are versicans,
aggrecan, neurocan, and brevican. In demyelinating injury, they are locally upregulated by
several cell types and deposited near the injury site (Asher et al., 2000, 2002; Beggah et al.,
2005; Hallmann et al., 2015; Jones et al., 2003; Jones et al., 2002; Properzi et al., 2005). CSPGs
are potent inhibitors for regenerative processes such as axonal regeneration and remyelination
(Deng et al., 2015; Karimi-Abdolrezaee et al., 2012; Siebert & Osterhout, 2011; Wang et al.,
2008). Following an ischemic insult in perinatal rats, chondroitinase ABC (ChABC)-mediated
CSPG digestion improved remyelination and improved cognitive recovery (Deng et al., 2015).
ChABC treatment in models of spinal cord injury (SCI) yielded improvements in remyelination
and promoted axon sprouting (Barritt et al., 2006; Siebert & Osterhout, 2011; Siebert et al.,
2011). Removal of CSPGs by locally applied ChABC has also improved functional recovery in a
rat SCI model (Bradbury et al., 2002). Perturbing CSPG signaling through antagonism of

receptors leukocyte-common antigen related (LAR) and protein tyrosine phosphatase ¢ also
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increased the population of alternatively-activated macrophages following SCI (Dyck et al.,

2018).

CSPGs have been recently identified by our group as a novel regulator of
neuroinflammation in a mouse model of MS. In particular, the V1 isoform of versican (in which
the core protein consists only of the GAGP segment) is particularly abundant in inflammatory
CNS lesions, and a mixture of lecticans stimulates bone marrow-derived macrophages to
produce inflammatory cytokines and proteases (Stephenson et al., 2018). Others have reported
that the genetic loss of versican in lung macrophages attenuates their pro-inflammatory response

to polyinosine-polycytidylic acid (Kang et al., 2017).

As CSPGs potently influence reparative processes in the CNS, it is important to explore
approaches of overcoming this impediment to regeneration. The biosynthetic process of CSPGs
has largely been elucidated (Prydz and Dalen, 2000), and a number of pharmacological inhibitors
of CSPG production have been examined for therapeutic effects, such as xylosides and
fluorinated analogues that inhibit activity of CSPG biosynthesis enzymes (Lau et al., 2012;
Keough et al., 2016). In addition, other inhibitors of CSPG signaling, proteases such as MMPs
and ADAMTSs able to cleave CSPGs, and chondroitinase ABC, a bacteria-derived enzyme able
to cleave the sugar chains from the core proteins of CSPGs have been explored in models of
traumatic CNS injury (Bradbury et al., 2002; Barritt et al., 2006; Massey et al., 2006; Siebert et
al., 2011; Karimi-Abdolrezaee et al., 2012; Tauchi et al., 2012; Dyck et al., 2018). However,
finding an appropriate approach to removing deposited CSPGs in diffuse or heterogeneous
pathology is difficult, and the mechanisms regulating CSPG production are not well studied.
Understanding the regulatory mechanisms of CSPG biosynthesis may provide more insight into

how CSPG deposition in response to injury may be limited. Exostosin like 2 (EXTL2) is a bi-
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functional glycosyltransferase thought to limit the production of CSPGs by forming an unusable
substrate for synthesis enzymes (Kitagawa et al., 1999). In collaboration with Dr. Stephen
Sawcer, a genome-wide association study of MS patients found an enrichment of single
nucleotide polymorphisms in a gene region containing EXTL2 (unpublished data). Thus, we
asked whether investigating the biology of EXTL2 and its effects on CSPG deposition and repair

following injury could provide insight to endogenous targets for limiting CSPG production.

In this study we used mice with constitutive knockout of EXTL2 (EXTL27) in the
lysolecithin model of acute demyelination (Keough et al., 2015) to investigate the effects of
dysregulation of CSPG production in vivo. We show increased CSPG deposition and persistence
following lysolecithin-induced injury in EXTL2” mice. Interestingly, EXTL27 mice exhibit an
exacerbated injury and increased neuroinflammation. We therefore propose that elevated CSPG
deposition in the lesion may contribute to the recruitment and activation of

microglia/macrophages that lead to injury.
2.3 Methods

2.3.1 Animals

All experiments were performed in accordance with the ethical guidelines of the Animal
Care Committee at the University of Calgary. Female wild-type C57BI/6 mice aged 6 to 8 weeks
were purchased from Charles River and Extl2”- mice were originally obtained from Dr.
Kitagawa, Kobe Pharmaceutical University (Kitagawa et al., 1999; Nadanaka et al., 2013b) and
bred at the University of Calgary Animal Health Unit. The Extl2-null mice were generated by
truncating exon 3 and removal of exon 4 of the Extl2 gene (Nadanaka et al., 2013b). All

experiments were completed on female mice aged 8 to 12 weeks.
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2.3.2 Lysolecithin-induced demyelination

Experimental demyelination was produced in the ventral spinal cord by stereotactic
injection of the toxin lysolecithin. A 10 puL glass Hamilton syringe with a 34-gauge needle was
pre-loaded with a 1% solution of lysolecithin. Animals were anesthetized with a mixture of
ketamine/xylazine (100 mg/kg and 10 mg/kg, respectively) administered through an
intraperitoneal injection. The analgesic buprenorphine (0.05 mg/kg) was injected subcutaneously
prior to surgery. Ophthalmic lubricant was applied to the eyes to prevent eyes from drying during
surgery. A small area on the back was shaved with a razor and the surgical field was disinfected
with 70% ethanol and iodine solution. A midline incision was made, and underlying muscle and
adipose tissue separated using retractors. Connective tissue between the T3 and T4 vertebra was
cut to reveal the spinal cord. The dura mater was opened using a 30-gauge needle. The tip of the
Hamilton 34-gauge needle was placed at the surface of the spinal cord, lateral to midline. A
baseline measurement was made, and 1.3 mm was subtracted from the baseline measurement to
obtain the final desired measurement for targeting the ventral white matter. The needle was
depressed and injection of lysolecithin was completed with one rotation of the micromanipulator
every 5 seconds for 2 minutes, for a final volume of 0.5 pL. Animals were sutured and placed in
a recovery chamber and monitored until awake. Post-operative buprenorphine was administered
at 0.05 mg/kg 16 hours following surgery. Sham operations were not performed as no abnormal

pathology is present in saline-injected animals (Keough et al., 2016).

2.3.3 Tissue harvesting and processing
Animals were sacrificed at days 7, 14, and 21 days post-injection of lysolecithin. Mice
were given a lethal dose of ketamine/xylazine anesthetic. Animals were perfused through the left

ventricle of the heart with 15 mL of phosphate-buffered saline (PBS) for Western blot analysis,
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or 15 mL of 4% paraformaldehyde (PFA) in addition to PBS for immunohistochemistry. The
cervical and upper thoracic section of the spinal cord was harvested. Spinal cords were laid on
strips of thick card stock to maintain structural integrity. For Western blot, spinal cords were
immediately flash frozen in liquid nitrogen and stored at -80°C until use. For
immunohistochemistry, spinal cords were post-fixed overnight in 4% PFA at 4°C, then
transferred into 30% sucrose solution for 72 hours. Spinal cords were then frozen into O.C.T.

blocks using dry ice and blocks were stored at -20°C until sectioning on the cryostat.

2.3.4 Immunohistochemistry

Spinal cords frozen in OCT blocks were cut into 20 um-thick sections and mounted on
glass slides. Slides containing tissue sections were stored at -20°C until use. Staining of tissue
sections was done in a humidity chamber to prevent evaporation. All washes were completed
using PBS containing 0.25% Tween-20. Blocking of tissue sections was done using horse serum
blocking solution (0.01 M PBS, 10% horse serum, 1% bovine serum albumin (BSA), 0.1% cold
fish skin gelatin, 0.1% Triton-X100, and 0.05% Tween-20) for 2 hours at room temperature.
Blocking solution was removed prior to application of primary antibodies. Primary antibodies
were diluted in 0.01 M PBS containing 1% BSA, 0.1% cold fish skin gelatin, and 0.5% Triton-
X100. Primary antibodies were left on sections overnight at room temperature. Secondary
antibodies were diluted in the same dilution buffer as primary antibodies and left for 2 hours at
room temperature. Slides were mounted with Fluoromount G® (SouthernBiotech). Fluorescence

imaging was done using the Leica TCS SP8 confocal laser scanning microscope.

2.3.5 Chondroitinase ABC digestion
Chondroitinase ABC (ChABC) digestion was done for immunohistochemical staining of

VV0/V1, as the removal of the GAG chains facilitate the binding of antibody to the core protein.
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Slides were thawed to room temperature and washed once with PBS. ChABC was diluted in PBS
and applied to slides at a concentration of 0.2 units/mL. Slides were incubated in a heated

chamber at 37°C for 30 minutes. Slides were washed with PBS before proceeding with staining.

2.3.6 BMDM isolation and culture

C57BI/6 wild-type or EXTL2" female mice were euthanized by overdose of
ketamine/xylazine. Femurs and tibia were dissected from the body and soaked briefly in ethanol.
Bone marrow was harvested from bones and centrifuged at 1200 rpm for 10 minutes. Cells were
re-suspended in PBS and counted. Cells were centrifuged again at 1200 rpm for 10 minutes.
BMDMs were cultured at 37°C, 8.5% CO> in 100 mm plastic, uncoated dishes in Dulbecco’s
modified eagle’s medium (DMEM) containing 10% FBS, 1% Penicillin-Streptomycin (Gibco),
1% sodium pyruvate (Gibco), 1% GlutaMAX™ (Gibco), and 10% L929 conditioned media
containing mouse macrophage-colony stimulating factor. Cells were cultured for 8-10 days
before harvesting. Media was removed from plates and cold PBS was applied to the cells. Cell
scrapers were used to dissociate cells from dishes. Cells were re-plated at a density of 50,000
cells/100 pL/well in a 96-well plate in the same media, except lacking L929 conditioned media.
Plates were incubated at 37°C in 5% CO>. A media switch to 1% FBS in DMEM with
supplements was performed at 24 hours post-plating, and treatments were added to wells in 1%

FBS in DMEM.

2.3.7 Enzyme-linked Immunosorbent Assay

Supernatant from BMDM cultures (as described above) was harvested at 24 hours
following the initiation of stimulation. Supernatant was frozen at -80°C until use. Samples were
thawed to room temperature and ELISA was performed according to manufacturer instructions

(Invitrogen).
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2.3.8 Mouse MMP 5-plex Luminex Assay

BMDM supernatant was harvested at 24 hours following the initiation of stimulation.
Supernatant was frozen at -80°C until the assay was performed. Supernatant was thawed at room
temperature, and 50 pL of supernatant was transferred into 0.7 mL Eppendorf tubes. Tubes were
stored on ice until used. Samples were processed by Eve Technologies (Calgary) for a panel of 5

MMP members.

2.3.9 Phagocytosis assay

pH-sensitive pHRodo® Red dye conjugated to S. aureus particles (Invitrogen) was added
in combination with NucBlue® (Hoechst 33342, Invitrogen) to live cultured wild-type and
EXTL27 BMDMs at manufacturer-specified concentrations. Cells were incubated in Live Cell
Imaging Solution (Invitrogen) for the duration of the live imaging (45 minutes). Images were
taken on the ImageXpress Micro XLS Widefield High-Content Analysis System every 15

minutes. Cells were kept in 37°C incubators at 5% CO; between imaging sessions.

2.3.10 OPC isolation and harvest

P0-2 CD-1 mouse pups were sacrificed, and brains were isolated. Under a dissection
microscope, meninges and choroid plexus tissue were removed from the cortical and ventricular
surfaces, respectively. Cortices were dissected away from the hippocampus and cerebellum and
cut into 2-3 mm? pieces. A cocktail of papain, DNase, and L-cysteine was used for tissue
digestion. The digestion cocktail was added to tissue in a 50 mL tube and the tube was placed in
a 37°C water bath for 30 minutes, with occasional inversion. More DNase was added if tissue
became gel-like. Cells were centrifuged at 1200 rpm for 10 minutes and re-suspended in growth
medium. Dissociated cells were plated in T-75 culture flasks pre-coated with poly-L-lysine (10

ug/mL, Sigma). The mixed glial culture was maintained in DMEM containing 10% FBS, 1%
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GlutaMAX™, 1% sodium pyruvate, and 1% Penicillin-Streptomycin. Flasks were kept at 37°C,
8.5% CO- for 9 days. Half media changes were performed every 3 days. On day 9, flasks were
shaken overnight in a 37°C, 5% CO> incubator at 220 rpm to dislodge OPCs and microglia from
astrocytes. The supernatant containing OPCs and microglia was plated on 100 mm plastic,
uncoated 100 mm dishes for 30 minutes to allow microglia to adhere. Media containing enriched
OPCs was harvested and plated in oligodendrocyte differentiating media (described below) at
5,000-10,000 cells/100 uL/well in a 96-well plate pre-coated with poly-L-lysine and other

extracellular matrix molecules when appropriate.

Oligodendrocyte differentiating medium was DMEM containing 2% (v/v) B27
supplement (Gibco), 1% (v/v) oligodendrocyte supplement cocktail (see below), 1% (v/v)
GlutaMAX™, 100 uM sodium pyruvate, 1% (v/v) Penicillin-Streptomycin (Gibco), 50 pg/mL
holo-transferrin (Sigma), 5 pg/mL N-acetyl-L-cysteine (Sigma), 50 ng/mL ciliary neurotrophic

factor (PeProTech), and 0.005% (v/v) Trace Elements B (Corning).

Oligodendrocyte supplement cocktail was made from 100 mL DMEM with 1% BSA,
0.06% progesterone (Sigma), 16.1% putrescine (Sigma), 0.005% sodium selenite (Sigma), 0.4%

3,3’,5-triiodo-L-thyronine (Sigma).

2.3.11 Cell staining and imaging
All washing was done using PBS. Plates were placed on an orbital shaker during all

incubations.

For OPCs, blocking was done using 10% normal goat serum (NGS) in PBS or Odyssey®
Blocking Buffer (Licor) for 1 hour at room temperature. Primary antibody against O4 (Millipore)

was diluted in blocking buffer and incubated for 2 hours at room temperature or overnight at
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4°C. An anti-mouse IgM antibody conjugated to Alexa Fluor® 488 (Jackson ImmunoResearch)
as well as nuclear yellow was added in blocking buffer for 1 hour at room temperature. Plates
were washed with PBS and imaged using the ImageXpress Micro XLS Widefield High-Content

Analysis System (Molecular Devices).

For BMDMs, for detection of intracellular molecules, cells were permeabilized using
0.025% Triton-X100 for 5 minutes at room temperature. No permeabilization was required for
surface molecules. Blocking was done using Odyssey® Blocking Buffer (Licor) for 30 minutes
at room temperature. Primary antibodies were diluted in the same blocking buffer incubated
overnight at 4°C. Secondary antibodies were diluted in the same blocking buffer and incubated
for 1 hour at room temperature. Nuclear yellow was added in PBS and incubated for 10 minutes.
Plates were washed with PBS and imaged using the ImageXpress Micro XLS Widefield High-

Content Analysis System.

2.3.12 Image analysis

For immunohistology, images were processed and analyzed using ImageJ. All images
were blinded prior to analysis. Analyses were performed on single z-plane images of 20 um
tissue sections near the lesion epicenter. For percent of lesion area analyses, lesion area was
demarcated using MBP staining. A disruption in MBP density was determined to be lesional.
The lesion area was isolated and area of signal of interest was determined using differential
thresholding. The area occupied by the signal was normalized to total area of the lesion or
represented as an absolute area. For axonal counts in the lesion, the lesion area was demarcated
using MBP. Differential thresholding was used to isolate individual axons present inside the
lesional area and was automatically counted. The number of axons within the lesion was

normalized to total lesion area to obtain density. For oligodendrocyte-lineage cell counting and
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scoring, the same approach to demarcating the lesion area was used. Images containing Olig2*
nuclei were overlaid with either PDGFRa staining or CC1 staining. Co-localization of either
PDGFRa or CC1 with Olig2 was determined to be an OPC or mature oligodendrocyte,

respectively.

For immunofluorescence images: images were analyzed on MetaeXpress High-Content
Image Acquisition and Analysis Software (Molecular Devices). Appropriate thresholds were
determined for true signals. OPC cultures were analyzed using the Neurite Outgrowth program,

and BMDM cultures were analyzed using the Cell Scoring program.

2.3.13 Statistics
All statistical analysis was performed with GraphPad Prism 8.0. Student’s t-test, ordinary

one-way ANOVA, and two-way ANOVA statistical tests were used with an alpha of 0.05.
2.4 Results

2.4.1 Increased deposition and persistence of the CSPG member versican V1 and CS-A
glycosaminoglycan following injury in the EXTL2" spinal cord

Based on previous literature suggesting that EXTL2 is a negative regulator of CSPG
synthesis (Nadanaka et al., 2013b) (see Chapter 1), we first asked whether loss of EXTL2 results
in increased CSPG deposition into an injured area. We induced lysolecithin lesions in the ventral
columns of spinal cords of wild-type and EXTL2”- animals and evaluated versican V1 deposition
into the lesion at 14 and 21 days post-lesion (dpl). Eriochrome cyanine staining shows a
demarcated area with distinctive loss of myelin in the lesioned area (Figure 2.1a), corresponding
to an increase in V1 immunoreactivity (Figure 2.1b). In both wild-type and EXTL2" spinal

cords, upregulation of V1 was limited to the lesion site (Figure 2.1c). By 14 dpl, there was a
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greater accumulation of V1 in EXTL2 lesions compared to wild-type (Figure 2.1d).
Interestingly, by day 21 V1 was largely cleared from the wild-type lesion, whereas it remained in

the lesion of EXTL27 animals (Figure 2.1€).

2.4.2 EXTL2"- mice exhibit no overt differences in OPC repopulation and maturation following
injury

We next asked whether the extensive deposition and persistence of CSPGs in the EXTL2"
I~animals impacted the remyelination process. As there is extensive literature on the inhibitory
nature of CSPGs on OPCs, we expected a deficiency or delay in remyelination in the EXTL27"
mice. In the spinal cord lysolecithin model, oligodendrocyte progenitor cells (OPCs) begin
repopulation of the lesion 3-4 days following injury, with subsequent accumulation of OPCs and
eventual differentiation into mature oligodendrocytes and remyelination (Keough et al., 2015).
We analyzed spinal cord sections stained for the transcription factor Olig2 that defines cells of
the oligodendrocyte lineage, the surface receptor PDGFRa that is selective to OPCs, and APC
(adenomatous polyposis coli, also called CC1, labeling mature oligodendrocytes) to determine
the number of oligodendrocyte-lineage cells present within the lesion at days 14 and 21 post-
injury (Figure 2.2a,e). The density of oligodendrocytes in the lesions was calculated by isolating
the lesion area and counting the number of Olig2* nuclei and normalizing counts to the
respective lesion area. Percentage of OPCs or mature oligodendrocytes were calculated using the
total number of Olig2* nuclei. Unexpectedly, we found no significant differences in the density
of Olig2* oligodendrocyte-lineage cells within the lesion (Figure 2.2b,f), nor in proportions of
Olig2"PDGFRa" OPCs (Figure 2.2c,g) and Olig2*APC™ oligodendrocytes (Figure 2.2d,h) at any
of the assessed time points. No deficiencies in OPC recruitment to the lesion, nor maturation into

oligodendrocytes, was apparent.
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2.4.3 Exacerbated lesion area and decreased axonal density in EXTL2"" lesions

In our characterization of the EXTL2" phenotype following injury, we found an
exacerbated injury area demarcated by loss of MBP immunoreactivity (Figure 2.3a). Analysis of
the total area of MBP disruption in both wild-type and EXTL2" lesioned spinal cords showed a
larger area of demyelination in EXTL2" spinal cords at day 14 (Figure 2.3b) and a similar but
non-statistically significant trend at day 21 (Figure 2.3c) following injection of lysolecithin
compared to those of wild-type animals. We then hypothesized that there should be a
corresponding loss of axons in the demyelinated area. To identify axons, we used an antibody
against the 200 kD neurofilament (NF200), which reliably labels axons in the ventral column
(Figure 2.4a). Qualitatively, there was close correlation between the area of axonal loss to area of
demyelination (Figure 2.4a). Although total axon counts within wild-type and EXTL2™ lesions
were not significantly different, at day 14 we observed a decreased axonal density in the EXTL2"
" lesions, corroborating our finding of a larger area of demyelination (Figure 2.4b,c). Overall,

there is more severe damage to in the EXTL2" spinal cord with injection of lysolecithin.

2.4.4 Increased representation of microglia and macrophages within lesions of EXTL27 animals

Given our previous report of CSPGs being a stimulator of macrophages in EAE
(Stephenson et al., 2018) and our previous finding of worsened injury in the EXTL2 spinal
cord, we investigated whether there were correlating pro-inflammatory phenotypes in lesional
microglia/macrophages in EXTL2” animals. Macrophages and microglia are labeled by Ibal
(ionized calcium-binding adaptor molecule 1) (Figure 2.5a). We determined that there was a
greater area of lesion covered by Ibal immunoreactivity at day 14 (Figure 2.5b), indicating an
increase in macrophages/microglia density within the lesion, in the EXTL27 animals.

Macrophages/microglia persisted for longer in the EXTL27 lesion; more lbal immunoreactivity
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was still observed at day 21 (Figure 2.5c¢), although the origin of these cells have not been

determined in this study.

2.4.5 No differences in the surface marker expression of CD16/32 and CD206 in lesional Ibal™
cells

To further resolve whether differences in polarization exist in the lbal® cells in the wild-
type and EXTL27 lesions, we probed tissue sections using immunofluorescence staining for M1-
like pro-inflammatory and M2-like anti-inflammatory surface markers, CD16/32 and CD206
(Kigerl et al., 2009), respectively (Figure 2.7a,d); the pro-inflammatory enzyme inducible nitric
oxide synthase (iNOS) was attempted but did not result in reliable staining. We assessed the
mean fluorescence intensity of each of the markers within the lesion, internally normalized to the
background fluorescence (Figure 2.6). Mean fluorescence intensity was assessed within the area
of positive immunoreactivity. For both CD16/32 and CD206, intensity was not significantly
different between wild-type and EXTL2" lesions (Figure 2.7b,c,e,f), indicating that expression
levels of these receptors are similar and no profound alterations in microglia/macrophage

phenotype in EXTL27 animals.

2.4.6 EXTL2" BMDMs secrete more TNFa and differentially regulate MMPs in response to
CSPG stimulation in vitro

Due to limitations of assessing the activity of Ibal™ cells in the lesion using fixed tissue
sections, we instead used cultured murine-derived BMDM s in vitro to examine functional or
phenotypic differences between wild-type and EXTL27- macrophages upon stimulation. As
peripherally-derived macrophages constitute a significant portion of immune cells present in the
lysolecithin-induced lesion (unpublished observations from the Yong lab), we reasoned that

BMDMs are an appropriate population of cells to study as a model for macrophages in the
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lesion. We hypothesized that excessive deposition and prolonged persistence of CSPGs in
EXTL27 animals underlies the protracted neuroinflammatory response, which consequently
contributes to exacerbated injury. BMDMs were harvested from both wild-type C56BI/6 and
EXTL27 mice and stimulated with a commercial CSPG mixture for 24 hours (Figure 2.8). Due
to a lack of readily available versican V1, we instead used this commercial mixture that contains
versican. Cultured BMDMs were stained for the pro-inflammatory marker inducible nitric oxide
synthase (iNOS) (Figure 2.9a), and number of cells with enhanced iNOS expression was
quantified. While unstimulated wild-type and EXTL27- BMDMs both expressed iNOS at similar
frequencies, CSPG stimulation resulted in a marked increase in iINOS* EXTL27- BMDMs

(Figure 2.9Db).

Multiplex analysis to detect the presence of secreted MMP members was performed on
supernatant harvested from stimulated wild-type and EXTL27- BMDMSs. We found that EXTL2™"
BMDMs secreted more MMP2 and 8 relative to wild-type BMDMs (Figure 2.10a,b). Upon
stimulation with CSPGs, only pro-MMP9 levels were increased in wild-type BMDMs (Figure
2.10d). No significant differences in MMP3 secretion were detected in any group (Figure 2.10c).
Unexpectedly, wild-type BMDMs decreased secretion of MMP12 in response to CSPG
stimulation, and EXTL27- BMDM s exhibited a baseline decrease in MMP12 production and did
not alter MMP12 production with stimulation (Figure 2.9e). Absolute quantities of assessed
MMPs in each group are presented in Appendix A. We also selected TNFa, an inflammatory
cytokine and characterized neurotoxic factor (Chen et al., 2012), to be a readout of macrophage
activation. Assessment of the BMDM conditioned media using enzyme-linked immunosorbent

assay (ELISA) analysis revealed markedly increased amounts of TNFa in the supernatant of
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EXTL27 BMDMSs compared to wild-type BMDM supernatant in response to CSPG stimulation

(Figure 2.10f).

2.4.7 EXTL2-/- BMDMs are more phagocytic and exhibit a larger capacity to phagocytose
following CSPG stimulation

Phagocytic activity is a key feature of microglia and macrophages following
demyelinating injury; debris clearance is essential in facilitating repair. To further characterise
the activity of EXTL27- BMDMs in comparison to wild-type BMDMs, we conducted an in vitro
phagocytosis assay using bacteria particle-conjugated pHRodo™. Fluorescence at 585 nm is
seen when particles are engulfed by cells and the local environment becomes acidic. Calcein AM
and Nuclear Blue were used to label the cytosol and nuclei of cells, respectively. Cells were
stimulated with CSPGs for 24 hours prior to the application of the pHRodo conjugate.
Phagocytosis was assessed at 15 minutes after addition of the pHRodo (Figure 2.11a). At
baseline, we observed an increase in the number of phagocytic EXTL27 BMDMs compared to
wild-type. Interestingly, this effect was further augmented in the CSPG-stimulated cells (Figure

2.11b).

2.4.8 Conditioned media from EXTL27- BMDMs are more detrimental to cultured neurons
Given that in the presence of CSPGs, EXTL27- BMDMS exhibited a more pro-
inflammatory phenotype in culture, we next asked whether the pro-inflammatory nature of these
macrophages may underlie the exacerbated damage observed in EXTL2"- animals following
lysolecithin injection. To exclude the possible contribution of contact-mediated cell death, we
harvested conditioned media from cultured wild-type and EXTL27 BMDM s stimulated with
CSPGs. Conditioned media was applied directly to established primary neuron cultures ina 1:1

ratio with neuron culture media. Cells were treated for 24 hours and analyzed (Figure 2.12).

60



MAP2 expression and morphological characterization of neurite outgrowth were used as
indicators of neuronal survival and health. When BMDMs are not stimulated by CSPGs, the
conditioned media does not cause loss of MAP2" cells in culture (Figure 2.13a). However,
conditioned media taken from CSPG-stimulated EXTL27- BMDMs were more detrimental to

cultured neurons, decreasing absolute number of MAP2" cells per field (Figure 2.13a).

2.4.9 Conditioned media from EXTL2”- BMDMs affect cultured OPCs in a similar way as wild-
type BMDM conditioned media

To determine whether the same conditioned media that we previously showed to be
detrimental to the survival of neurons in vitro exhibited similar effects in cultured OPCs, we used
primary OPC cultures derived from CD-1 neonatal mice. OPCs were collected from mixed glial
cultures and conditioned media was immediately applied at the time of seeding in a 1:1 ratio of
OPC media (see Methods) and conditioned media (Figure 2.14). Cells were allowed to grow for
24 hours before fixing and assessment of process outgrowth using the oligodendrocyte marker
04 (Figure 2.15a). Surprisingly, EXTL2"- and wild-type BMDM conditioned media had the
same effect on OPC growth. The conditioned media of both wild-type and EXTL2”- BMDMs
stimulated with CSPGs similarly impaired outgrowth, while conditioned media harvested from
unstimulated BMDMs did not seem to have any inhibitory effects (Figure 2.15b). Interestingly,
this supports our previous observations that repopulation of the lesion by OPCs and subsequent

maturation into APC-expressing oligodendrocytes was not impaired in EXTL27 mice.
2.5 Discussion

In the present study we show that dysregulation of CSPG production following CNS
injury profoundly impacts the inflammatory state of a demyelinated lesion. Loss of the enzyme

EXTL2, a regulatory mechanism serving to limit CSPG synthesis, resulted in more extensive

61



CSPG deposition into a lysolecithin-induced demyelinated injury, a larger area of injury with an
associated decrease in axonal density within the lesion, and greater accumulation of
macrophages and microglia. To our knowledge, this is the first study to explore the role of

EXTL2 within the CNS.

Although we report here that several aspects of microglia/macrophage activation and
function are altered with the loss of EXTLZ2, there are several questions that remain unanswered.
While we observed greater CSPG production and deposition into the lesion, the cellular sources
of these CSPGs have yet to be confirmed. Multiple cell types are known to produce CSPGs,
including astrocytes, OPCs, neurons, and microglia/macrophages. As our mouse line is a global
and constitutive knockout of EXTL2, it would be of value to determine the contribution of
various cell types through using conditional knockouts. Using inducible OPC,
macrophage/microglia, or astrocyte-specific knockout models of EXTL2 would facilitate the
investigation of whether EXTL2 and CSPG signaling confer different roles in different cell
populations. Tamoxifen-inducible PDGFRa-driven Cre recombinase would excise EXTL2 from
OPCs (O’Rourke et al., 2016), whereas CX3CR1-driven Cre labels macrophages and microglia.

GFAP-driven Cre has been previously characterized to be largely astrocyte-specific.

The stark difference between wild-type and EXTL2” lesions with respect to the amount
of versican present in the lesion at day 21 was an intriguing finding and necessitates asking the
question of whether CSPGs in the EXTL2™ lesions at day 21 are a result of protracted active
synthesis, or a failure to be removed from the lesion in a timely manner. A genetic or polymerase
chain reaction approach may be taken to assess whether CSPG production levels are maintained

later in the progression of the lesion.
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In this study we have not quantified the enzymatic activity of EXTL2. Investigating
whether an increase in EXTL2 expression or its activity occur following injury may provide
further insight into the regulation of CSPG synthesis. Macrophages are a major source of CSPGs
(Chang et al., 2017), and loss of EXTL2 within macrophages may cause excess synthesis of
CSPGs, which then may contribute to the augmentation of inflammation. Given that CSPGs,
particularly versican, have a known role in the modulation of inflammation (Kim et al., 2009;
Kang et al., 2017), the question of whether CSPGs deposited by microglia/macrophages locally
can act in an autocrine or paracrine fashion to further promote inflammation has yet to be

answered.

Unexpectedly, we did not find any deficiency in the extent of OPC repopulation of the
lesion in the EXTL2 animals compared to wild-type. This is in stark contrast to several lines of
evidence supporting the inhibitory nature of CSPGs to remyelination and would warrant further
investigation in future studies. It is important to note that EXTL2 is not specific to versican
synthesis, and that versican was the focus of this work because of its pronounced upregulation
following injury in the ventral column, whereas other lectican members are not (Keough et al.,
2016). NG2, a non-lectican member of the CSPG family, is highly expressed by OPCs and
upregulated upon injury. There is evidence to suggest that NG2 plays a key role in the injury
response of OPCs, where loss of NG2 in OPCs reduces their mitotic index and delays
remyelination (Kucharova and Stallcup, 2015). Loss of EXTL2 in OPCs may similarly affect
NG2 expression, thus counter-balancing the inhibitory effects of lesional versican. In addition,
analysis of the rate of remyelination through a high resolution technique such as electron

microscopy may reveal differences not seen by the number of oligodendrocyte-lineage cells
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within the lesion, as the presence of oligodendrocytes does not necessarily indicate the

production of myelin.

Although the formation of the glial scar, largely contributed to by CSPGs, is thought to
be protective in limiting the area of injury, we found a significantly greater area of demyelination
in the EXTL27 mice. This observation can likely be attributed to the overall more pro-
inflammatory milieu generated by excess CSPG deposition, TNFo, and MMPs by EXTL2"-
BMDMs. This altered microenvironment may underlie both exacerbated demyelination and
axonal damage. Future work should characterize whether the pro-inflammatory factors released
by EXTL27- BMDM:s in vitro are similarly elevated in the spinal cord lesion. Previous work
from others have shown that the disruption of CSPG deposition in the acute phase of injury
exacerbates injury and impedes remyelination and resolution of inflammation (Rolls et al.,
2008). The time points we selected for this work do not necessarily reflect the acute injury phase
(1-3 dpl), and future studies may focus on early time points to determine whether disruption of
glial scar formation occurs in EXTL2" mice. However, a report of CSPG members in active MS
lesions suggests a less clear role of CSPGs. In chronic active lesions, CSPGs are seen at the
borders of the lesion, however foamy macrophages were present in the lesion core with punctate
staining of CSPGs associated with the cells (Sobel and Ahmed, 2001). CSPGs, at an earlier time,
may have been present uniformly throughout the lesion and are being degraded and endocytosed
by macrophages from the lesion center. This, supported by our previous study in EAE
(Stephenson et al., 2018), implies that CSPGs may be exacerbating inflammation rather than

serving a neuroprotective role.

Existing literature on EXTL2 function remains limited, and gaps in knowledge remain on

whether EXTL2 serves functions aside from its role in downregulation of CSPG synthesis. Our
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cell culture studies on BMDMs suggest that loss of EXTL2 function in macrophages enhances
the pro-inflammatory response with CSPG stimulation, implying a possible interaction with
immune-related pathways. This possibility has yet to be explored and would be of value for
future studies to examine. The reduction in MMP12 secretion by wild-type BMDMSs and baseline
decrease in MMP12 in the EXTL27- BMDMSs was surprising. There is currently conflicting
evidence on whether MMP12 is protective or detrimental in CNS inflammation (Wells et al.,
2003; DaSilva and Yong, 2009), where MMP12 may be protective in experimental autoimmune
encephalomyelitis but detrimental in spinal cord injury in mice, although whether these

contrasting data can be attributed to differing models is unknown.

Our study investigated the role of CSPG-cell interactions and its effect on
neuroinflammation, however effects independent from the direct interaction of CSPGs with cell
surface receptors have not been explored. CSPGs are known to bind and sequester chemokines,
cytokines, and growth factors (see Chapter 1). The effect of a chemical gradient or reservoir
formed by CSPGs in the lesion likely plays a significant role in the pathogenesis of the
inflammatory lesion and is possibly contributing to the exacerbation of inflammation in our
EXTL27 animals. This study also did not address the closely related group of ECM, the heparan
sulfate proteoglycans (HSPGs). Due to the N-acetylglucosaminyltransferase activity of EXTL2,
it has been proposed that EXTL2 also plays a role in HSPG synthesis, where it is thought to be a
promoter of HSPG production rather than a regulator. There is some evidence to suggest that
knockdown of EXTL2 may reduce HSPG synthesis (Canals et al., 2015; Kaidonis et al., 2009).
HSPGs are largely regarded as a growth-permissive ECM member. Whether HSPGs are
downregulated as a result of EXTL2 knockout was not determined, and consequently, what

impact reduced HSPG production may have on inflammation and repair.
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Our work and others have shown that approaches to reducing CSPGs may be key in
promoting regeneration in the CNS. One such approach is the use of chondroitinase ABC
(ChABC), which is a bacteria-derived enzyme that cleaves glycosaminoglycan chains of CSPGs.
ChABC has previously been used in SCI and white matter ischemia models, where treated
animals exhibited histological and functional improvements over untreated animals (Bradbury et
al., 2002; Siebert et al., 2011; Deng et al., 2015). Proteases able to cleave the core protein of
CSPGs such as matrix metalloproteinases have also been explored as an option, although in vitro
work has shown them to be neurotoxic. Pharmacological agents that reduce biosynthesis of
CSPGs have been proposed as an alternative to CSPG-cleaving enzymes. For example, xylosides
and fluorosamine, a fluorinated analogue of N-acetylglucosamine, are thought to inhibit the
production of CSPGs, and improve remyelination (Lau et al., 2012; Keough et al., 2016).
Protamine is a heparan neutralizing drug that was also found to block CSPG-mediated inhibition

on OPC growth in culture (Kuboyama et al., 2017).

Overall, it can be concluded that this data supports previous reports that EXTL2 is a
negative regulator of CSPG biosynthesis. We have shown that the loss of EXTL2 results in the
excess production of CSPGs in response to demyelination, which consequently results in
worsened inflammation. This study provides the first evidence for the role of EXTL2 in
regulating the responses to CNS demyelination and identifies a novel target for future studies

investigating CSPGs and their role in CNS injury.
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Figure 2.1 Immunolabeling of versican VO/V1 in wild-type and EXTL27 lesions. (a)
Representative lesion from wild-type day 14 animal stained with Eriochrome Cyanine R (scale
bar = 100 um) and (b) immunofluorescence staining for versican VO/V1, MBP, and merged
image. Scale bar on immunofluorescent image = 200 um. Inset shows high magnification image
of versican and MBP. (c) Representative images of versican VVO/V1 in wild-type and EXTL27
lesions at 14 and 21 dpl. Yellow outline indicates approximate lesion area. Scale bar = 200 pum.
Quantification of versican area within the lesions, in terms of percent area of the whole lesion
determined separately by MBP staining, and in terms of absolute area within the isolated lesion
are shown in (d) for day 14 and (e) for day 21. Two-tailed, unpaired Student’s t-test. * p < 0.05,

** 1 < 0.01
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Figure 2.2 Immunostaining and quantification of oligodendrocyte lineage cells following
injury. Representative images of lesions labeled with Olig2, PDGFRa, and APC (CC1) are
shown in (a) and (e), for days 14 and 21, respectively. Scale bar = 200 um. Insets are high
magnification images of individual Olig2* nuclei co-labeled with PDGFRo. or APC. Density of
all Olig2* nuclei are quantified for day 14 in (b) and day 21 in (f). Proportion of
Olig2"PDGFRa" OPCs at both day 14 and 21, calculated as a fraction of all Olig2* cells, are
shown in (c) and (g); (c) shows day 14 and (g) shows day 21 analyses. Two-tailed, unpaired

Student’s t-test.
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Figure 2.3

Q

Day 14

Day 21

Wild-type EXTL2"

71

& 400000

(um

Lesion area

0

m2)

= 200000

Lesion area (

200000

100000

250000 -

150000

100000 -

50000+

0-

b
‘_"I"
¥s
WT KO




Figure 2.3 Assessment of area of lesion by loss of MBP immunoreactivity. (a) Representative
images of MBP immunofluorescent staining in wild-type and EXTL27 mice. Scale bar = 200
pum. Lesion area determined by loss of MBP immunoreactivity was quantified for both day 14

(b) and day 21 (c). Two-tailed, unpaired Student’s t-test. * p < 0.05.
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Figure 2.4 Changes in axonal density in wild-type vs. EXTL2" lesions at day 14. (a)
Representative images from day 14 lesions labeled with MBP and NF200 to denote
demyelinated area and axons, respectively. (b) Total number of axons per lesion. (c) Density of

axons calculated by dividing number of axons over lesion area. Two-tailed, unpaired Student’s t-

test. * p <0.05.
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Figure 2.5
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Figure 2.5 Staining and quantification of Ibal immunoreactivity in the lesion. Ibal staining
is shown in representative images for day 14 and day 21 in (a). Scale bar = 200 um. Comparison
of total Ibal* area within the lesion in wild-type and EXTL2” mice for day 14 (b) and day 21 (c)

are shown. Two-tailed, unpaired Student’s t-test. ** p < 0.01.

76



S

Identify lesion area Superimpose Use “Clear outside”
using Nuclear Yellow lesion outline onto function in ImageJ
staining image of interest \l/

Results - [m] X

“ »
Use Measure tOOI File Edit Font Results

to yield average Area Mean _Min [Max [ -
intensity for region
of interest

1 124371.743] 509634 29 4095

Results — ] X
File Edit Font Results
Perform the same Area Mean _[Min [Max -

funCtiOI’]S on a 1 2188597() 73363 BS 3367

non-lesioned area

Lesion mean intensity
Background mean intensity

Calculated average intensity =

Figure 2.6

77



Figure 2.6 Schematic showing workflow for calculating average intensity of staining from
confocal images. The lesion is demarcated and average intensity of label of interest is obtained
using the “Measure” tool. The same is done for a non-lesioned area within the same confocal
image. The average intensity of the label of interest is calculated by dividing the lesion mean

intensity by the background mean intensity.
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Figure 2.7 Immunolabeling of microglia/macrophages and surface markers CD16/32 and
CD206. Tissue sections were probed for both CD16/32 and CD206, representative images are
shown in (a) for CD16/32 and Ibal, and (d) for CD206 and Ibal. Scale bar = 200 um. Inset
images are high magnification images of nuclear yellow-stained nuclei with lbal (white) and
CD16/32 (red) or CD206 (green). (b) Average lesion intensity of CD16/32 in lesions from 14
dpl. (c) Average lesion intensity of CD16/32 in lesions from 21 dpl. (e), (f) Average lesion
intensity for CD206 in day 14 and day 21 lesions, respectively. Two-tailed, unpaired Student’s t-

test.
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Figure 2.8 Schematic of bone marrow-derived macrophage cultures. Marrow was harvested
from both femurs and tibia of female C57BI1/6 mice or EXTL2” mice aged 6-8 weeks. Cells
were cultured and differentiated using L929 conditioned media for 8-10 days. Adherent cells
were removed and seeded into a 96-well dark wall plate in 1% FBS-containing media. Treatment
was added to wells in 1% FBS-containing media. After 24 hours, cell supernatant was removed

and stored at -80°C for later use and 4% paraformaldehyde was used to fix cells.
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Figure 2.9 Assessment of iINOS expression in cultured BMDMs following CSPG stimulation.
Cultured BMDMs from wild-type and EXTL2” mice were stained for iNOS and nuclear yellow
(NY). Representative images for unstimulated and CSPG-stimulated cells are shown in (a). Scale
bar = 100 um. (b) comparison of number of iNOS* cells between wild-type and EXTL2™ cells,
unstimulated and CSPG stimulation. Data shown is n = 4 wells per condition from 1 biological

replicate. Two-way ANOVA with Sidak’s multiple comparisons test. ** p < 0.01.
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Figure 2.10 Matrix metalloproteinase 5-plex assay and ELISA analyses of conditioned
media from cultured BMDMs. Fold change of MMP2, MMP8, MMP3, pro-MMP9, and
MMP12 detected in conditioned media from both wild-type and EXTL27 BMDMs,
unstimulated and CSPG stimulated, are shown in (a), (b), (c), (d), (e), respectively. Fold change
is calculated over unstimulated cells. (f) TNFa levels in BMDM conditioned media as
determined by ELISA. n = 4 wells per condition from 1 biological replicate. Unpaired Student’s
t-test for MMP analyses. Ordinary one-way ANOVA with Tukey’s multiple comparisons test for

TNFa. * p <0.05, **** p < 0.0001.
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Figure 2.11 Phagocytosis of wild-type and EXTL27- BMDMs following 24 hour stimulation
with CSPGs. (a) Representative images of BMDMs labeled with Calcein AM (green), Nuclear
Blue (blue), and bacteria particle-conjugated pHRodo (red). Scale bar = 200 um. (b) Assessment
of number of live cells (Calcein AM™, Nuclear Blue™) containing pHRodo in cytoplasm in either
unstimulated BMDMs or BMDMs stimulated with CSPGs. (c) Analysis of total cell numbers
counted in each field of view in each group. Nine fields of view were assessed per well. n =4
wells per group from 1 biological replicate. Two-way ANOVA with Sidak’s multiple

comparisons test. * p < 0.05, **** p < 0.0001.
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Figure 2.12 Schematic for the experimental paradigm for primary neurons cultured with
BMDM conditioned media. Neurons were harvested, seeded into 96-well plates, and allowed to
grow for 24 hours. BMDM conditioned media was added to culture plates in 1:1 ratio with
neuron growth media (see Methods). Neurons were assessed 24 hours following application of

BMDM conditioned media.
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Figure 2.13 Effect of BMDM conditioned media on cultured neurons. (a) Number of MAP2+
cells assessed for cultured neurons 24 hours following application of BMDM conditioned media.
Representative images of neurons labeled with MAP2 and Nuclear Yellow shown in (b). Scale

bar = 100 um. n = 4 wells per group from 1 biological replicate. Unpaired, two-way Student’s t-

test. * p <0.05.
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Figure 2.14 Experimental paradigm for testing effects of wild-type and EXTL27 BMDM
conditioned media on OPC growth. OPCs were harvested from mixed glia cultures and seeded
into 96 well plates. BMDM conditioned media from both wild-type and EXTL27 BMDMs,
unstimulated or stimulated with CSPG, was immediately added in a 1:1 ratio to OPC culture

media. OPCs were allowed to grow for 24 hours before process outgrowth assessment.
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Figure 2.15 Analysis of OPC process outgrowth following treatment with wild-type and
EXTL2" BMDM conditioned media. (a) Representative images of wild-type OPCs labeled
with O4 and nuclear yellow following treatment with BMDM conditioned media. Scale bar =
200 pm. (b) Comparison of wild-type and EXTL27- BMDM conditioned media on OPC
outgrowth. n = 4 wells per condition from 1 biological replicate. Two-way ANOVA with Sidak’s

multiple comparisons test. n.s. = not significant.
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Figure 2.16 Schematic showing the phenotypes observed in EXTL27 mice with lysolecithin-
induced lesions. EXTL2" animals have greater versican deposition into the lesion following
demyelination, and this is correlated to a larger area of damage and exacerbated axon dropout
within the lesion. In addition, greater amounts of Ibal immunoreactivity was seen in EXTL2"

lesions, indicative of a more inflammatory milieu compared to that of wild-type animals.
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CHAPTER 3 - Conclusions and Discussion

3.1 Conclusions

Here we report that in mice lacking the EXTL2 glycosyltransferase, a lysolecithin-
induced demyelination that was accompanied by higher immunoreactivity for versican V1 within
the lesion did not affect oligodendrocyte repopulation compared to that occurring in wildtype
mice. Instead, there was a more pronounced microglia/macrophage presence in the EXTL2"
lesions and a worsened injury status as documented by more axonal loss at 14 days post-injury.
In tissue culture experiments, several pro-inflammatory phenotypes including neurotoxicity were
observed when EXTL27-BMDMs were stimulated with CSPGs. From these data, we conclude
that an outcome of the dysregulation of CSPG production in EXTL2” mice following a
demyelinating injury is the promotion of microglia/macrophage activity that contributes to
axonal injury. Reducing the injury-induced production of CSPGs is likely important in

attenuating inflammation and mitigating the axonal loss occurring after a demyelinating insult.
3.2 Discussion

Overall, the above chapters illustrate the importance of studying the CSPG family as
modulators of both inflammation and remyelination. The work described in Chapter 2 gives
further clarification on the role of CSPGs in injury, suggesting a detrimental effect in the time
period beyond the acute injury phase. These results further support the notion that while their
presence in the lesion immediately after an acute injury may be protective (Rolls et al., 2008),
the timely clearance of CSPGs from the injury site may be necessary to facilitate more effective

regeneration and resolution of inflammation.
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CSPGs have been extensively studied in the context of traumatic spinal cord injury;
however, the applicability of the same approaches taken to overcome the inhibitory nature of
CSPGs to other white matter injuries are still largely undetermined. Chondroitinase ABC, a
bacteria-derived enzyme that cleaves GAG chains from the core protein, has been tested
extensively in spinal cord injury models. However, the enzyme requires focal administration,
which makes it a poor option for diffuse pathologies such as MS. Furthermore, early clearance of
CSPGs from the lesion, in contrast with later removal, may be detrimental, as there is evidence
to suggest a protective role of CSPGs in the acute phase of injury by altering microglia function
(Rolls et al., 2008) and as such, the future treatments to affect CSPGs should take the kinetics of
CSPG deposition and their potentially different temporal roles, into consideration. In addition,
questions remain on the roles of individual CSPG family members, the composition of their

conjugated GAGs, and their enzymatic digestion products in inflammation.

CSPGs are an integral family of molecules that are key in axon guidance in development,
and the maintenance of stability in the mature CNS. Perineuronal nets, of which CSPGs are a
major constituent, serve important homeostatic roles in ion buffering, protection of axons from
oxidative stress, and stabilization of existing synapses (Lau et al., 2013; Suttkus et al., 2014;
Wang & Fawcett, 2012). In addition, CSPGs are present in most peripheral tissues (Kaplan and
Holbrook, 1994; Nadanaka et al., 2013a; Purnomo et al., 2013), where they are similarly
important in the maintenance of tissue health. The impact that removing non-pathological
CSPGs is largely unknown; this is a future consideration for the application of drugs targeting
the removal of deposited CSPGs. An ideal therapy should aim to inhibit the active synthesis of

CSPGs in response to injury rather than attempt to remove CSPGs from the tissue, which may
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result in unpredictable side effects. CNS injury-targeting molecules may be utilized to more

specifically target the drugs to affect CSPGs to the region of interest (Mann et al., 2016).

Several ECM-degrading enzymes are also secreted in inflammation (Cossins et al., 1997;
Da Silva & Yong, 2009; Larsen et al., 2003; Lemarchant et al., 2017; Nissinen & Ké&hari, 2014;
Wells et al., 2003), and the degradation products often also have signaling properties that were
not considered in this study (Ricard-Blum and Salza, 2014). Preventing the cleaving of ECM
molecules may attenuate inflammation (Peng et al., 2019), and degradation of the endothelial
glycocalyx as a result of sepsis releases HSPGs into circulation, which may then enter the CNS
and sequester BDNF (Hippensteel et al., 2019). There is also data to suggest that the intact CSPG
molecule has signaling properties that differ from that of chondroitin sulfate GAG disaccharides,
where disaccharides have been shown to be anti-inflammatory in vitro and in vivo (Rolls et al.,
2006b; Cafas et al., 2010; Tan and Tabata, 2014; Melgar-Lesmes et al., 2016). This disparity in
signaling effect between the intact CSPG compared to CS fragments warrants future
investigation, to gain further insight into the signaling mechanisms of chondroitin sulfate
fragments, and to determine whether this is a viable approach to future therapeutics. Both EAE
or lysolecithin models are applicable models, where CS fragments can be applied systemically or
focally to the CNS to determine whether they may serve therapeutic roles, as opposed to the

inflammation-stimulating assembled CSPGs (Stephenson et al., 2018).

The model we used to study CSPGs only allowed us to focus on versican V1, as other
lectican CSPG members, such as aggrecan, are not elevated within the lesion (Keough et al.,
2016). As well, various forms of GAG sulfation confer differential effects; while chondroitin-4-
sulfate (CS-A) exerts potent repulsive effects on cultured neurons, chondroitin-6-sulfate (CS-C)

does not (Wang et al., 2008). Along the same line, treatment with blocking antibodies specific to
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the chondroitin-4,6-disulfate (CS-E) in a mouse model of optic nerve crush improved axon
regeneration (Brown et al., 2012). For future studies, various CS core proteins can be synthesized
containing varying levels of each GAG sulfation pattern to investigate both effects of individual

CSPG members and impact of sulfation patterns on function.

White and grey matter differ in the composition of ECM, both in homeostasis and in
pathological conditions. Of note, aggrecan is particularly abundant in the grey matter in
homeostatic conditions due to its participation in perineuronal net formation. In MS lesions
traversing from white matter to cortex, significantly less versican is found in the cortical grey
matter lesion area compared to white matter (Chang et al., 2012). This may underlie key
differences observed in human MS pathology, where cortical lesions tend to remyelinate with
much higher efficiency than white matter lesions (Strijbis et al., 2017). The impact of ECM
composition on remyelination as well as inflammation is a topic that warrants more detailed

characterization.

In this work we did not investigate whether peripherally-derived macrophages and CNS-
resident microglia are differentially affected by the loss of EXTL2. Distinguishing macrophages
from microglia is difficult to, as differentially-expressed surface markers are limited. To
overcome this problem, a fate mapping approach can be taken. A TdTomato reporter mouse line
is crossed with a CX3CR1-CreER line to generate tamoxifen-inducible TdTomato expression in
CX3CR1" cells at time of injection. Due to higher turnover rate of peripheral cells, TdTomato
expression is lost over time while expression is maintained in the long-lived microglia
population. This allows us to reliably identify CX3CR1*lbal*TdTomato* cells as microglia or

CNS-resident macrophages. This strategy can be used to investigate whether proportions of
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microglia and macrophages in the lesion are altered, and if their function is changed in

demyelination.

We also did not specify which secreted factors may underlie the increased toxicity to
cultured neurons. Here we have provided evidence for candidates such as MMPs or TNFa, both
of which are overproduced by EXTL27- BMDMSs when stimulated with CSPGs. The
overproduction of such factors alludes to the possibility that EXTL2 is a suppressive mechanism
that may exert effects on several inflammation-associated processes. However, an unbiased
approach such as a proteomics screen may provide other candidates. Mass spectrometry can be
performed on cultured EXTL27 or wild-type macrophages to study what other neurotoxic
factors may be produced. Single-cell RNA sequencing experiments can also be performed on
lesioned spinal cord, and the generated database can be probed for factors highly upregulated by

EXTL27 microglia/macrophages compared to wild-type.

While lysolecithin-induced focal demyelination is a model that is used extensively to
study demyelination, remyelination, and microglia/myeloid cell-mediated inflammation, it is a
model that inadequately addresses the adaptive immune aspects (T and B cells) known to be
essential in the pathogenesis and propagation of MS. Although CD4" and CD8" T cells are both
recruited to the lysolecithin-induced lesion, their presence is transient, with very few observable
T cells after 12 hours post-injection of lysolecithin (Ousman and David, 2000), making their
relevance to injury progression difficult to determine. A focal experimental autoimmune
encephalomyelitis (EAE) model may be a viable option to provide a more complete picture of
pathology. Immunization with myelin oligodendrocyte glycoprotein with subsequent focal
injection of inflammatory factors (Merkler et al., 2006) or a BBB-disrupting factor such as

vascular endothelial growth factor (Sasaki et al., 2010) produces consistent focal demyelinating
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lesions with significant penetration of both microglia/macrophages and CD3" T cells. Myelin
oligodendrocyte glycoprotein-induced EAE does not recruit B cells to the CNS compartment,
however injection of splenocytes from an EAE mouse into a syngeneic mouse induces

significant B cell accumulation near the ventral lumbar spinal cord (Mannara et al., 2012).

Finally, we did not pursue a reason for why there is no deficiencies in OPC repopulation
and differentiation in the EXTL2" lesions. A possible explanation is discussed in Chapter 2.
This is an important question for future studies, as CSPGs have been definitively described as an

inhibitor of OPC growth and remyelination.

Overall, changes to the ECM and to CSPGs is an area of study that is widely applicable
to a range of both CNS and peripheral injuries. The microenvironment that cells reside in
strongly dictates their phenotype and function, and this work further highlights the importance of

studying and modulating the ECM to promote the efficiency of tissue healing.
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Appendix A. Raw values of MMP measurements from BMDM conditioned medium.
Comparison of absolute quantities of MMP2 (a), 8 (b), 3 (¢), 12 (e), and pro-MMP9 (d) from
conditioned medium shown as pg/mL from wild-type (WT) and EXTL27 (KO) BMDMs under
basal control conditions and with CSPG stimulation. Data shown is from n = 4 wells derived
from 1 biological replicate. Two-way ANOVA with Tukey’s post hoc test. * p < 0.05, ** p <

0.01, *** p < 0.001, **** p < 0.0001.
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