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Abstract: Central nervous system demyelination occurs in numerous conditions,
including multiple sclerosis (MS). Remyelination in acute lesions involves the
recruitment and maturation of oligodendrocyte progenitor cells (OPCs). However,
remyelination fails in chronic lesions in part due to the failure of OPCs to mature
into myelinating oligodendrocytes (OLs). Digestion products of the
glycosaminoglycan hyaluronan (HA), generated by hyaluronidase activity within
demyelinating lesions, are among the signals that block OPC maturation and
remyelination. However, the identity and source of this hyaluronidase activity is
unknown. | screened demyelinating tissues during different times of disease
progression from mice with experimental autoimmune encephalomyelitis (EAE),
a model of MS. | found that the Cell Migration Inducing and hyaluronan binding
Protein (CEMIP) is elevated in inflammatory demyelinating lesions during peak
demyelinating disease and when neuroinflammatory mediators, including tumor
necrosis factor-a (TNFa), are at their highest levels. | also found elevated CEMIP
expression in demyelinated lesions from MS patients. Cemip is expressed by
OPCs, and TNFa induces increased Cemip expression in OPCs. Both increased
Cemip expression and HA fragments generated by CEMIP block OPC maturation
into OLs. Furthermore, CEMIP-derived HA fragments prevent functional
remyelination in vivo. Altogether, these data indicate that CEMIP blocks
remyelination by generating bioactive HA fragment that inhibit OPC maturation.
CEMIP is therefore a potential target for therapies aimed at promoting

remyelination.



| also have screened a group of chemically synthesized and naturally derived
small molecule inhibitors and found three compounds that effectively blocked
CEMIP activity in two different cell types. These compounds also accelerated
OPC differentiation in the presence of high molecular weight HA. These findings
have begun to identify potential therapeutic agents to accelerate functional

remyelination in demyelinating diseases.



CHAPTER 1: INTRODUCTION
Adapted from: Peters A, Sherman LS. Diverse Roles for Hyaluronan and
Hyaluronan Receptors in the Developing and Adult Nervous System. Int J Mol
Sci. 2020 Aug 20,;21(17):5988. doi:10.3390/ijms21175988. PMID: 32825309;

PMCID: PMC7504301.

Hyaluronic acid (HA), or hyaluronan, is a linear unsulfated
glycosaminoglycan composed of repeating units of D-glucuronic acid and N-
acetyl-D-glucosamine that can be thousands of residues in length and
megadaltons in size’ 2. HA is a major component of the extracellular matrix
(ECM) in many tissues, including the central nervous system (CNS)3-. HA has a
diverse set of mechanical functions in tissues, such as providing elasticity in skin
and acting as a lubricant between articulating bones in joints®. However, this
relatively simple glycosaminoglycan also acts as a complex extracellular signal
that can regulate a diverse set of cell processes based on its size, associated

proteins, and interactions with receptors.

Hyaluronan has been found to regulate cellular activities in development,
homeostasis, and disease states in a variety of tissues, including the nervous
system, where it has been implicated in regulating neuronal and glial cell
differentiation, the activity of neurons, and nervous system repair in
neurodegenerative diseases and following CNS injuries. These functions depend

on tightly regulated changes in HA synthesis and catabolism. This introduction



focuses on recent findings supporting distinct roles for HA in each of these
processes, and | examine evidence that HA acts as a dynamic signaling
molecule that can influence diverse activities in the developing and mature

mammalian brain.

Hyaluronic acid acts as both a structural element of the extracellular matrix
and a signaling molecule regulating multiple cellular processes
High molecular weight HA has function in the nervous system that are distinct
from HA fragments

Native extracellular HA can be large (megadaltons in size) and is often
termed high molecular weight (HMW) HA. Through hyaluronidase activity or
reactions with reactive oxygen species, HMW HA can be broken down into
fragments of varying sizes® 6. HMW HA and fragments of different sizes can
influence a variety of biological processes through interactions with receptors
such as cluster of differentiation 44 (CD44), the receptor for hyaluronan-mediated
motility (RHAMM, otherwise known as hyaluronan-mediated motility receptor or
HMMR), and lymphatic vessel endothelial hyaluronan receptor 1 (LYVE1). HA
can also activate toll-like receptors (TLRs) 2 and 4, although it is currently

unclear if this occurs through direct HA binding? .

Different sizes of HA can have distinct biological activities. HMW HA is known to
reduce inflammation in a variety of tissues, while fragments of different sizes

either promote or inhibit inflammatory processes® 8. HMW HA also reduces



proliferation of multiple neural cell types®'3, and both HMW HA and HA
fragments can regulate cell differentiation in the CNS'%'5. Additionally, HA
signaling can change based on its association with other ECM components, as
well as covalent modifications. HA-associated proteins and protein complexes,
such as the proteoglycans aggrecan, brevican, and neurocan, and link proteins,
such as brain link protein-1 (Bral1), Bral2, and hyaluronan and proteoglycan link
protein 1 (HAPLN1), associate with HA in the nervous system ECM'6-'°. These
large HA-protein complexes help to regulate nervous system functions, including
cell adhesion, migration, and neurite outgrowth. HA is also found in the
proteoglycans that form the specialized ECM around neurons called perineuronal
nets (PNN)2%-30, Covalent modifications to HA, such as the addition of the inter-a-
trypsin inhibitor (lal) heavy chain (HC) catalyzed by tumor necrosis factor
stimulated gene 6 (TSG-6), also changes the signaling properties of HA and can
modulate neuroinflammation, HA crosslinking, and interactions between HA and

receptors3'-36,

HA is required for nervous system development

HA is found in the CNS at the earliest stages of development, as the
neural plate folds into the neural tube. The amounts of HA peak in the embryonic
nervous system, then decline in adulthood3” 38, although the absolute amounts of
HA in any area of the CNS or PNS have yet to be quantified at any stage of life.

The treatment of embryos with a hyaluronidase to digest HMW HA led to delays



in neurulation, linking HA to some of the earliest morphogenic processes during

neurodevelopment3,

After neurulation, the lowest concentration of HA is found in the ventricular zone,
where neural stem cells (NSCs) undergo self-renewal’3. HA receptors including
Cd44 and Rhamm, are also expressed in the ventricular zone, and RNA analyses
of the developing CNS indicate that cell-ECM interactions through these and
other ECM receptors may be crucial for the proliferative capacity of NSCs#0-42, A
higher concentration of HA is found in the intermediate zone, where stem cells
differentiate into neuroblasts™3, though it is unclear if the higher HA
concentrations induce differentiation or act in a different capacity, such as
providing a permissive environment for the migration of cells that have already
begun to differentiate. During later stages of neurodevelopment, HA is required
for proper neocortical folding*3. HA has also been shown to be involved in neurite
extension and proper axon routing, such as that of retinal neuron axons in the
optic pathway*446, as well as cell migration in the developing cerebellum*’. More
studies are required to fully understand how changes in HA and HA-mediated

signaling contribute to CNS morphogenesis.

In addition to early CNS development, HA is required for early events in
peripheral nervous system (PNS) development. HA is found around the neural
tube, notochord, and neural crest after neurulation'® 4849 Neural crest cells

express HA synthases (HAS) 1 and 2, and this expression is downregulated



during migration®. Neural crest cells also express Cd44 and Rhamm®® 5. HAS
expression, notably Has2, as well as HA, is also found along neural crest
migratory paths'® %2. Knockdown of Cd44 delays neural crest migration®', and
silencing of Has2 during neural crest migration induces migratory defects®3. Al
together, these findings indicate that HA has crucial roles in the initiation of neural
crest cell emigration from the dorsal neural tube and in migration as these cells
differentiate into neurons, Schwann cells and other peripheral nerve cell

populations.

HA is required for mature nervous system function

HA is a nearly ubiquitous component of the extracellular matrix in the adult
CNS, found in both gray and white matter. HA is found surrounding myelinated
axons in white matter, while in a gray matter, it is found in a more diffuse
distribution as part of the ECM and as a component of PNN surrounding
neurons'’: 5455 HA concentrations vary by brain region, as shown by studies
observing distinct HA staining patterns in the somatosensory and piriform
cortices®, as well as the cerebellum®’. HA has diverse structural and signaling
functions in the nervous system, such as forming a scaffold for the development
of PNNs in gray matter® while having a critical structural role in myelinated
axons and axon fiber tracts in white matters* 5. %960 as well as in myelinated

axons of the PNS%9,



Adult neurogenic niches, including the subgranular zone (SGZ) of the
hippocampal dentate gyrus and the subventricular zone (SVZ), harbor NSCs that
undergo self-renewal, as well as asymmetric division to form new neurons and
glial cells. HA is a major extracellular component in both of these niches'? 61, HA
has been linked to cell quiescence in many in vitro and in vivo studies in both
NSCs and glia®'3 82, HA signaling through receptors such as CD44 and TLR2
help to regulate stem cell proliferation and differentiation'? 63, and loss of Cd44
leads to hippocampal dysfunction and spatial learning and memory deficits®4.
These discoveries suggest an essential role for HA signaling in adult
neurogenesis, as well as for behaviors that rely on incorporating new neurons
into neural circuits throughout life. In vitro studies indicate that embryonic neural
stem cells have hyaluronidase activity®®, suggesting that neural stem cells could
possibly regulate neurogenesis through the modulation of HA concentration and
fragment size in neurogenic niches. It is possible then that learning and memory
lead to activity-dependent changes in HA synthesis and hyaluronidase activity

that regulate the generation of new neurons and neuronal maturation.

HA and HA signaling has also been shown to be correlated with cell migration in
the adult nervous system. HA is elevated in the rostral migratory stream, a
specialized migratory route along which neuronal precursors that originated in
the SVZ migrate to reach the olfactory bulb. Migrating immature neurons in the
rostral migratory stream express Rhamm, indicating that HA-RHAMM

interactions may be required for the proper migration of these cells®.



In vitro studies with 3D HA hydrogels have found that the stiffness of the ECM
can influence properties of neural stem and progenitor cells. For example, by
modulating HA concentrations to generate hydrogels that mimic elasticities of the
developing and adult brain, it was found that an elasticity similar to that of the
developing embryonic brain permitted neuronal progenitor migration and
branching, while higher elasticities mimicking the adult brain did not®.
Furthermore, 3D hydrogels with higher HA concentrations had decreased stem

cell proliferation and differentiation®? 65,

The stiffness of the ECM might also affect proliferation, migration, and branching
of one cell lineage over another®® and can even direct stem cell differentiation
into different lineages®’. It is possible that gradients of ECM can guide cell
migration from areas of lower to higher stiffness®®. Although how HA influences
ECM stiffness in CNS tissues is not fully elucidated, HA-binding proteins such as
TSG-6 might play a role in modulating HA crosslinking and changes to the
stiffness of the ECM. The size of the component HA can also directly influence
ECM stiffness either directly or through modulating TSG-induced crosslinking of
HA strands3'- %°. These findings suggest that changes in extracellular HA
concentration during development can lead to cell responses by changing the
mechanical properties of the ECM, as well as through interactions with HA

receptors. Modifying the mechanical properties of the ECM by altering HA size



and concentration could also help regulate neurogenesis in adult neurogenic

niches.

In addition to regulating the expansion and differentiation of neural stem cell
populations, HA can also regulate receptor function in both CNS and PNS
neurons. Direct interactions between HA and the transient receptor potential
cation channel subfamily V member 1 (TrpV1; also known as the capsaicin
receptor) expressed by dorsal root ganglion neurons decreased receptor
activation and sensitization, leading to reduced responses to capsaicin and
heat’®. Loss of HA through hyaluronidase administration to the footpad of rats
increased pain sensitivity in a CD44-dependent manner’?, suggesting that HA
can also influence neuronal activity at sensory neuron endings. HA has also been
found to modulate the activities of CNS neurons. For example, hyaluronidase
administration reduced L-type voltage gated calcium channel activity in
hippocampal neurons’?, as well as increasing a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor trafficking”®. These findings raise the
possibility that PNNs or similar structures may be dynamically regulated to alter

neuronal activity.

The role of HA in PNNs has been reviewed previously’, and so the role of PNNs,
their development, and the function of HA in these structures will only be briefly
reviewed here. HA is a critical component of most PNNs along with chondroitin

sulfate proteoglycans (CSPGs) and link proteins. HA forms a scaffold onto which



these other ECM components can be organized on to form fully functional
PNNs’°. While originally thought to be synthesized by glia or a combination of
glia and developing neurons’®, other studies reported that developing neurons
alone express HAS enzymes and synthesize PNNs® 77. However, glial cells and
neurons may synthesize different components to form fully functional PNNs in

different regions of the brain’®.

Cultured developing neurons slowly generate PNNs over the course of days®® 77,
mimicking the slow development and maturation of these structures in the
developing CNS'7:54.79-81 |n the developing CNS, PNNs form in a region-specific
manner that correlates with functional maturation”’®. PNNs mostly surround
parvalbumin-expressing inhibitory neurons®® 82, and it is thought that synthesis
and maturation of PNNs leads to decreased synaptic plasticity®', possibly due to
restricting lateral diffusion of receptors such as AMPA receptors to specific areas
on neuronal cell bodies, including postsynaptic densities”3. This idea is reinforced
through studies that show that the removal of PNNs through hyaluronidase
treatment increased excitatory neuronal activity, as well as changing receptor
subunit expression to those observed during critical periods®'- 8. Loss of PNNs
through hyaluronidase treatment also increased the seizure-like activity of
neurons in vitro® and increased the rates of seizures in animal models®.
Interestingly, the prefrontal cortex in schizophrenics displayed decreased

PNNSs?. These observations suggest that developmental deficits in HA synthesis



leading to decreased PNN formation could lead to CNS disorders such as

epilepsy and schizophrenia.

In addition to its effects on progenitor cells and neurons, HA can also influence
the behaviors of glial cells. Astrocytes express HAS enzymes and synthesize
HAS1.76.87 As with NSCs, extracellular HMW HA seems to be a quiescence
signal for astrocytes both in vitro'® %5 and in vivo®, as well as for O2A progenitors
that give rise to type Il astrocytes’'. HA has been shown to regulate the migration
and morphology of astrocytes though interactions with CD44 and RHAMM#8-20,
The proper trafficking and function of glutamate transporters in astrocytes also
rely on HA®!. During late embryonic and postnatal development, HA production
by astrocytes might help to form the extracellular matrix as well as decrease
proliferation of neighboring astrocytes and, in neurogenic niches, neural stem

cells.

The few studies to investigate HA changes with aging have reported increases in
HA content in older nervous systems'? 9% The increased HA observed in aged
brains is synthesized by different cell types, including astrocytes and cells of the
microvasculature®® %, Both the cause of this excess HA synthesis and the effects
of the increased HA remain unclear. Given that increased HA levels generally
lead to cell quiescence, reduced cell proliferation is a likely outcome. In
neurogenic niches such as the SGZ, increased HA content could be one of the

causes of significantly decreased neurogenesis observed in older brains®.
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HA in injury and disease

Increases in both HMW HA and HA fragments have been found in a
variety of CNS insults, including trauma, dementia, ischemia, and inflammatory
demyelinating diseases such as multiple sclerosis (MS)%-°. During trauma and
disease, HMW HA can regulate astrocyte proliferation and glial scar formation, as
well as microglial activation® 0. 100. 101 Additionally, HMW HA impacts vascular
endothelial cell barrier function'®? and contributes to lymphocyte
extravasation and the onset of experimental autoimmune encephalomyelitis
(EAE)—a model of MS'%3, HA fragments can influence angiogenesis'04 105,
neural stem cell proliferation®3, and differentiation of neural progenitor cells, such

as oligodendrocyte progenitor cells (OPCs) under pathological conditions™>: 106

107

HA-binding proteins such as CSPGs are found in glial scars and help form a
barrier that reduces the spread of inflammatory cells but also contribute to the
impairment of axonal regeneration. Other binding proteins such as TSG-6 are
upregulated in CNS insults such as injury and Alzheimer’s disease34 35 108, TSG-
6 is involved in the induction of reactive astrocytes in a model of traumatic brain
injury, but it also has been shown to inhibit microglial activation in vitro3> %6, TSG-
6 could exert its effects through the covalent modification of HA and the formation
of HA-HC complexes, the crosslinking of HA, and regulating HA interactions with
receptors such as CD44, all of which could change the signaling properties of HA

in nervous system insults.

11



Interestingly, the effects of TSG-6 are dependent on the sizes of HA and the
presence of lal. For example, TSG-6 catalyzed binding of HC onto HA molecules
is reversible in HMW HA, but HC is irreversibly bound to small HA fragments (4—
12 oligosaccharide polymers)33. Additionally, lal inhibits HA crosslinking by TSG-
6'%°. These results suggest that the effects of TSG-6 on HA can be modulated in
injury and disease through the breakdown of HMW HA and expression of lal to

generate different cell responses.

Whereas changes in HA size, structure, and binding proteins may be beneficial in
the case of trauma to reduce the amount of neuronal damage due to
inflammation, in other cases such as chronic diseases, changes in HA amount
and size may be detrimental to regeneration. For instance, in white matter
diseases such as MS and vanishing white matter disease, accumulation of HMW
HA and HA fragments in plaques have been found to inhibit the maturation of

OPCs and functional remyelinations: 106, 107, 110,

HA synthesis is tightly regulated in the nervous system
Hyaluronic acid synthases and their distribution in the CNS

HA in mammalian cells is synthesized by three HA synthases (HAS1-3)—
transmembrane enzymes localized to the plasma membrane of cells that extrude
HA into the extracellular space during synthesis''". HAS activity increases

pericellular HA levels, and each of the three HAS enzymes have different kinetics

12



and synthesize different size ranges of HA'''. The expression patterns of each
HAS protein are not identical throughout development, in the adult, and in old
age. This observation suggests that HA of different size ranges synthesized by
each of the different HAS proteins play distinct roles in the development and
functioning of the nervous system through differential signaling of their respective
products. Supporting this hypothesis are studies showing that silencing of

different Has genes leads to opposite effects on cell motility in vitro''2.

There are some differences in HAS expression patterns in different species. In
developing Xenopus embryos, Has1 is expressed throughout the ectoderm,
excluding the neural plate, while Has2 is expressed in mesoderm, and Has3 is
restricted to a small number of structures such as the developing otic vesicles®.
In bovine embryos, whereas Has2 and Has3 are expressed throughout
embryonic development, Has1 is only expressed in early (2- and 4-cell)
stages''3. In mice, Has1 is widely expressed in early development until about
embryonic day 8.5, when its levels are markedly decreased®2. Has2 expression
continues but is eventually restricted to specific structures, including the
developing heart and in craniofacial development, while Has3 expression
appears at later times in structures such as developing teeth and hair follicles®2.
Human embryonic stem cell lines express HasZ2 as they are induced to form
blastocysts''4, which influences their differentiation into extraembryonic cell
types' 114, HAS proteins, therefore, play critical roles in early development that

may be distinct in different species.

13



HAS regulation in the nervous system

HAS enzymes synthesize pericellular HA matrices in vitro that differ
depending on which enzyme is expressed™": 5. Cultured primary cortical
neurons express all three Has genes, with Has3 having the highest expression’”.
HAS enzymes play an important role in PNN development by synthesizing the
HA that serves as the backbone for PNN formation surrounding neurons. Has3
co-expressed with other components of PNNs in human embryonic kidney cells
leads to the synthesis of a compact extracellular matrix that is similar in structure
to neuronal PNNs”. It is possible that HAS enzymes are an integral part of the
PNN and not simply synthesizing the HA backbone of PNNs, as there is evidence
that HA can be tethered to the cell membrane by HAS enzymes and not just
receptors such as CD44'6, Has1 and Has?2 are differentially expressed in neural

crest cells, and the silencing of either enzyme delays neural crest migration®’.

In the aging nervous system, accumulation of HA is correlated with increases in
different HAS protein expression, based on location and cell type. HA
accumulation in aged gray matter around astrocytes is linked to increased Has1
expression®3, while HA accumulation around cortical microvasculature is
associated with increased expression of Has2%. These studies show that in
developing, adult, and aging nervous systems, the three HAS enzymes have
different spatiotemporal expression patterns and generally nonoverlapping

functions.

14



Pharmacologic and genetic inhibition of HA synthesis impacts nervous system
development and function

While a Has2 global knockout is embryonic lethal, loss of either Has? or
Has3 leads to normal development with no obvious morphological changes''?,
further supporting the idea that HAS enzymes have distinct functions in
neurodevelopment. However, there are some contexts in which the other HAS
proteins can compensate for the lack of one. For example, only the loss of all
three proteins abolishes glutamate transporter localization to the tips of astrocyt
cell processes®!. Has3 knockout mice and mice lacking Has2 in the nervous
system (through a nestin-driven conditional knockout) lack HA in different brain
regions. While Has3 knockout mice have less HA in the hippocampus, Has2
conditional knockout animals have reduced HA levels in the cortex and white
matter, including the corpus callosum''’. Has2 also plays a role in the
development of myelin sheaths, as knockout mice display a greater number of
myelin sheath abnormalities, resulting in less compact myelin lamellae and

decreased axon diameter®0.

Interestingly, inhibition of HAS activity through the administration of 4-methyl-
umbelliferone, which inhibits hyaluronan synthesis by depletion of cellular UDP-
glucuronic acid and, possibly, by the downregulation of Has2 and Has3
expression, delayed the onset and severity of EAE'®. These findings suggest
that increased hyaluronan synthesis can potentiate autoimmune

neuroinflammatory events.

e
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Regulation of HA catabolism in the nervous system
Multiple HA catabolizing proteins are expressed in the nervous system
Hyaluronidases and HA catabolizing proteins are dynamically regulated in
the nervous system, and it is increasingly clear that fragments produced by
hyaluronidase-driven catabolism of HMW HA have distinct signaling roles in the
CNS. HA is catabolized by multiple hyaluronidases (i.e., HYAL1-3 and
HYAL5/SPAM1/PH20), the products of which can vary in size''%. HYAL1, 2, 3,
and PH20 have sequence and structural homology and catabolize HMW HA
using the same basic reaction mechanism, but each one has different subcellular
locations and optimal conditions for activity''®. Another related enzyme, HYAL4,

does not have hyaluronidase activity and hydrolyzes chondroitin sulfate’?°.

HYAL1 is located in lysosomes, while HYALZ2 is glycosylphosphatidylinositol
(GPI)-anchored to the plasma membrane'?' 122_ |t is thought that native high
molecular weight HA present in the extracellular matrix is partially degraded first
outside the cell, and smaller HA sizes are endocytosed and further degraded by
HYAL1 in lysosomes. Early studies show that HA turnover and hyaluronidase
activity is highest during development38; however, it is not completely clear which

hyaluronidases play a role in the developing and adult nervous systems.

Two more recently discovered proteins display hyaluronidase activity but are

structurally distinct from the other hyaluronidases. These two proteins are CEMIP
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(cell migration inducing and hyaluronan binding protein, also known as HYBID or
KIAA1199) and transmembrane protein-2 (TMEMZ2). Cemip expression has been
shown to lead to the degradation of extracellular HA in cultured cells'?3; however,
its expression in the developing nervous system was not previously elucidated.
TMEMZ2 has also been shown to be involved in the digestion of extracellular
HA'?4, but its role as a hyaluronidase is currently debated, as another study has

shown that the silencing of Tmem2 increases the degradation of HA'25.,

Hyaluronidases have diverse functions in the nervous system

There is a great deal that is still unknown about the role of hyaluronidases
in the development of the nervous system, their functions in the adult nervous
system, and how they change with aging. Hyaluronidase activity can influence
cells through at least two mechanisms: the reduction in extracellular HMW HA

and the production of HA fragments with signaling activity.

Hyal2 expression leads to the degradation of extracellular HA in a CD44
dependent manner'?6, and HA binding to CD44 has been shown to recruit HYAL2
and a sodium/hydrogen antiporter-1 (NHE1) into a macromolecular complex that
causes local acidification and HYAL2-dependent extracellular HA degradation?’.
HYAL2 function has also been associated with cell motility'2. It is possible that
migrating cells use a CD44/NHE1/HYAL2 complex for the localized degradation
of extracellular HA in the direction of movement to allow cells to move through an

environment that otherwise would not permit migration. On the other hand, other
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studies have shown that Hyal2 silencing does not abrogate the degradation of
extracellular HA'23, indicating that at least under some conditions, HYALZ is not
necessary to degrade HA in the ECM. Furthermore, studies in early development
have indicated a role for HYAL2 in blastocyst formation''3, but observations that
Hyal2 null animals survive to a later stage in development indicate that HYALZ2 is

not completely necessary for early embryogenesis.

Mice lacking either Hyal1 or Hyal3 show no accumulation of HA in the nervous
system, indicating that the roles of these hyaluronidases may not be as
significant in the CNS and PNS as in other tissues'?® 29, Hyal2 null mice have
severely decreased lifespans due to cardiac defects caused by an accumulation
of HA'30. These mice do exhibit HA accumulation in the CNS; however, the only
CNS cells that were shown to express Hyal2 were endothelial cells and cells of

the choroid plexus'3’.

In contrast to studies of Hyal knockout animals, Cemip knockout mice show an
accumulation of HA in the hippocampus as well as hippocampal dysfunction,
resulting in spatial learning and memory defects'3? 133, These findings indicate
that CEMIP is involved in the catabolism of extracellular HA in the CNS and
suggest that HA plays an important role in hippocampal function. However,
Cemip null animals live to adulthood with no other obvious abnormalities, again

suggesting that it is not the only hyaluronidase active in neurodevelopment.
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Hyaluronidases in CNS disease

Hyaluronidase expression and activity are increased following a number of
insults to the CNS, including ischemia®” 9. The activities of different
hyaluronidases can produce HA fragments of different sizes and alter signaling
activities that affect nervous system repair. OPCs express multiple
hyaluronidases, including Hyal? and Hyal2'%". The expression of Ph20 in OPCs
and the CNS is disputed’®*. HA fragments generated by increased HA-
depolymerizing activity in injured CNS tissues can block the differentiation of
OPCs into myelinating oligodendrocytes, thereby inhibiting functional

remyelination in inflammatory demyelinating lesions®: 106, 107, 110,

Blocking hyaluronidase activity using a small molecule inhibitor promoted OPC
maturation and functional remyelination3®, though the identity of the
hyaluronidase responsible for the catabolism of HA in the ECM and production of
these inhibitory fragments is currently unknown. Other than PH20, TMEM2 has
been shown to digest extracellular HA'?4; however, its function as a
hyaluronidase is currently debated. CEMIP is another candidate, given that the
small molecule inhibitor that promotes functional remyelination also blocks HA
degradation by CEMIP'3°, The focus of this dissertation is to determine the

hyaluronidase(s) involved in generating inhibitory HA fragments in CNS disease.
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Multiple HA receptors respond to HA in the developing, mature, and
diseases nervous system
CD44, RHAMM, TLR2, and TLR4 are expressed throughout the CNS and PNS
Receptors involved in HA signaling are highly regulated during
neurodevelopment, aging, and disease. Among these receptors, CD44 is the
most studied. CD44 is one of the main HA receptors in tissues'®. It is a single-
pass transmembrane glycoprotein that transmits changes in extracellular HA to
the cytoplasm to allow cell responses to alterations in content and abundance of
HA? 136, CD44 binding to HA in cells is variable and can be regulated based on
its expression, alternative splicing, and post-translational modifications. Although
many alternative splice variants exist with different affinities for HA, one of the
most prominent in the nervous system is the standard form CD44s, encoded by
exons 1-5 and 16-203% 137, Other splice variants have been reported in certain
types of neurons'’. The functions of CD44 variants in the nervous system, both

developing and adult, have yet to be fully elucidated.

CD44s binding to HA is partly dependent on N-glycosylation and sialic acid
modifications to the extracellular domain'38 139 Loss of both N-glycosylation and
bound sialic acid moieties increases the binding of HA to CD44, presumably
though the selection of a protein folding conformation that has a greater HA
affinity?38 139 Additionally, membrane clustering of CD44 is in part determined by
the size of interacting HA molecules, which can regulate downstream signaling

and cell responses’¥?. HA signaling through CD44 plays multiple roles in the
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developing and adult nervous system, influencing the proliferation, differentiation,

migration, and morphology of many different cell types in diverse contexts.

RHAMM (or HMMR) also has multiple functions in both the developing and adult
CNS. Originally found to function in cell migration, as the name suggests, more
recent studies have ascribed a greater variety of functions for RHAMM.
Interestingly, RHAMM is found both on the cell surface and intracellularly'4. 141,
142 'indicating that the cellular location of RHAMM may determine its function.
Surface expression of Rhamm could be involved in the regulation of cell
migration and process extension through interaction with extracellular HA, while
intracellular RHAMM could be involved in microtubule dynamics such as
chromosomal segregation and mitosis, as well as maintenance of cell polarity.
The cellular location and subsequent function of RHAMM may be determined by

expression of different isoforms via alternative splicing4?.

While TLRs have been extensively studied as pattern receptors involved in
innate immune responses to stimuli such as lipopolysaccharide, double stranded
RNA, and other damage- and pathogen-associated molecular patterns, TLR2
and TLR4 also function in HA signaling involving HMW HA, as well as lower
molecular weight HA fragments'43. Although it is unclear if HA binds directly to
TLRs, TLR2 and TLR4 have been shown to be involved in various aspects of

nervous system development, including cell proliferation and differentiation. HA
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activation of TLRs may therefore be a critical part of the signaling involved in

nervous system morphogenesis and function.

HA receptors in neurodevelopment and the adult nervous system

Cd44 is expressed by numerous nervous system cell types'? 41 44, 46, 144-
147 and a variety of functions have been attributed to CD44-HA interactions in
each of these cells. Cd44 is expressed on neural progenitor cells in the
developing CNS and is restricted to subsets of cells as development proceeds*:
144 including adult NSCs'2. In adult NSCs, Cd44 expression is associated with
both self-renewal and differentiation into neurons. NSCs lacking Cd44 have
increased proliferation rates, as well as increased rates of differentiation into
immature neurons that display maturation deficits'?, suggesting an essential role
of HA signaling through CD44 in regulating adult neurogenesis. CD44- and HA-
dependent regulation of adult neurogenesis may explain why Cd44 null animals
experience learning and memory defects®4. These findings are consistent with
studies showing that CD44 has functions in other embryonic and adult

stem/progenitor cell populations 8. 149,

In developing embryos, Cd44 knockdown was found to delay migration of neural
crest cells®, indicating a role of CD44 signaling in PNS development.
Additionally, CD44 was found to be involved in the recognition of axon routing
cues. Expression of Cd44 was found at the midline of the optic chiasm#4, and the

inhibition of CD44 with neutralizing antibodies blocked the crossing of growing
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retinal neuron axons through the optic chiasm during the development of the
optic pathway?®. In other populations of neurons, CD44 has been shown to play a
role in the establishment of dendrite morphology'3, as well as the formation of
dendritic spines and functional synapses'¢. Furthermore, antagonism of CD44
reduced long-term potentiation in hippocampal neurons'6, and CD44-HA

interactions contribute to pain sensitivity’®, as well as anxiety-like behavior'*.

CD44-HA interactions contribute to lamellipodia outgrowth and increased cell
migration'2 150-153 "indicating multiple functions of HA signaling in different cell
types and contexts though cytoskeletal rearrangements. Through CD44, HA was
found to promote migration in both astrocytes® and OPCs'4, as well as
contributing to the establishment and maintenance of astrocyte morphology?®°.
The ECM might regulate cell migration through the direct binding of HA to CD44
or through changes in extracellular matrix stiffness brought about by increasing
local concentrations of HA'®5. Rhamm is expressed during embryonic

development in a variety of species?0 114,156

In developing blastocysts, Rhamm has been found to be expressed throughout
the ectoderm, becoming restricted to the neural plate, and eventually to migratory
and post migratory neural crest cells and the ventricular zone of the neural tube
after neurulation®. These observations suggests a role for RHAMM in regulating
both stem cell proliferation and migration. In human embryonic stem cells,

RHAMM was shown to function in mitosis as well as maintenance of
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pluripotency'“. These effects on stem cell proliferation and pluripotency were
also observed in mouse embryonic stem cells, in which Rhamm silencing
reduced cell proliferation and increased differentiation through upregulation

of the MEK/ERK pathway'#1.

RHAMM plays an important role in nervous system development. It is required
for proper radial intercalation of neuroepithelial cells and the formation of the
neural tube'’. RHAMM-HA interactions also play an important role in neocortical
folding®3. In the adult CNS, Rhamm has been found to be expressed by neural
progenitor cells in HA-enriched neurogenic niches such as the SVZ, as well as by
migrating neural progenitors in the rostral migratory stream®'. Rhamm is also

expressed by a subset of neurons in the hippocampus8.

Interactions between HA and RHAMM have been found to regulate process
extension and cell migration in both neurons and glial cells. Neurons express
Rhamm, and blocking interactions between HA and RHAMM inhibit neuronal
migration and neurite extension'®®. There is also evidence that both astrocytes
and microglia express Rhamm, and that HA-RHAMM interactions regulate

migration in both glial cell types®.

TLR2 and TLR4 both function in NSC proliferation and neurogenesis. Tir2
expression has been observed on cortical neuron progenitors in the SVZ, and in

these cells, stimulation of TLR2 with an agonist decreased cell proliferation in
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vitro. In developing brains, TLR2 activation increased ventricular size and
decreased the size of proliferative zones®3. Tir4 expression was observed in
neural progenitors in the retina, and the activation of TLR4 decreased cell
proliferation and induced the differentiation of progenitors into neurons'°, Human
NSCs express both TLR2 and TLR4, which decrease upon differentiation6".
TLR4 inhibition decreased human NSC proliferation, while its activation

increased differentiation rates®!.

TIr2 and Tir4 are expressed in adult neurogenic niches, such as the
hippocampus and SVZ, where TLR2 modulates adult NSC differentiation into
different lineages (i.e., neurons or astrocytes), and TLR4 regulates stem cell
proliferation'®?. These observations of TIr2 and Tir4 expression by both
embryonic and neural stem cells, as well as their involvement with NSC
proliferation and differentiation, suggest that both TLRs are involved in the
modulation of stem cell proliferation and stem/progenitor cell differentiation
throughout life, at least in part through interactions with HMW HA and HA

fragments.

OPCs express multiple HA receptors, including Cd44, Tir2, and Tlr41% 41,163,
Originally it was found that HMW HA blocked OPC differentiation into
oligodendrocytes through interactions with TLR2'®. Later studies showed that
HMW HA may regulate OPC differentiation in a TLR2- and CD44-dependent

manner, while HA fragments of specific size block (~106-310 kDa) OPC
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maturation through TLR415 106,107 ' This result suggests a mechanism whereby
HMW HA interactions with TLR2 and CD44 potentiate hyaluronidase activity, and
the HA fragments produced from this activity go on to inhibit OPC differentiation.
HA fragments interacting with OPCs suppress AKT activation through TLR4 and
its adaptor TRIF, leading to the dissociation of transcription factors such as Olig2
from myelin gene promoters and their transcriptional repression, ultimately

inhibiting OPC maturation to myelinating oligodendrocytes°6.

HA receptors in nervous system disease

Receptors for HA regulate multiple cell processes in a variety of nervous
system diseases. CD44 expression is elevated in multiple types of CNS insults,
including ischemia®, traumatic injury'64 165 Alzheimer’s disease (including
multiple splice variants of CD44)'%, Parkinson’s disease'®’, and white matter
diseases such as MS and animal models of MS%7: 98. 168 This increase in
expression is primarily observed in astrocytes and microglia™? 147. 168 Although
CD44 plays a role in inflammation and immune cell infiltration into the CNS
during neuroinflammatory events such as EAE, there are conflicting results
showing that CD44 attenuation may either enhance'®® or inhibit'%3 170. 171 EAE
onset and progression. CD44 also regulates OPC migration to sites of injury, and
OPC differentiation arrest in demyelinated lesions'%: 154 indicating a multifaceted
role of CD44 in CNS inflammation and disease. RHAMM was also found to be
upregulated after ischemic events®' %9, although the consequences of this

increased expression are not completely clear.
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As mentioned above, CD44, TLR2, and TLR4 are implicated in the inhibition of
OPC maturation in demyelinating lesions through interactions with HMW and HA
fragments of certain sizes (175 to 300 kDa)'® % TLR4 has also been shown to
play an important role in nervous system inflammation after insults such as
trauma and ischemia, based on observations that pharmacological inhibition of
TLR4 improves outcomes after these events'®3 172173 |nterestingly, HA
tetrasaccharides can improve outcomes after spinal cord injury in a CD44 and
TLR4 dependent manner'’4, and also protect hippocampal neurons during

ischemia through the inhibition of TLR2 signaling”.

Summary

HA plays numerous roles in multiple cell types in the developing and adult
nervous system (Figure 1). Although much work remains to be conducted to fully
understand the different functions of HA in the CNS and PNS, it is clear that HA
acts both by signaling through HA receptors and through its physical properties to
influence the structural features of tissues to regulate neural stem/progenitor cell,
neuronal, and glial cell behaviors. In particular, the balance of HA synthesis and
catabolism must be regulated during nervous system development, providing
cues that influence neural stem/progenitor cell expansion and differentiation, cell
migration, and process extension of differentiating neurons and glia. In the
mature nervous system, HAS and hyaluronidase gene expression appear to be

influenced by neuronal activity, leading to the dynamic regulation of HA synthesis
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and degradation to influence neuron function but also processes such as
neurogenesis during learning and memory. In the mature nervous system, |
propose that hyaluronic acid synthase and hyaluronidase gene expression is
influenced by neuronal activity, leading to the dynamic regulation of HA synthesis
and degradation to influence neuron function, but also processes such as
neurogenesis during learning and memory. Finally, this dynamic regulation of HA
is altered following nervous insults, initially leading to increased HA synthesis that
may temper inflammatory responses that cause nervous system damage, but
later resulting in the accumulation of HA fragments that feed back on progenitor
cell populations to limit their repair capacity (e.g., limiting OPC maturation by
blocking myelin gene expression). This framework provides numerous
opportunities to explore signaling cascades that are influenced by changes in the
HA-based ECM and to identify possible targets, such as TMEM2, HYALZ2, or
CEMIP, to promote nervous system repair following injury and in

neurodegenerative diseases.
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Figure 1. Hyaluronic acid (HA) has diverse functions in neurodevelopment, the adult nervous
system, and in nervous system disease. During neurodevelopment, changes to HA in the
extracellular matrix (ECM) through the modulation of HA synthases (HAS) and hyaluronidase
expression and activity help regulate neural stem and progenitor cell proliferation and
differentiation, as well as migration and process extension of different neural cell lineages. In
the adult nervous system, neuronal activity can alter HAS and hyaluronidase expression to
regulate neuronal function and adult neurogenesis. During insults to the nervous system,
increased HAS expression and activity lead to high molecular weight (HMW) HA
accumulation which can modulate neuroinflammatory events and provide protection from
tissue damage; however, the buildup of HA fragments from hyaluronidase activity can inhibit
the repair capacity of progenitor cells.

Rationale and hypotheses
How does hyaluronan metabolism influence remyelination during CNS
inflammatory demyelination?

The Sherman lab studies the role of HA in inflammatory demyelination,
including MS. MS is characterized by autoimmune-mediated targeting and
destruction of CNS myelin and neuronal damage over time'’6. Focal
neuroinflammation and demyelination develop as immune cells (primarily T-cells,
plasma cells, and macrophages) infiltrate the CNS and break down myelin,
forming lesions that can be observed using magnetic resonance imaging (MRI)
combined with a gadolinium contrast agent'””. In chronically active MS lesions, it
has been found that OPCs accumulate at lesion sites but fail to differentiate into
myelinating oligodendrocytes’’8-181, Previous studies by the Sherman lab have
found that HA and CD44 levels increase in MS lesions and in mice with EAE'82,
HMW HA was found to inhibit both the differentiation of oligodendrocyte
progenitor cells in vitro and in vivo remyelination in a mouse model of focal

demyelination'®?, but further studies found that it was HA fragments produced by
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hyaluronidase activity that were more potent at inhibiting OPC differentiation and

in vivo remyelination06. 107,

Additionally, the Sherman lab has recently found a small molecule hyaluronidase
inhibitor, S3, that blocks the activities of the PH20 and CEMIP hyaluronidases,
but not HYAL1 or HYAL2"3%, S3 also accelerated in vitro OPC differentiation in
the presence of HMW HA, and functional remyelination after focal demyelination
in the corpus callosum'®. These studies have demonstrated that hyaluronidase
activity in active demyelinating lesions produces HA fragments that inhibit OPC
differentiation and functional remyelination; however, the hyaluronidase(s) that
produce these extracellular bioactive HA fragments remained to be identified. In
this dissertation, | sought to determine how genes encoding enzymes directly
involved in hyaluronic acid synthesis and catabolism (i.e. hyaluronic acid
synthases and hyaluronidases) change during autoimmune-mediated
inflammatory demyelination, and which hyaluronidase(s) are responsible for the
production of extracellular inhibitory HA fragments that contribute to inhibiting
remyelination rates. | hypothesized that at least one of the more recently
discovered hyaluronidases, TMEM2 and CEMIP, were involved with the

production of inhibitory HA fragments at lesion sites.
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Is targeting hyaluronidase activity a tractable method for accelerating functional
remyelination during inflammatory demyelination?

The findings that S3 can accelerate functional remyelination'3 supports
the idea that hyaluronidase inhibitors could be used as a potential treatment for
MS. S3 is a small molecule derived from the flavonoid apigenin, a natural plant
extract that has previously shown to have anti-inflammatory effects in humans'8
184, As part of my PhD research, | also sought to determine if other small
molecules, both synthesized and naturally derived, inhibited hyaluronidase
activity and accelerate in vitro OPC differentiation. My goal was to determine
whether other compounds similar in structure to S3 and apigenin retained their
biological activity or had different potencies. The overall goal of these studies
was to reveal whether this class of compounds could be exploited to develop
therapeutic strategies designed to accelerate functional remyelination in MS

patients.
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CHAPTER 2: THE CEMIP HYALURONIDASE IS ELEVATED DURING
INFLAMMATORY DEMYELINATION AND PRODUCED BIOACTIVE
HYALURONIC ACID FRAGMENTS THAT DELAY REMYELINATION

For submission to Annals of Neurology

Introduction

Multiple Sclerosis (MS) is the most common autoimmune disease of the
central nervous system (CNS), affecting approximately 2 million individuals
worldwide'®. Characterized by neuroinflammatory demyelination, MS can impair
motor, sensory, and cognitive function in patients’’” 185 18 _Currently approved
therapies for MS target the immune system to reduce the number of
neuroinflammatory attacks, however demyelination still occurs and almost all

patients experience disease progression’7®.

CNS lesions in MS and other demyelinating diseases exhibit remyelination delay
or remyelination failure despite the presence of intact axons. Remyelination
failure is linked to the inability of oligodendrocyte progenitor cells (OPCs), which
accumulate at lesion sites, to mature into myelinating oligodendrocytes (OLs)"8"-
190 Changes in the microenvironments of demyelinating lesions are therefore
likely to be the underlying cause of blocked OPC maturation and remyelination
failure. One such change in the lesion microenvironment is the accumulation of
the extracellular matrix glycosaminoglycan hyaluronan (HA; also called

hyaluronic acid) at lesion sites'82. HA is composed of unbranched, non-sulfated
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repeating units of glucuronic acid and N-acetyl-glucosamine ranging in size from
<2.5x10° Da to high molecular weight (HMW) sizes 24x108 Da. HA is synthesized
at the plasma membrane by HA synthases (HAS1, HAS2, and HAS3) and
catabolized by multiple hyaluronidases that generate distinct sizes of HA
fragments. Several HA receptors have been identified, including the CD44
transmembrane glycoprotein, to regulate cell growth, migration and differentiation

in response to HA™',

The increased synthesis of HMW HA paired with hyaluronidase activity in active
demyelinating lesions produces bioactive HA fragments that impair OPC
differentiation and remyelination'® 196. 197 Blocking hyaluronidase activity using a
small molecule inhibitor in a mouse model of lysolecithin-induced focal
demyelination led to increased functional remyelination'3®, demonstrating a
potential method to promote remyelination in MS and other demyelinating
lesions. However, the mechanisms of increased HA synthesis and which
hyaluronidase(s) are elevated during neuroinflammatory demyelination to

produce extracellular inhibitory HA fragments is unknown.

Here, | sought to identify how the expression of hyaluronan synthases, Cd44,
and different hyaluronidases changed in CNS tissue during the course of
neuroinflammatory demyelination, and to determine if a specific hyaluronidase is
responsible for blocking OPC maturation and remyelination in demyelinating

lesions. Among the hyaluronidases that were assessed, | found the greatest
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increase in expression by the cell migration-inducing and hyaluronan-binding
protein (CEMIP; originally named KIAA1199). CEMIP can digest HA although the
mechanism is unclear'®2, Mutations in CEMIP lead to hearing deficits, and mice
lacking Cemip demonstrate memory and learning deficits as well as increased
HA levels in the brain'32 133, CEMIP also plays roles in the progression and
metastasis of a growing number of cancers'®3, and one study suggested that
CEMIP could be elevated in MS lesions™. | found that Cemip is expressed by
OPCs in demyelinating lesions and that it digests HMW HA into bioactive HA
fragments that inhibit OPC maturation. Furthermore, | found that HA digested by
CEMIP blocks remyelination. These data support the notion that CEMIP is a

potential target for therapies that promote remyelination.

Materials and methods
All animal experiments were approved by the Institutional Animal Care and Use

Committee at the Oregon Health & Science University.

Cell Culture

Human embryonic kidney 293T cells were cultured in Dulbecco’s modified
eagle medium (DMEM, Fisher) supplemented with 10% fetal bovine serum (FBS,
Atlas Biologicals). 293T cells were subcultured using 0.25% trypsin (Fisher) to
dissociate cells. Primary mouse oligodendrocyte progenitor cells (OPCs) derived
from oligospheres were cultured as previously described'%”: 135, Briefly, OPCs

were cultured in DMEM:F12 (Gibco) supplemented with 0.1% bovine serum
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albumin (BSA, Fisher), recombinant platelet-derived growth factor AA (PDGF-AA,
Promega), and fibroblast growth factor-2 (FGF-2), B27 supplement without
vitamin A (Gibco), N1 supplement (Sigma), and Biotin (Sigma). Cells were

dissociated for subculturing using Accutase (Invitrogen).

RNA extraction, cDNA generation, and gPCR

RNA was extracted from tissue and cells using the Macherey-Nagel
Nucleospin RNA Plus kit, and cDNA generated using an Applied Biosciences
High Capacity cDNA Reverse Transcription Kit. gPCR was performed as
previously described using SybrGreen (Fisher), and changes in gene expression
were determined using the delta-delta-cycle threshold (AACt) method. Primers
used to measure changes in gene expression, including housekeeping genes,

are listed in Table 1.
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Gene Forward Primer (5’ to 3’) Reverse Primer (5’ to 3’)
IL-6 CACTTCACAAGTCCGAGGCT TGGTACTCCAGAAGACCAGAGG
Tnfa GTTGTACCTTGTCTACTCCC CTCCTGGTATGAGATAGC
Ifny AACGCTACACACTGCATCTTGG GCCGTGGCAGTAACAGCC
Gfap CGAAGAAAACCGCATCACCAT TCACCATCCCGCATCTCCA
Mbp GCTCCCTGCCCCAGAAGT GATGGAGGTGGTGTTCGAGG

Pdgfra ACCTCCCACCAGGTCTTT CTTCACTCTCCCCAACGCAT

Cd44s CCATCAGAGTCCAGAGTCAT CTGTTTCATCTTCATTTTCCTCA
Ibal TCAGCTACTCTGACTTTCTCA CCTCTTGTGTTCTTTGTTTTTC

Olig2 CGCAGCGAGCACCTCAAA CGATGGGCGACTAGACAC
Has1 GTTAACTATCTACTGGGTAGG CTCACAAGGACTCCTCCTTT
Has2 GGTGGTGTAATTTTCACCATT CATCAAGCACCATGTCATAC
Has3 TGTCCATCTGGGTGGCAGTT TCCGCAAAAGCCAGGCTATA

Hyall GCACCCTCCAACTGGGGCAG CGGTGTCGAACGTACATCTG

Hyal2 GAGTTCCTGAGCTGCTACCA GTCTCGTCCAGGTACACAGA

Hyal3 CTGGACGACCTGATGCAGAC GGGCCCTAAAGTGCCCACTAA

Ph20/Spam1 GCGTCGGTGACAATGTTTGTAT GTGGCAGATGGTACAGCACAT

Cemip CAATGACCAAACTGGGCAGC CAGTTTGAAAACCCGGGCAG

Tmem2

(Cemip2) TTGGAAACTACGTCCCTGTG CATGCAGTCTGTGGTAGGCA
Cyca GGCAAATGCTGGACCAAACACAA | GGTAAAATGCCCGCAAGTCAAAAG
Gapdh GCATTGTGGAAGGGCTCATG AGCCCCACGGCCATCAC

Table 1: qPCR primer sequences

HA fragment generation and purification

Cemip expression vector (Catalog MR217955) and empty vector (Catalog

PS100001) were purchased from Origene. All transfections were completed

using Fugene HD (Promega).

6x108 293T cells were cultured on 10cm? polystyrine dishes (Fisher) overnight,

and transfected with 10ug plasmid the following day (1:3 DNA to Fugene HD




ratio). 24 hours after transfection, culture medium was replaced with 10mg of
high molecular weight hyaluronic acid (HMW HA, Lifecore Biomedical) dissolved

in 10mL of dye free, serum free, DMEM (Fisher).

After 72 hours of incubation, conditioned medium was harvested and HA
extracted using phenol:chloroform solution (1:1, both chemicals from Sigma). An
equal volume of phenol:chloroform was added to the conditioned medium, and
the solution was centrifuged at 12,000rpm for 45 minutes. The aqueous layer
was harvested and dialyzed in pure water using a 20,000 Dalton molecular
weight cutoff dialysis cassette (Fisher) for 24 hours, replacing the water with
fresh pure water halfway through. The conditioned medium was then collected,
dried overnight in a SpeedVac, and resuspended in pure water to reach a desired
concentration for use in subsequent experiments. HA yield is thought to be

>95%.

HA gel assay

HA and conditioned medium/HA fragments were analyzed using agarose
gel electrophoresis as described previously'?”- 135, HA fragments were separated
by size in a 0.5% HGT agarose gel (SeaKem) in tris-borate EDTA (Fisher). The
gel was then stained in 0.005% Stain-all (Fisher) in 50% ethanol overnight, and
washed in 10% ethanol overnight in the dark. Gels were de-stained in light then
imaged. High, medium, and low HA ladder was purchased from Echelon

Biosciences.
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Differentiation experiments

OPC differentiation experiments were performed as previously
described 96 107. 135,182 QPCs were plated on poly-ornithine (Sigma) coated
coverslips in 24-well plates at 3x10* cells per coverslip. The following day, OPC
culture medium was replaced with DMEM:F12 supplemented with B27
supplement (Fisher), N-acetyl cysteine (NAC, Sigma), and triiodothyronine (T3,
Sigma) with iand without HMW HA and conditioned medium/HA fragments from
293T cells overexpressing either empty vector or Cemip (final concentration for
all HA conditions is 50ug/mL). Differentiation medium was replaced daily for five
days, then cells were fixed in 4% PFA. Immunocytochemistry was used to
determine relative amounts of PDGFRa* OPCs and MBP* oligodendrocytes, and
percent area coverage of each marker was calculated using ImageJ to determine
the ratio of MBP/PDGFRa expression. Percent delay in differentiation when
compared to untreated control was calculated from MBP/PDGFRa levels. At least
three biological replicates consisting of three coverslips per condition were used.
Six images per coverslip encompassing approximately 9mm? (~70% of the

coverslip) were generated for analysis of OPC differentiation rates.

To induce Cemip overexpression, OPCs were plated on coated coverslips at
2x10* cells per coverslip. The following day, cells were transfected with 125ng of
either empty vector or Cemip expression vector (Origene, above) using Fugene

HD at a 1:6 DNA to reagent ratio. Cells were induced to differentiate for 5 days in
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the presence and absence of HMW HA and analyzed for changes in

differentiation rates using immunocytochemistry as previously described %6 107

182

For differentiation experiments OPCs were plated in polyornithine coated 6-well
plates (Fisher) at a density of 1x10° per well. Individual wells had medium
replaced with differentiation medium for 1, 2, 3, or 4 days, starting with the
longest so that all wells were harvested for RNA extraction, cDNA generation,

and qPCR.

TNFa Treatment

OPCs were plated at 3x10° cells per well in a poly-ornithine coated
polystyrene 6-well plate (Fisher) in growth medium. The following day, cells were
treated with either vehicle (PBS) or TNFa at 10ng/mL. Cells were incubated for

24 hours, then harvested for RNA extraction and gPCR. N=9 per condition.

Embryological studies

Mice were paired for timed matings for 9.5, 10.5, 13.5, or 18.5 days.
Presence of an ejaculatory plug and weight gain were used to verify pregnancies.
Embryos were collected and brains dissected from embryos for RNA extraction
and gPCR. Four brains were used per timepoint for E10.5, E13.5, and E18.5.
Due to size, heads of E9.5 embryos were collected, and three heads pooled per

replicate (N=4) to ensure adequate amounts of tissue for RNA extraction.
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Morphological analysis was used to confirm embryological developmental

day/stage.

Induction of EAE
Induction of EAE was performed by Kanon Yasuhara, a Research Assistant in
the Sherman lab.

Experimental autoimmune encephalomyelitis was induced in 3-4 month
old female C57BI/6J mice with myelin oligodendrocyte glycoprotein 35-55 (MOG,
Peptides International) in complete Freund’s adjuvant’®. Pertussis toxin (List
Labs) was injected the day of inoculation and 2 days post inoculation. Clinical
scores were evaluated as previously described’?® 182 Cumulative disease index
of mice was calculated as the sum of clinical scores of mice between 7 and
21dpi. Lumbar spinal cords were extracted at the indicated times post inoculation
for RNA extraction or fixation and tissue processing. Four mice were harvested

per condition.

Focal demyelination with lysolecithin

Focal demyelination was induced in the rostral corpus callosum in 3-4
month old mice as performed previously'%”. 182, 2% Lysolecithin (Sigma) mixed
with PBS (vehicle), and HA fragments purified from either vector expressing or
Cemip expressing cells and injected at the following coordinates from Bregma:

AP: +0.5mm, LAT: -0.6mm, and Z: -2.4mm. Brains were harvested at 7 days post
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injection for CAP recordings, followed by fixation in 4% PFA and tissue

processing.

Compound action potential (CAP) recordings
CAP recordings were performed by Dr. Steven Matsumoto with the author’s
assistance.

After tissue harvesting, brains were submerged in ice-cold artificial
cerebrospinal fluid (aCSF) comprising of 124mM NaCl, 5mM KCI, 26mM
NaHCOs, 1.25mM NaH2PO4, 1.3mM MgSO4, 2mM CaClz, and 10mM glucose at
pH 7.4, saturated with a 95% 02/5% CO2 gas mixture. A 400um section
containing the lesion site was cut using a vibratome and incubated in aCSF with
aeration at room temperature for one hour. CAP recordings across the corpus
callosum were recorded as previously described'3®. For each recording session 2

animals per group were analyzed.

Tissue processing

Cells were fixed in 4% PFA for 15 minutes, followed by 3 washes in PBS
for 5 minutes each. Brains and spinal cords were fixed in 4% PFA for 24 hours at
room temperature, followed by five 2-hour washes in PBS. Tissue was then put
through an ethanol series (first with 5%, then 10% followed by increments of 10%
until a final concentration of 70%) before being embedded in paraffin. 10um
tissue sections were used in downstream applications, including

immunofluorescent experiments.
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Immunohistochemistry

Tissue sections were de-paraffinized in xylene, followed in rehydration in
graded ethanol. Sections were treated with Protease Plus solution (ACDBio) for
30 minutes at 40C, washed 2 times in ddH20, and treated with 0.1% Sudan

Black (Sigma) solution in 70% ethanol for 1 minute, followed by 3 rinses in PBS.

Cells and tissue sections were permeabilized in 0.1% Triton X-100 (Sigma) in
PBS for 15 minutes, followed by blocking for 2 hours in either 5% normal goat
serum or normal donkey serum, depending on primary antibody selection (both
from Jackson Immunoresearch). Blocking solution was replaced with primary
antibody mixture and incubated at 4C overnight. Primary antibodies used are
listed in table 2. The following day, cells/tissue were washed three times with
0.05% Triton X-100 PBS for 5 minutes each, then incubated in appropriate
secondary antibody solution for 2 hours at room temperature. Following this,
slides were treated with DAPI (4’,6-diamidino-2-phenylindole) (Fisher) at 1ug/mL
in PBS for 5 minutes, then washed in 0.05% Triton PBS four times for 5 minutes
each. Slides were mounted with Fluoromount-G (Southern Biotech) and Fisher

coverglass.
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Manufacturer Catalog Host Target Dilution

Sigma G3893 Mouse GFAP 1:5000
BioLegend 808402 Mouse MBP 1:800
BD Pharmigen 558774 Rat PDGFRa 1:100
Novus NB600-144155 | Rabbit CD3 1:100
Wako 019-19741 Rabbit Ibal 1:300
Sigma SAB2105467 Rabbit CEMIP 1:100
R&D Systems AF2418 Goat OLIG2 1:250
R&D Systems AF1062 Goat PDGFRa 1:20
R&D Systems AF1002 Goat VE-Cadherin 1:250

Table 2: Primary antibody list.

Imaging

Stained cells and tissues were imaged using an Olympus VS 120
SlideScanner with the following objectives: 2x/0.08NA Olympus Plan ApoN,
10x/0.40NA Olympus UPlanSApo, 20x/0.75NA Olympus UPlanSApo, and
40x/0.95NA UPlanSApo. The 2x objective was used for overview scans. Cells
were imaged at 20x on one plane. EAE and MS tissue sections were imaged
either at 20x on one plane, or at 40x with a 10um Z-stack at 2um intervals (5
slices). Maximum Z projection images were generated using CellSens software
(Olympus), and all other analyses were performed using Fiji/lmaged (National

Institute of Health).

Luxol fast blue staining

Luxol fast blue staining was performed as previously described'%.
Deparaffinized sections were placed in luxol fast blue (0.1% dissolved in 95%
ethanol, Sigma) solution at 56C overnight. Slides were then rinsed in 95%

ethanol and then water, then differentiated first in 0.05% lithium carbonate
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(Sigma) for 30-60 seconds, then in 70% ethanol for approximately 60 seconds,
then counterstained in 0.1% cresyl violet solution (Sigma) for 6 minutes. Slides
were then dehydrated first in ethanol, then xylene, and then mounted in

Fluoromount-G.

Human MS samples
Human MS samples were acquired from the University of Washington. All

patients tested had relapsing-remitting MS. Patient information can be found in

Table 3.
Patient Age at death Sex
1 93 Female
2 96 Female
3 74 Female
4 45 Male

Table 3: MS patient information.

Statistics

Statistically significant differences were tested using either an uppaired
Student two-tailed T test (HA fragment sizes in CM analyzed by solid state
nanopore assay) or an unpaired Student two-tailed T test with Welch’s correction
(differences in Cemip transcription in OPCs treated with TNFa) for two groups. A
one-way ANOVA followed by Tukey’s multiple comparison test was used to test
for significance for experiments involving more than two conditions. A P-value

below 0.05 was considered statistically significant.
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Results
HA synthases, CD44, and hyaluronidases are elevated during peak
neuroinflammatory demyelination

To explore the role of HA synthesis, signaling, and catabolism in
inflammatory demyelinating disease, | examined the expression of HA synthases,
Cd44, and hyaluronidases in demyelinating lesions in the C57BI/6J-MOG model
of experimental autoimmune encephalomyelitis (EAE), a model of MS. In this
model, mice develop increasing ascending disability, starting with tail weakness,
followed by partial motor recovery. In my experience with this model, peak
disease is reached between 14 and 21 days post-inoculation (dpi; Fig. 2A, B).
Lumbar spinal cord tissue, which demonstrates the greatest pathology in this
model, was harvested from healthy C57BI/6J mice and mice at multiple EAE
stages (7 dpi, before motor symptoms develop; 14 dpi, when motor symptoms
are worsening; and 21 dpi just after peak disease). RNA was extracted from
these tissues, and quantitative polymerase chain reaction (QPCR) was used to
determine changes in the expression of genes coding for HA synthases (Has1,
Has2, and Has3), Cd44, and hyaluronidases (including the transmembrane
protein-2 (Tmem?2, also known as CemipZ2), Hyal1, Hyal2, Hyal3, and Cemip; Fig.
2C). From the same RNA samples, genes involved in remyelination, astrogliosis,
microglial activation, and various inflammatory mediators were also analyzed

(Fig. 2D).
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| found no significant changes in spinal cord gene expression at 7 dpi (Fig. 2C,
D). However, at 14 dpi, | found significant increases compared to healthy controls
in Has1 (p<0.01) and HasZ2 (p<0.0001) but not Has3 (Fig. 2C). Cd44 was also
significantly elevated (p<0.0001). This is consistent with previous studies
showing that CD44 expression is increased and HA accumulates in EAE and MS
lesions'®2. Interestingly, among hyaluronidase transcripts, only Cemip was
elevated at this timepoint (p<0.001). At 21 dpi, only Has2 remained significantly
elevated (p<0.001) among the HA synthases. CD44 remained elevated
(p<0.0001) along with Cemip (p<0.0001), while another hyaluronidase, Hyal2,

was slightly elevated (p<0.01; Fig. 2C).
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Figure 2: Cemip transcription is increased during EAE. C57BI/6J mice induced

to have EAE presented with a typical disease course (A,B). At indicated
timepoints, lumbar spinal cords were extracted from mice, RNA and cDNA
prepared, and gPCRs performed to detect changes in genes involved with
hyaluronan metabolism (C) or myelin and neuroinflammatory genes (D). Has1
and Has3 transcripts were increased at times in EAE, and among
hyaluronidases Cemip was the only one that increase coincident with
neuroinflammatory genes. Ph20 transcripts were not detected at any time. * -
p<0.05, ** - p<0.01, *** - p<0.001, **** - p<0.0001.
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Coincident with increased Has1, Has2, Cd44, and Cemip expression at 14 dpi, |
observed significant increases in glial fibrillary acidic protein (Gfap; p<0.001), a
marker of astrogliosis, and ionized calcium binding adaptor molecule 1 (/ba7;
p<0.0001), a marker of microglia activation. Both Gfap and /ba7 remained
elevated though 21 dpi. These genes are typically elevated in demyelinating
lesions. Myelin basic protein (Mbp), a marker of mature, myelinating OLs, was
slightly elevated at 21 dpi (p<0.01), indicating that at least some OPCs were
maturing into myelinating OLs at this time. In addition, at 14 dpi | observed
elevated levels of the inflammatory mediators interleukin-6 (IL6; p<0.0001), tumor
necrosis factor-a (Tnfa; p<0.0001), and interferon-y (/fny; p<0.001). Among
these, only Tnfa remained significantly elevated though 21 dpi. These findings
support the hypothesis that Cemip is transcriptionally upregulated in
demyelinating lesions coincident with increased HA synthesis and Cd44

expression during peak periods of demyelination and neuroinflammation.

Cemip expression localizes to areas of demyelination and reduced HA

The increase in Cemip RNA levels observed by gPCR analysis of spinal
cord tissues from mice with EAE was validated by comparing Cemip transcript
expression in healthy and EAE lumbar spinal cord sections (at 21 dpi) using
RNAscope in-situ hybridization. | confirmed that Cemip transcription increased

compared to healthy controls in the spinal cords of mice with EAE, both in the
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parenchyma of white matter and in parameningeal areas (Fig. 3A-F). | then used
combined immunohistochemistry and in situ hybridization to identify commercial
antibodies that accurately immunolabeled CEMIP protein in tissues (Fig 4). |
identified one such antibody and used it to compare Cemip expression with MBP
to label myelin and a biotinylated HA-binding protein (HABP) to localize HA in
spinal cord tissues. | found that in lumbar spinal cord sections of animals over all
stages of EAE where motor symptoms are present, CEMIP protein localized to
EAE lesion areas that exhibited demyelination and reduced levels of HA when
compared to white matter from healthy controls, controls treated with CFA alone,
and normal appearing white matter adjacent to lesion sites (Fig. 3G-S). | also
examined sections of demyelinated lesions from four patients who had relapsing-
remitting MS, staining one section from each case with Luxol Fast Blue to identify
areas of demyelination, and adjacent sections with DAPI (to label cell nuclei),
anti-MBP, and anti-CEMIP antibodies. Consistent with the findings in EAE
lesions, | observed CEMIP-positive cells within areas of demyelination in each of

the MS cases (Fig. 3T-X)
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Figure 3: RNAscope in situ hybridization experiments targeting Cemip reveal
that elevated Cemip transcription in EAE lumbar spinal cord sections localize
to parameningeal areas and areas of hypercellularity, a sign of inflammation
and active demyelination (A-F, Neg — negative control probe).
Immunofluorescent labelling of CEMIP, MBP, and HABP reveal that elevated
CEMIP protein localizes to areas of demyelination and less HA (G-K, L — no
primary control, M-Q — CFA-only control). Comparing the percent area of
Cemip expression between healthy tissue, CFA-only controls, areas of
demyelination and reduced HA, and adjacent normal appearing white matter
areas reveal that CEMIP is only elevated at lesion sites in EAE. Labeling of
CEMIP and MBP in human MS tissue sections show that CEMIP also
localized to lesion areas (T-W, X — luxol fast blue stain of adjacent section).
Scale bars for mouse tissue images are 50um, 200um for human IF images,
and 100um for LFB image. **** - p<0.0001.
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DAPHB
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Figure 4: Co-staining of CEMIP protein and Cemip transcript using RNAScope
reveal signal that largely co-localize in space. RNAscope seems to have a
greater sensitivity to detect CEMIP expression. Scale bar = 50um.

Oligodendrocyte progenitor cells express Cemip

| next determined which cells expressed Cemip within demyelinating
lesions. | first assessed Cemip expression using the Barres lab Brain RNA-seq
project database'® and found that OPCs have the highest Cemip expression of
any cells in the brain, followed by at least a subset of neurons, with weak
expression in endothelial cells (Fig. 5A). Astrocytes and microglia did not express
Cemip. To validate these findings, | performed gPCR analyses of mouse OPCs
grown in vitro. OPC cultures expressed Cemip, and this expression decreased
over time as the cells differentiated into myelinating OLs as indicated by

decreased Pdgfra expression and increased Mbp expression (Fig. 5B-D). | then
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co-stained for CEMIP and PDGFRa or Olig2 (both markers for OPCs) in lumbar
spinal cord sections from mice with EAE, and found that a subset of Cemip
expressing cells within lesions also express Olig2 and Pdgfra (Fig. 5E-L). | also
observed CEMIP protein levels in vascular endothelial cells that also VE-
cadherin (Fig. 5M-R). | did not observe Cemip expression in microglia (Fig. 5S-
V). Furthermore, in contrast to a previous report'®* but consistent with the
RNAseq findings, CEMIP protein did not co-localize with GFAP, indicating that

astrocytes do not express Cemip at these EAE stages (Fig. SM-R).
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Figure 5: Barres mouse brain RNA sequencing database show that CEMIP is
expressed by neurons, OPCs, and endothelial cells (A). gPCR results of
OPCs induced to differentiate into oligodendrocytes for indicated time periods
show that Cemip expression decreases as Pdgfra* OPCs differentiate into
Mbp* oligodendrocytes (B-D). Immunofluorescent labelling of mouse EAE
tissue sections (21dpi) show that CEMIP expression colocalizes with both
PDGFRa and OLIG2, suggesting that OPCs express CEMIP in these lesions
(E-L). Co-labelling for CEMIP transcript using RNAscope and Iba1 reveal that
CEMIP is largely absent from microglia as well (M-P, inset is no primary and
negative probe control). GFAP expression was largely absent from CEMIP
positive lesion sites, while VE-cadherin did colocalize with CEMIP (Q-U, V —
no primary control). Scale bars = 50um. * - p<0.05, ** - p<0.01, *** - p<0.001,
**** - p<0.0001.

Because OPCs expressed Cemip in vitro and in demyelinating lesions, | sought
to determine if Cemip was also expressed by OPCs during development or in the
healthy adult brain. Using gPCR, | found that Cemip transcript levels increased in
the brains of mouse embryos with increasing age at the same time as Olig2
transcript levels are increasing (Fig. 6A,B). Immunofluorescense experiments
revealed that PDGFRa-expressing OPCs co-express Cemip in a variety of areas
throughout the developing and adult brain, including the median eminence, an
area of adult oligodendrogenesis in mice (Fig. 6C-F)'®7, as well as in other areas

of the hypothalamus such as the arcuate nucleus (Fig 6G-J).
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Figure 6: qPCR results from developing brains of mouse embryos at indicated
embryonic days indicate that Cemip transcript levels increase in the
developing CNS coincident with Olig2, a marker for oligodendrocyte lineage
cells (A,B). Immunofluorescent labelling of CEMIP and PDGFRa, a marker for
OPCs, in the median eminence (C-F) and arcuate nucleus (G-J) show that
OPCs also express CEMIP in an adult area of oligodendrogenesis. Treating
cultured OPCs with TNFa, one of the cytokines found to be elevated in EAE,
leads to elevated CEMIP transcription (K). * - p<0.05, ** - p<0.01, *** -
p<0.001, **** - p<0.0001

TNFa induces increased Cemip transcription in OPCs

Given that at least some OPCs express Cemip in the developing and
healthy adult brain, and that Cemip expression is greater in demyelinating lesions
than in adjacent normal appearing tissues and in healthy tissues, | tested the
possibility that inflammatory signals within lesions could increase Cemip
expression by OPCs. Similar to what was observed in EAE spinal cord tissue
(Fig. 2C, D), | found that treatment with 10ng/mL TNFa elevated Cemip

transcription in cultured OPCs (p<0.05; Fig. 6K).

CEMIP generates bioactive HA fragments that block OPC maturation

To study the effects of elevated Cemip expression on OPC maturation, |
transiently overexpressed Cemip in OPC cultures under conditions that promote
maturation to OLs. After five days, cultures were fixed and stained for PDGFRa
and MBP, and the ratio of MBP:PDGFRa expression was determined. Compared
to untransfected or empty vector transfected controls, cells that overexpressed
Cemip demonstrated reduced OPC maturation in the presence and absence of

added HMW HA (Fig. 7A-G, p<0.05).
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Figure 7: OPCs were induced to overexpress Cemip or empty vector, and
differentiated in the presence and absence of high molecular weight HA (HMW
HA) for five days. Cells were then immunofluorescently labelled to show
numbers of PDGFRa*™ OPCs, and MBP* OLs (A-F). Cell counts reveal that
Cemip overexpression delays OPC differentiation in the presence and
absence of HMW HA (G). Scale bar = 20pm * - p<0.05, ** - p<0.01

It was previously found that HA fragment sizes between 175 kDa and 300 kDa
attenuated OPC maturation’%. Given my observation that CEMIP is expressed in
demyelinating lesions with reduced HA staining, and that elevated CEMIP blocks
OPC maturation, | hypothesized that CEMIP generates HA fragments in this
bioactive size range. | therefore added HMW HA to cultures of cells transfected
with either an empty vector or a Cemip expression vector then collected the
conditioned medium after 72 hours. | extracted HA from the medium through
phenol/chloroform extraction followed by dialysis in pure water. The distribution of
HA sizes was determined using two methods: first, through agarose gel
electrophoresis combined with staining with Stains-All to demonstrate the overall
distribution of HA sizes; then using a nanopore assay'%8. Both methods revealed
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that, when compared to HMW HA in solution or conditioned medium from vector-
transfected cells, Cemip overexpression leads to the catabolism of HMW HA to
fragments with peak sizes between approximately 210 kDa and 500 kDA,
overlapping with the sizes of HA previously reported to inhibit in vitro OPC
differentiation (Fig. 8A, B). Furthermore, when these CEMIP-produced HA
fragments were added to OPC cultures under conditions that promote OPC
maturation, they blocked OPC maturation to a greater degree than HMW HA

alone (Fig. 8C-H).
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Figure 8: Cells were induced to overexpress Cemip, and HMW HA was added
to culture medium for 3 days. HA was then extracted from conditioned
medium using phenol/chloroform, and dialyzed with water to purify HA. The
sizes of the resulting HA was determined using agarose gel electrophoresis
(A, L —ladder, HMW — HMW HA, V — Vector conditioned medium, C — CEMIP
conditioned medium) and a solid-state nanopore assay (B). Both assays
revealed that Cemip overexpression leads to the digestion of HMW HA to
sizes previously found to delay OPC differentiation, approximately 100-500
kDa range. Treating differentiating cultured OPCs with these fragments leads
to a delay in differentiation that is larger than HMW HA (C-G, p values are
from comparing differentiation rates between no HA control and each
condition, inset is no primary control). Scale bar = 100um. * - p<0.05, **** -
p<0.0001.

HA fragments produced by CEMIP delay functional remyelination

| have established that HA fragments produced by CEMIP activity inhibit in
vitro OPC maturation. To determine if these fragments influence functional
remyelination in vivo, | induced focal demyelination in the corpus callosum of
mice by stereotactic injection of lysolecithin, co-injecting either PBS (vehicle), or
purified HA fragments from either vector transfected or Cemip transfected cells.
Seven days-post injection, brains were harvested and slices that included the

lesion area were analyzed for changes in conduction velocities using compound
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action potential (CAP) recordings. Following recordings, tissues were analyzed
by immunohistochemistry for MBP 135, Compared to PBS or vector fragment
controls, mice co-injected with CEMIP-produced HA fragments exhibited reduced
conduction velocities and reduced MBP immunolabeling, consistent with delayed

remyelination (Fig. 9A-I).
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Figure 9: Lysolecithin and vehicle (PBS), and HA fragments purified from
either vector CM or CEMIP CM (100ug/mL) were co-injected into the corpus
callosa of mice. 7 days later, brains were harvested and assessed for
remyelination using compound action potential recordings (A-C) and
immunolabelling of MBP in fixed brain sections (D-l). Brains co-injected with
HA fragments produced by CEMIP activity show delayed remyelination rates
when compared to both PBS control and Vector CM (mainly HMW HA).
Arrowheads and dotted lines denote lesion areas Scale bar = 100um.

Discussion
There is an unmet need for therapeutic interventions that promote
remyelination in demyelinating diseases, including MS. | have found that the

CEMIP hyaluronidase is transcriptionally elevated in demyelinating lesions in
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mice with EAE and in MS patients. Furthermore, cultured OPCs had increased
expression of Cemip after treatment with TNFa, supporting a role for pro-
inflammatory mediators in regulating Cemip expression. | also found that
elevated CEMIP levels in OPCs generates HA fragments that can block OPC
maturation and delay functional remyelination. These findings support the notion
that hyaluronidase activity, and particularly CEMIP, in demyelinating lesions

contributes to remyelination failure in inflammatory demyelinating diseases.

| found that Cemip is elevated coincident with Has? and Has2 expression in the
lumbar spinal cord during EAE progression. This is consistent with previous
studies showing that HA accumulates in demyelinating lesions®. A previous study
reported increased expression of Has3 in demyelinating lesions using
immunohistochemistry, but did not examine Has1 or Has2 expression. | did not
observe significant levels of Has3 transcription at any stage of EAE progression.
It is unclear, therefore, the degree to which HAS3 contributes to HA accumulation
in demyelinating lesions. Nonetheless, | propose that HA accumulates in lesions
and is catabolized by CEMIP expressed by OPCs recruited to areas of
demyelination. When there are sufficiently high levels of HA, CEMIP-generated
HA fragments reach levels that feed back on OPCs, blocking their maturation. My
findings here suggest that CEMIP generates sizes of HA that have been shown
to block OPC maturation through a toll-like receptor-4 based mechanism via

inhibition of AKT signaling'°. Consistent with this idea, a hyaluronidase inhibitor
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whose targets include CEMIP activity reverses the effects of HMW HA on AKT

phosphorylation 3.

In addition to Cemip, Hyal2 also demonstrated significant increases in expression
in spinal cord tissues from mice with EAE. However, this increase was only
observed at 21 dpi. HYALZ2 is a glycosylphosphatidylinositol-anchored enzyme
located at the cell surface'®. In at least some cell types, HYAL2 digests HMW HA
into fragments of approximately 10-20 kDa??°. These fragments are taken up into
cells through receptor-mediated endocytosis. Given the later time at which Hyal2
is induced during EAE progression, and the sizes of HA fragments generated by
HYALZ2, it is unlikely that digestion of HA by HYALZ2 contributes to the inhibition of
OPC maturation. Two other hyaluronidase, TMEM2 and PH20/SPAM1, have also
been implicated in regulating OPC morphology'%’- 291, However, it is unclear if
either function as hyaluronidadses in the CNS. | did not observe any changes in
Tmem?2 transcription during EAE progression and | did not detect the expression

of Ph20 in these tissues via qPCR.

My data showing that CEMIP is elevated in demyelinating EAE and MS lesions
are in agreement with a previous study that also found that CEMIP was present
in areas of reduced myelin and reduced HA'%4, However, this earlier study
reported that Cemip expression was predominantly in astrocytes. | found that
astrocytes from healthy brain tissue lack Cemip transcripts based on RNAseq

analyses, and | did not observe Cemip expression in GFAP-immunolabeled
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astrocytes in demyelinating lesions or in healthy tissues. | validated the
expression of Cemip using multiple approaches including (1) gPCR analyses of
tissues and cells grown in vitro; (2) staining CEMIP-negative cells transfected
with a Cemip cDNA,; and (3) co-staining cells and tissues with antibodies and in
situ hybridization probes. It is possible that the antibody used in the previous
study was not specific for CEMIP. It is also possible that under some conditions,
astrocytes may transiently express Cemip, however | did not observe such
expression at any stage of EAE. My data also suggest that /ba7-expressing
microglia and Cd3 expressing lymphocytes largely lack CEMIP expression, while
OPCs and endothelial cells are CEMIP-positive. Other cell types, including
immune cells, may also express Cemip but | was unable to identify positive cells

in those populations.

Interestingly, in addition to observing elevated Cemip expression within
demyelinated lesions in MS cases, | also observed CEMIP protein around blood
vessels and at the borders of some lesions. At least some of the staining around
blood vessels appears to involve brain vascular endothelial cells, consistent with
the RNAseq findings that endothelial cells express Cemip. This finding suggests
that CEMIP may play a role in regulating brain vascular endothelial cell function
and integrity, which could influence disease progression by altering how immune
cells enter the CNS. In addition, the patterns of CEMIP staining in MS cases
were distinct from what was observed in mice with EAE. The lesions in the MS

cases that were analyzed were mostly inactive and therefore might not include as
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many OPCs or other cells with elevated CEMIP expression. Future studies will
elucidate the differences in CEMIP expression between MS and EAE, as well as

the role of elevated CEMIP in vascular endothelial cells.

Given that TNFa and the other pro-inflammatory mediators that are elevated in
inflammatory demyelination are also involved in a variety of other CNS insults
including stroke, seizures, and traumatic brain injury202-2%4 it remains to be
determined if CEMIP expression is altered in these conditions as well, and
whether bioactive HA fragments produced by CEMIP influence the progression of
these conditions. Interestingly, a recent study of perinatal brain injury in sheep
found that S3, which can inhibit CEMIP activity, prevented seizures?°. This
finding is interesting given that chronic demyelination can lead to seizures in

neonates?%,

My studies have highlighted CEMIP as a tractable target for small molecule
inhibitors to accelerate functional remyelination. Indeed, it was previously found
that a small molecule inhibitor that blocks CEMIP activity accelerates functional
remyelination3®. Receptors and their downstream mediators that signal in
response to HA fragments produced by CEMIP could also be targets to
accelerate OPC maturation and remyelination at lesion sites. This could be
paired with current and future immunomodulatory therapies to both reduce the
number of MS attacks and increase remyelination rates. | propose that such a

strategy has the potential to limit disease progression while promoting CNS
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repair, potentially reversing neurological impairments for the many patients who

live with demyelinating diseases.
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CHAPTER 3: DISTINCT CHEMICAL STRUCTURES INHIBIT THE CEMIP
HYALURONIDASE AND PROMOTE OLIGODEDROCYTE PROGENITOR
CELL MATURATION

For submission to the Journal of Biological Chemistry

Note: the work involving data collection and analysis to generate Tables 4 and 5,
as well as figures 10 and 11, were not completed by the author but by
collaborating laboratories. The structural analysis of tested compounds to identify

functional groups important to inhibitory activity was performed by collaborators.

Introduction

Dynamic changes in the composition of the extracellular matrix (ECM) are
implicated in the regulation of a wide variety of cellular activities including cell
division, migration, differentiation, and survival. For example, the ECM can
influence the behaviors of cells during embryonic development but also the
proliferation and metastasis of cancer cells?%’. In the central nervous system
(CNS), alterations in the ECM contribute to neuroplasticity but can also limit

repair processes in neurodegenerative diseases® 207-209,

Glycosaminoglycans and proteoglycans are major components of the ECM that
can influence each of these cellular processes. In particular, increased synthesis
of the extracellular glycosaminoglycan hyaluronan (also called hyaluronic acid;

HA), accompanied by HA catabolism through hyaluronidase activity, is associated
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with cancer progression and poor prognosis, as well as delayed recovery in CNS
insults, including multiple sclerosis (MS) and ischemic injury 191210, These
pathological effects are linked to the accumulation of HA fragments of various
sizes that have distinct biological activities'®'. Inhibiting hyaluronidase activity
using a small molecule-based therapy may therefore be a tractable method to

improve patient outcomes in cancer, CNS diseases, and other conditions.

Elevated expression of the hyaluronidase CEIl Migration Inducing and
hyaluronan binding Protein (CEMIP) has been associated with increased
metastasis and poor prognosis in multiple cancer types, including colorectal 2'":
212 thyroid 213, gastric 2’4, and hepatic cancers 2'% 216, Furthermore, Cemip
expression in tumor exosomes increases metastases to the brain in mice, and
increased CEMIP expression in human tumors is associated with increased
numbers of brain metastases in patients 2'”. CEMIP has also been implicated in
the pathogenesis of MS, a disease characterized by inflammatory demyelination
in the CNS, leading to sensory, motor, and cognitive dysfunction 8% 218,
Chronically demyelinated MS lesions exhibit an accumulation of oligodendrocyte
progenitor cells (OPCs) that fail to differentiate into myelinating oligodendrocytes.
This is in part due to elevated hyaluronidase activity, producing bioactive HA
fragments that directly inhibit OPC differentiation82 189,190 CEMIP expression is
reported to be elevated in demyelinating MS lesions'®4, and an inhibitor that
blocks the activities of some hyaluronidases, including CEMIP, increased

functional recovery in a rodent model of MS'3%, Targeting CEMIP hyaluronidase
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activity with therapeutic small molecule inhibitors may therefore be an efficacious
method to promote repair following CNS insults, reduce cancer cell metastasis to
the brain, and reverse other pathological conditions linked to elevated HA

catabolism.

Numerous hyaluronidase inhibitors have been characterized with varying
degrees of efficacy in blocking HA digestion?'®. These include synthetic and
plant- derived compounds, proteins, polysaccharides, fatty acids, and
glycosaminoglycans. Among plant-derived inhibitors, flavonoids, their
biosynthetic precursors chalcones, and the closely related compound class of
aurones, have been found to have anti-cancer, anti-inflammatory, and
hyaluronidase inhibitory activities84 220-224_Recently, a structural derivative of the
flavone apigenin was described that selectively inhibited CEMIP activity over
other hyaluronidases’®>. Named S3, the flavone was also found to accelerate

functional remyelination in a mouse model of demyelinating disease .

Although S3 inhibited hyaluronidase activity, it only poorly crosses the blood-
brain barrier, is relatively insoluble, and requires relatively high doses to block
CEMIP activity. S3, therefore, is unlikely to be useful as an intravenous or oral
drug to treat elevated CEMIP activity that contributes to disease pathogenesis.
Here, | took a two-pronged approach to identify novel CEMIP inhibitors to better
understand the chemistry of hyaluronidase inhibitors and to identify potential lead

compounds for therapeutic use. | screened a library of novel, synthetic
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compounds and also screened a large number of plant extracts for novel agents
that block CEMIP activity. | then compared the agents | identified to S3 with
regards to their anti-hyaluronidase activity in both a tumorigenic cell line and in
primary cultures of OPCs, then examined the best of these compounds for their

ability to influence cell proliferation, survival and differentiation.

Materials and Methods:
Identification of Novel Hyaluronidase Inhibitors
Inhibitors were chemically synthesized and screened for inhibitory activity

as described previously??°.

Orange dahlia flowers were obtained from a local garden and were quickly
frozen. The petals were crushed and about 500 grams (125 g dry weight) were
extracted 3 times with methanol at room temperature on a shaker for 6 to 10
hours each. Solvent was filtered and evaporated under reduced pressure to
obtain about 55 g of residue. 50 mL of water was added to the residue which was

extracted with ethyl acetate.

The ethyl acetate extract was dried under reduced pressure to yield about 15 g.

The residue was dissolved in ethyl acetate and methanol, added to silica gel and
dried. It was separated using silica gel flash chromatography system (Reveleris,

Buchi) using a gradient of hexane to ethyl acetate to methanol. Fractions were

collected, visualized with silica gel thin layer chromatography after eluting with
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7:1 chloroform: methanol to yield 14 fractions and fumed with iodine to identify

flavonoids.

The fractions were assayed for their ability to inhibit the activity of hyaluronidase.
Active fractions were pooled and chromatographed as before with flash
chromatography. Fractions eluting with 40-80% ethyl acetate in methanol were
most active against hyaluronidase. Fraction 7 was a yellow powder identified as
sulfuretin (molar mass, 270.24, melting point 300-303°C). Other flavonoid

fractions contained apigenin, luteolin, naringenin, eriodictyol and butein.

Cell Culture

Human embryonic kidney 293T cells were cultured in Dulbecco’s modified
eagle medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS,
Atlas Biologicals). 293T cells were passaged using 0.25% trypsin (Gibco) for cell
detachment/dissociation. Primary mouse oligodendrocyte progenitor cells
(OPCs) derived from oligospheres were cultured as described previously'%7.
Briefly, OPCs were cultured in DMEM:F12 (Gibco) supplemented with 0.1%
bovine serum albumin (BSA, Fisher), recombinant platelet-derived growth factor
AA (PDGF-AA, Promega), and fibroblast growth factor-2 (FGF-2), B27
supplement without vitamin A (Gibco), N1 supplement (Sigma), and Biotin

(Sigma). Cells were passaged using Accutase (Invitrogen).
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Viability Assay

Cell viability was assayed using crystal violet adapted from?2%. Briefly, 12-
well plates (Corning) were seeded with 2x10° 293T cells or OPCs per well. The
next day, DMSO (vehicle, Fisher) or inhibitors were added to the culture medium.
Cells were grown for three days, fixed in Zamboni’s fixative (4% PFA with picric
acid, see 227), and stained with 0.5% crystal violet (Fisher). Stained cells were
washed in distilled water, and imaged on a scanner. Changes in viability were
determined by measuring differences in percent area cell coverage between

wells in ImageJ.

Proliferation Assay

5-Bromo-2-deoxyuridine (BrdU) uptake and Ki67 expression were
measured to determine cell proliferation'. Cells were seeded on coverslips
(Carolina) in 24-well plates (Corning), at 1x10° per well for both 293T cells and
primary OPCs. 293T cells were plated on uncoated coverslips, while OPCs were
plated on poly-L-ornithine (Sigma) coated coverslips??8. The following day, the
appropriate amount of DMSO or inhibitors were added to wells. 24 hours later,
BrdU (Sigma) was added to wells at a final concentration of 10uM. 293T cells
were allowed to incubate for 4 hours, while OPCs were incubated with BrdU for
12 hours. Cells were fixed in Zamboni’s fixative (see above in Viability Assay)
and assayed for BrdU and Ki67 expression using immunocytochemistry
(described below). Changes in numbers of Ki67 and BrdU expressing cells were

measured using ImageJ.
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HA Digestion Assay

Cemip expression vector (Catalog MR217955) and empty vector (Catalog
PS100001) were purchased from Origene. All transfections were completed
using Fugene HD (Promega). To test for hyaluronidase activity in live cells, 6x10°
293T cells or 3x10% OPCs were cultured on 10cm? polystyrine dishes (Fisher)
overnight for transient transfection. The following day, cells were transfected with
10pg plasmid using Fugene HD at a ratio of 1:3 DNA to transfection reagent for
293T cells, and 1:6 for OPCs. The next day, the cell culture medium was
replaced. 48 hours after transfection, cells were re-plated into 24-wells plates, at

a concentration of 1x10° per well for 293T cells and 2x10° per well for OPCs.

The following day, cell culture media was replaced with dye-free, serum-free
medium containing high molecular weight hyaluronic acid (Lifecore Biomedical)
at 50ug/mL with and either no other additions, dimethyl sulfoxide (DMSO,
vehicle), or each inhibitor at the indicated concentrations. Culture medium was

collected 72 hours later and used directly in agarose gel electrophoresis assays.

HA was separated by size using agarose gel electrophoresis and analyzed by
densitometry as previously described'3°. Briefly, size separation was achieved in
0.5% HGT agarose gel (SeaKem) in tris-borate EDTA. The gel was stained in
0.005% Stains-all (Fisher) in 50% ethanol overnight, and washed in 10% ethanol,
all in the dark. Gels were de-stained in light and then photographed.

Densitometry was used to determine percent CEMIP inhibition in ImagedJ as
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described previously'3. Briefly, pixel density of HMW HA was determined for
each lane, and absorbance normalized to a 0-100% scale, HMW HA pixel density
in the CEMIP lanes (no additions) being 0% and pixel density in the vector-
transfected lanes being 100%. A CEMIP inhibition value of above 100% means

the absorbance is above that seen in the vector-transfected lane.

OPC Differentiation Assay

OPCs were differentiated in vitro as described previously'06. 107,135,182,
OPCs were plated on poly-ornithine (Sigma) coated coverslips in 24-well plates
at 3x10* cells per coverslip. The following day, OPC culture medium was
replaced with DMEM:F12 supplemented with N-acetyl cysteine (NAC, Sigma)
and triiodothyronine (T3, Sigma) with and without HMW HA, vehicle, or each
inhibitor at indicated concentrations. Differentiation medium was replaced daily,
and cells were fixed in Zamboni’s fixative (4% PFA in phosphate buffer and
aqueous picric acid, see above). Immunocytochemistry was used to determine
relative amounts of PGFRa* OPCs and MBP™ oligodendrocytes as described
previously, and percent area coverage of each marker was calculated using

ImageJ to determine the ratio of MBP/PDGFRa expression.

Immunocytochemistry
Immunocytochemistry was performed on fixed cells as described
previously'06. 107. 135 Cells were permeabilized with 0.5% triton X-100 (Sigma) in

1X phosphate buffered saline (PBS) for 15 minutes, and then blocked in 5%
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normal goat serum (Fisher) in 1X PBS for two hours. Blocking buffer was
replaced with blocking buffer and appropriate primary antibodies, and incubated
at 4°C overnight. The following day, cells were washed in 0.05% triton X-100 in
1X PBS times for five minutes each, and then secondary antibody was added for
two hours at room temperature. Cells were then washed three times with 0.05%
triton in 1X PBS, counterstained with DAPI (Molecular Probes, 1:5000
concentration in 1X PBS for 3 minutes) and mounted onto glass slides (Fisher)

using Fluoromount-G (Southern Biotech).

The following primary antibodies were used: PDGFRa (BD Pharmigen Catalog
No. 558774, 1:100 dilution); MBP (Biolegend Catalog No. 808402, 1:800
dilution); Ki67 (Invitrogen Catalog No. MA5-14520, 1:250 dilution); BrdU
(Invitrogen Catalog No. B35128, 1:250 dilution). The following secondary
antibodies were used, all purchased from Invitrogen and used at a 1:1000
dilution: Goat anti-mouse AF488 (Catalog No. A11029); goat anti-mouse AF546
(Catalog No. A11003); goat anti-rabbit AF546 (Catalog No. A11035); goat anti-rat

AF488 (Catalog No. A11006).

Imaging
Stained cells were imaged using an Olympus VS 120 SlideScanner with
the following objectives: 2x/0.08NA Olympus Plan ApoN, 10x/0.40NA Olympus

UPlanSApo, 20x/0.75NA Olympus UPlanSApo, and 40x/0.95NA UPlanSApo. The
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2x objective was used for overview scans. Cells were imaged at 20x on one

plane. Analyses were performed using Fiji/lmagedJ (National Institute of Health).

Statistics

A statistically significant difference between conditions were determined
using a one-way ANOVA with Tukey’s multiple comparison test for all assays
performed. Statistical calculations were made in GraphPad Prism. A p-value

below 0.05 was considered significant.

Results

Identification of novel hyaluronidase inhibitors

To understand the range of chemical structures that can block CEMIP
activity, collaborators first screened for both naturally occurring and synthetic
agents that could block the activity of a similar hyaluronidase, bovine testicular
hyaluronidase, the activity of which is mostly linked to the PH20 hyaluronidase in
sperm?2%-231  For the natural products screen, bovine testicular hyaluronidase (50
U/ml) was mixed with high molecular weight (HMW) HA (>1 MDa) as a substrate
along with fractionated extracts from a variety of plants. The extracts were tested
for their ability to block HA digestion as assessed by gel electrophoresis and
labeling with Stains-All as previously described?32. Several fractions were
identified different plants that were able to block hyaluronidase activity at least
partially (Table 4). Using NMR spectroscopy, it determined that the active

molecules in each fraction were flavonoids. The most active fraction, compound
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F (Table 4), was the aurone sulfuretin (Fig. 10A, Table 5) which had not
previously been isolated from coreopsis (tickseed) flowers. Previous studies
suggested that sulfuretin has anti-inflammatory, neuroprotective, and anti-cancer
activities?33-237 but none had supported a role for sulfuretin as a hyaluronidase
inhibitor. Analyzing the chemical structures of the naturally derived compounds

reveals multiple similarities and differences between the structures (Fig. 10).

Extract Source
A Primula
B Apple
C Rose
D Geranium
E Glycyrrhiza
F Coreopsis
G Marigold
H Alfalfa
| Columbine B6
J Dahlia 1 #5
K Dahlia 1 #9
L Columbine 2
M Dahlia 3

Table 4: Extracts and plant sources
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A
Sulfuretin

Cc

Figure 10: Structures of flavonoids extracted from Dahlia flower. Red boxes
denote similarities between compound structures and A) sulfuretin, while blue
boxes denote differences.

Compound Flavonoid Molecular Molecular CAS
Name Class Formula Weight number
Sulfuretin Aurone C15H100s5 270.24 120-05-8
Butein Chalcone C15H120s5 270.25 487-52-5
Apigenin Flavone C15H100s5 270.24 520-36-5
Luteolin Flavone C15H100e 286.24 471-70-3
Naringenin Flavanone C15H120s5 272.26 480-41-1
Eriodictyol Flavanone C15H1206 288.26 552-58-9

Table 5: Flavonoids isolated from dahlia and coreopsis that were found to actively

inhibit PH20 hyaluronidase activity.

As a complementary strategy to identify additional hyaluronidase inhibitors,

collaborators screened a compound library for additional molecules with

hyaluronidase inhibitor activity as previously described??°. Two molecules, BIC-

1A and BIC-4A, were found that had strong inhibitory activity (Fig. 11A,B).
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Figure 11: Chemical structures of the synthetically-derived compounds A)
BIC-1A and B) BIC-4A.

Both synthetic and natural hyaluronidase inhibitors block CEMIP activity in live
cells

| tested the CEMIP hyaluronidase inhibitory activity of sulfuretin, BIC-1A,
and BIC-4A in live tumorigenic 293T cells and primary cultures of OPCs induced
to express Cemip, and compared their activities to the S3 hyaluronidase inhibitor
as previously described '3°. | found that sulfuretin, BIC-1A, and BIC-4A
demonstrated inhibitory activity that is superior to S3 (Fig.12). In the 293T cell
line, | found that the BIC-1A and sulfuretin were both potent CEMIP
hyaluronidase inhibitors (Fig.12A and B, upper). Surprisingly, in primary
oligodendrocyte progenitor cells (OPCs), sulfuretin was distinct in its ability to
inhibit CEMIP hyaluronidase activity even at lower concentrations (Fig.12B,
lower). These differences in results likely reflect differences in the cell tolerances
to the compounds, and well as differences in drug uptake/exposure to CEMIP

between the two cell types.
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B CEMIP Transfected

Ve TR TER e R Percent CEMIP Inhibition - 293T cells
HA (-) Veh s3 BIC-1A  BIC-4A  Sulfuretin

7.54M 18.55M 7.5)M 18.5uM 7.5pM 18.5uM  7.5uM 18 5uM

Percent Inhibition

Percent Inhibition

Figure 12: Synthetically and naturally derived compounds inhibit CEMIP
hyaluronidase activity. A) Representative HA agarose gel showing 293T cells
overexpressing CEMIP degrade HMW HA, and multiple compounds (BIC-1A,
BIC-4A, and sulfuretin) block this hyaluronidase activity. B) Quantification of
inhibitory activity of each compound in comparison to S3 in 293T cells (upper)
and culture OPCs (lower). * - p<0.05, ** - p<0.01, *** - p<0.001, **** -
p<0.0001, n.s. — not significant.

Cell viability, and not proliferation, is differentially affected by hyaluronidase
inhibitors in different cell types.

Given that previous studies have suggested roles for CEMIP in tumor
growth, | sought to determine if the compounds influence cell survival and/or
altered cell proliferation at the concentrations that demonstrate CEMIP inhibitory
activity. | grew 293T cells and OPCs in the presence of each compound and
assayed cell viability using a crystal violet assay. | found that S3 greatly reduced

the amount of viable 293T cells at higher concentrations (18.5uM; p<0.0001),
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while OPCs were more resistant to cell death (p<0.05; Fig. 13). In contrast, 293T
cell viability was not altered in the presence of any concentration of sulfuretin that
was tested, while OPCs had reduced viability at both 7.5uM and 18.5uM (Fig.

13B, lower). Synthetically-derived BIC-1A and BIC-4A did not appreciably change

cell viability in either cell type at any concentration tested.

No Additions DMSO 0.2% S3 18.5uM

jus]

293T Viability

Nomnalized Cell %Area

0 L3
&é@ & '\'»’0* qﬁ’&‘ «?’"“ %f’\"‘ «f’&‘ b?)* ’\"’o“ s"s
bbeogﬁg\,\v'\’?'\&‘\
Bl P & u"v o O;V & (,p“
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BIC-1A 7.5pM BIC-1A 18.5uM BIC-4A 7.5uM BIC-4A 18.5uM £ 100 ’ P 1‘ «® & - v v 3 e
.

Figure 13: Viability assay of cells exposed to hyaluronidase inhibitors. A)
Representative images displaying 293T cell amounts under normal growth
conditions with indicated inhibitor amounts. B) Quantification of cell viability of
293T cells (upper) and OPCs (lower). * - p<0.05, **** - p<0.0001.

Normalized Cell %Area

To determine if cell proliferation was affected by any of the CEMIP inhibitors, |
measured changes in the amount of 5-bromo-2-deoxyuridine (BrdU) uptake and
Ki67 expression in both cell types. | found no significant change in the
percentages of Ki67* (not shown, the vast majority of cells were positive in all

conditions) or BrdU* cells for any tested condition in both cell types (Fig. 14).
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Figure 14: Cell proliferation rates remain unchanged when exposed to
hyaluronidase inhibitors. A) Representative images of 5-bromo-2-deoxyuridine
(BrdU) uptake of cells exposed to indicated concentrations of hyaluronidase
inhibitors. B) Percentages of BrdU* cells do not change under any condition
for both cell types. Scale bar = 100pm. n.s. — not significant.

CEMIP inhibitors rescue in vitro oligodendrocyte differentiation in the presence of
HMW HA

The in vitro differentiation of OPCs into mature oligodendrocytes is
inhibited by HMW HA 106. 135,182 |nhibiting hyaluronidase activity with the
flavonoid S3 restored OPC differentiation in vitro and functional remyelination
rates in vivo '3. | sought to determine if sulfuretin, BIC-1A, or BIC-4A could also

accelerate OPC differentiation in the presence of HMW HA. | differentiated OPCs
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in the presence of HMW HA and each of the inhibitors. OPC differentiation was
determined using immunocytochemistry to differentially mark platelet derived
growth factor receptor alpha (PDGFRa) expressing OPCs and myelin basic
protein (MBP) expressing mature oligodendrocytes, and the ratio of MBP to
PDGFRa expression was used to determine the percentages of cells that
differentiated 106. 135182 | found that at 18.5 uM, both BIC-1A and BIC-4A
significantly promoted OPC differentiation in the presence of HMW HA (p<0.05

for both compounds; Fig. 15A, B). | did not test the influence of S3 at this

concentration, as it is toxic to OPCs at concentrations >10 yM. Sulfuretin rescued

differentiation rates at a much lower concentration (3.75 uM; p<0.05, Fig. 15C,

D), while S3 had no significant impact on OPC differentiation rates at comparable

concentrations. Altogether, these data confirm that agents that can block CEMIP

activity are capable of promoting OPC maturation, and support the notion that
CEMIP inhibitors have the potential to be used to promote OPC maturation and

remyelination in demyelinating diseases.
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Figure 15: Hyaluronidase inhibitors rescue in vitro OPC differentiation rates in
the presence of HMW HA. A,C) Representative images showing amounts of
PDGFRa+ OPCs and MBP+ oligodendrocytes when exposed to HMW HA, or
HMW HA with indicated inhibitor concentrations. B,D) Quantifications of OPC
differentiation rates in the presence of HMW HA, S3, synthetically-derived
hyaluronidase inhibitors. B) BIC-1A and BIC-4A both accelerate OPC
differentiation in the presence of HMW HA at a concentration of 18.5uM, while

S3 is toxic to cells at this level. D) Sulfuretin is more potent than S3 at rescuing

OPC differentiation rates when exposed to HMW HA. Scale bars = 30um. * -
p<0.05, **** - p<0.0001.
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Discussion

| found that multiple synthetic agents and natural flavonoids act as potent
inhibitors of CEMIP, a novel hyaluronidase implicated in a number of pathological
processes. The molecules | tested differed in their abilities to inhibit CEMIP
activity in two cell types. The synthetic inhibitor BIC-1A had the greatest inhibitory
activity in 293T cells, while sulfuretin was much more potent in primary OPCs.
Although these differences may be explained, in part, by different levels of
CEMIP expression and hyaluronidase activity in the different cell types, other
factors, including CEMIP subcellular localization or cell type-specific differences
in protein-protein interactions could explain why these agents demonstrate
different activities in different cells. Importantly, these differences suggest that

different classes of inhibitors are needed for different cell types.

My findings add to the list of previous flavonoid and related compounds found to
act as hyaluronidase inhibitors. Sulfuretin had not previously been reported to
have hyaluronidase inhibitory activity, and it blocks CEMIP activity at a lower
concentration and with less toxicity than the S3 synthetic flavonoid. The structure
of S3 is based on the structure of another flavonoid, apigenin, that has weak
activity as a broad hyaluronidase inhibitor??9-222, These data indicate that
flavonoid structures can be modified to increase hyaluronidase inhibitory activity
and specificity, and that such structures could be further developed for

therapeutic applications.
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Phenols and polyphenols are known to inhibit the activity of hyaluronidases?2.
Proposed interactive sites between hyaluronidases and these compounds have
been suggested by docking studies and structure-activity relationships?®: 239,240,
Based on these results from my and collaborators experiments and these
previous studies, it is suggested that the following structural features should be

considered when evaluating flavonoids for anti-hyaluronidase activity.

The hydroxyl groups on carbons 6 and 4’ (Fig. 10A) and a carbonyl group on
carbon 3 appear to be essential for inhibitory activity. A double bond between
carbons 2 and 3 and hydroxyl groups on carbons 4 and 5’ appear to be involved

in biological activity, but are non-essential.

In addition to cell type-specific differences in hyaluronidase inhibitory activity, |
found that different inhibitors had distinct effects on cell survival, while none of
the inhibitors tested significantly influenced cell proliferation. These different
effects on cell survival raise the possibility that different classes of CEMIP
inhibitors are selectively toxic to certain cell types. Further investigations will
determine whether such selective toxicity could be effective in treating tumors or

other hyperproliferative conditions.

HA digestion products of specific sizes, and not HMW HA, have been shown to
inhibit OPC differentiation'% 197, Cells of the oligodendrocyte lineage have

hyaluronidase activity'® 197, and inhibiting this endogenous activity is a likely
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mechanism to restore OPC differentiation rates in the presence of HMW HA. The
synthetic flavonoid S3 has previously been shown to accelerate OPC
differentiation in the presence of HMW HA and to promote functional
remyelination3%. | have found that each of the three compounds tested increased
OPC differentiation at a greater rate than S3 at similar as well as lower
concentrations, suggesting that these agents have the potential to be developed
for therapeutics that target CEMIP activity in demyelinating diseases. This may
be especially true for BIC-1A and BIC-4A, which are predicted to cross the blood-

brain barrier (BBB) more readily than S3.

CEMIP expression is correlated with increased tumor metastases and poor
prognosis in numerous cancers 93 211-216 gyggesting that CEMIP hyaluronidase
activity may be contributing to the ability of tumor cells to migrate and colonize
other tissues. This may be due to the generation of HA digestion products. HA
fragments can induce tumor angiogenesis by stimulating endothelial cell
proliferation'4 195 |n addition, HA fragments can influence tumor cell migration
and the expression of matrix metalloproteases that have been implicated in
tumorigenesis and metastasis?'? 241, Consistent with these activities of HA
digestion products that can be generated by hyaluronidases, knockdown of
Cemip expression in tumor cells greatly reduces their ability to metastasize to the
brain and not other organs?'”. My findings in tumorigenic 293T cells indicate that
CEMIP inhibition does not influence tumor cell proliferation under the cell culture

conditions utilized in this study. It is possible, therefore, that CEMIP activity only
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contributes to cancer cell metastasis but not tumor growth, although studies of
the effects of blocking CEMIP activity in vivo are needed to confirm these
findings. Nonetheless, my findings, in conjunction with previous studies, suggest
that cell-type specific CEMIP inhibitors have the potential to treat metastatic
disease. Further explorations into the chemistry of flavonoids and other agents

similar to those identified here will reveal the potential of this strategy.
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Chapter 4: Conclusions

Cemip is elevated during inflammatory demyelination

Through multiple methods, | have demonstrated that CEMIP is elevated
during inflammatory demyelination in mouse and human lesions. In mice, Cemip
is expressed by OPCs and endothelial cells, and not by GFAP™* astrocytes nor
Iba1* microglia. In fact, Gfap expression seems to be mostly absent from active
lesions in mice with experimental autoimmune encephalomyelitis that have
elevated Cemip expression. CEMIP expression is also elevated in lesion areas of

inactive MS lesions in humans.

What remains to be seen is if other cell populations express CEMIP during
inflammatory demyelination, and if these cell types change over time as active
lesions either begin to remyelinate or transition to inactive lesions. While CD3-
expressing T cells do not express Cemip in EAE, other immune cell types might,
including humoral cells and macrophages. It is also possible that pericytes
express CEMIP/Cemip in MS and EAE lesions. More studies need to be
performed to determine the evolution of CEMIP expression over the course of

lesion formation and resolution.

It is also unknown if CEMIP expression changes in other CNS insults. Like with
EAE, qPCR, single-cell RNA-Seq, in situ hybridization, and immunofluorescence
experiments could be used to begin to explore changes in CEMIP levels in other

conditions such as perinatal white matter injury, ischemia, traumatic brain injury,
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and spinal cord injury. Generating a CEMIP reporter mouse line (i.e. Cemip
promotor followed by an eGFP open reading frame) may help determine how
Cemip expression changes in cell types due to different CNS insults. Additionally,
given that the cytokine TNFa increased Cemip transcription in cultured
oligodendrocyte progenitors, it would be interesting to see if TNFa and other

inflammatory cytokines alter Cemip expression in other neural cell types.

The functions of CEMIP in MS and EAE lesions is also currently not completely
understood. | found that Cemip transcript and protein levels were elevated at
EAE lesion sites as well as in meningeal tissue. CEMIP may have a role in
immune cell extravasation and infiltration into CNS tissue during EAE. It would be
interesting to test if genetic ablation of Cemip in different cell types, such as in
endothelial cells or lymphocytes, changes the severity or onset time of EAE in
mice. Total Cemip knockout mice currently exist'3?, making these experiments

readily feasible, as Cemip ablation is not embryonic lethal.

Oligodendrocyte progenitor cells express Cemip in health and disease

| found that 1) cultured OPCs express Cemip, and this expression
decreases as they differentiate into oligodendrocytes, 2) PDGFRa* and OLIG2*
cells express Cemip in EAE lesions, and 3) Cemip transcription in developing
mouse embryos increases coincident with Olig2, and 4) PDGFRa™ cells express

Cemip in the mouse hypothalamus, including the oligodendrogenic niche the
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median eminence. These results demonstrate that OPCs express Cemip in

healthy tissue, and this expression is elevated in disease.

What currently remains unclear is the function of CEMIP in OPCs at different
times. CEMIP in part was given this name for inducing cell migration and
metastasis in cancers such as colorectal cancer'9? 19 CEMIP may also promote
cell migration in CNS cell types, including OPCs. Given that the CNS
extracellular matrix is largely HA-based, local degradation of HMW HA by
increased CEMIP activity may help allow migrating cells to proceed to their
destinations. It will be interesting to test whether genetic ablation of Cemip
changes how OPCs migrate to lesion sites. Previous studies found that CD44
ablation in OPCs prevented their directed migration to a demyelinated lesion in
mice'®*, and it remains to be seen if CEMIP is also required for successful OPC

migration to lesion sites.

There also may be other roles of CEMIP in the developing and adult CNS, such
as in neurogenic and oligodendrogenic niches, that remain to be elucidated. For
example, what is the function of CEMIP in the median eminence and other
hypothalamic nuclei? EAE does change oligodendrogenesis rates in the median
eminence'®, and the role of CEMIP in this process is currently not known. Do
EAE and other inflammatory demyelination states change Cemip expression in
other brain areas, and is this change brought about by exposure to inflammatory

cytokines as it seems to occur in local EAE lesions?
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CEMIP hyaluronidase activity produces bioactive HA fragments

| also determined that in two different cell types, the 293T cell line and
cultured primary OPCs, elevated Cemip expression leads to the catabolism of
HMW HA to bioactive sizes (approximately 100-500kDa). Previous studies
determined that similar HA fragment sizes (between 175 and 300kDa) delayed
OPC differentiation in vitro?%. These fragments seem to initiate cellular signaling
cascades by binding to TLR4 on OPCs, leading to persistent depression of
phospho-AKT levels and the dissociation of the chromatin remodeling factor
BRG1 and the transcription factor OLIG2 from promoters of myelin genes such

as MBP106,

HA fragments produced by CEMIP activity delayed OPC differentiation in vitro
and in vivo remyelination rates. Further studies should be conducted to
determine whether these fragments have the same mechanism of action as other
HA fragments. Both pharmacological inhibition and genetic ablation of Tir4 in
cultured OPCs could be used to see if CEMIP HA fragments signal through TLR4
to delay OPC differentiation. For example, a TLR4 inhibitor could be tested to see
if it accelerates in vivo remyelination in the presence of CEMIP generated HA
fragments. These future studies would help determine if TLR4 inhibitors could be
used to accelerate functional remyelination in MS and other forms of

demyelination.
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Further studies could also be conducted to determine if CEMIP-generated HA
fragments lead to phospho-AKT depression in OPCs, as well as changes in the
binding of Brg1 and OLIG2 to myelin genes. A combination of western blotting
and chromatin immunoprecipitation followed by high-throughput sequencing
could be used to begin to determine if CEMIP-produced HA fragments delay
OPC differentiation using the same mechanisms as previously tested HA

fragments'%®

My results have led to the hypothesis that Cemip expression is abnormally
elevated in EAE, at least by OPCs and endothelial cells, due to the local release
of inflammatory cytokines such as TNFa, leading to an increase in the levels of
the products produced by CEMIP hyaluronidase activity (i.e. bioactive HA
fragments, Figure 16). These fragments then directly interact with local OPCs,
delaying their differentiation into myelinating oligodendrocytes and thus
remyelination. These studies have identified CEMIP as a target for hyaluronidase
inhibitors to accelerate functional remyelination during inflammatory

demyelination.
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Figure 16: Summary of findings. Inflammatory cytokines released in a
demyelinating lesion microenvironment increases Cemip expression in OPCs
and endothelial cells, producing bioactive HA fragments that inhibit
remyelination. Potential mechanisms for HA-fragment induced remyelination
delay are included as well (dotted lines, question marks).

Naturally and synthetically derived small molecules inhibit CEMIP hyaluronidase
activity

My studies have also determined that S3, which accelerates in vivo
functional remyelination'3®, also inhibits CEMIP hyaluronidase activity. | further
found that one naturally derived compound, sulfuretin, and two synthetically
derived small molecules, BIC-1A and BIC-4A, all inhibit CEMIP hyaluronidase
activity in 293T cells and OPCs. Sulfuretin has some structural similarities to S3
and the flavonoid apigenin, which also has hyaluronidase inhibitory activity??2.

BIC-1A and BIC-4A are better tolerated by 293T cells and can be used at higher
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concentrations to block CEMIP activity when compared to S3, while sulfuretin is

more potent at inhibiting CEMIP than S3 in both cell types.

The two cell types used, primary OPCs and the HEK 293T cell line, had different
sensitivities to the compounds. S3 seems to be more toxic to 293T cells than
OPCs, while the opposite seems to be true for sulfuretin. Furthermore, BIC-1A
and BIC-4A only significantly inhibited CEMIP activity in 293T cells and not
cultured OPCs overexpressing Cemip. This could be due to differences in Cemip
expression after transient transfection between cell types, leading to lower
expression of Cemip in OPCs, as well as the challenge of determining changes
in HMW HA levels via gel electrophoresis. Analyzing the HA fragments with a
solid state nanopore assay would more accurately determine if these compounds
inhibit CEMIP activity, and by how much. It is also possible that the small
molecule inhibitors have different exposure levels to CEMIP between the cell
types, possibly due to CEMIP interacting with different partners between the cell

types. The true reason for the cell type differences remains unclear.

Naturally and synthetically derived CEMIP inhibitors accelerate OPC
differentiation in the presence of HMW HA

All three inhibitors, BIC-1A, BIC-4A, and sulfuretin accelerated functional
remyelination in the presence of HMW HA. BIC-1A and BIC-4A can be used at
higher concentrations than S3 to rescue OPC maturation, as they are better

tolerated by OPCs. On the other hand, sulfuretin was more potent than S3 at
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accelerating OPC maturation. These promising results show that small molecules
related to flavonoids, or synthetically derived small molecules, can possibly be
used to accelerate functional remyelination by inhibiting CEMIP activity during
inflammatory demyelination. The biological effects of inhibiting CEMIP activity
and accelerating OPC differentiation do not seem to be unique to a small number
of compounds, leading to the possibility of large libraries of compounds being
screened to develop a potent CEMIP inhibitor that is well tolerated by cells and

can accelerate OPC differentiation and functional remyelination.

Currently, BIC-1A, BIC-4A, and sulfuretin may all be tested for their abilities to
accelerate functional remyelination after focal demyelination, much like S35, If
the results of these studies are promising, some of these compounds could
possibly be used in trials to increase remyelination rates in Japanese macaque
encephalomyelitis a model of neuroinflammatory demyelination that closely
mimics MS242244 to test their potential safety and efficacy. BIC-1A and BIC-4A
were designed to cross the blood brain barrier more readily than S3, leading to
the possibility of developing an intravenous or even oral treatment to accelerate

functional remyelination in humans.

Other potential uses for bioactive flavonoids and related compounds
CEMIP expression is correlated with increased metastasis and poor
prognosis in multiple cancer types'®? 193, It is possible that elevated CEMIP

hyaluronidase activity in tumors can increase their ability to metastasize and
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colonize other organs in the body. In fact, the presence of CEMIP in tumor
exosomes increases the ability of tumors to colonize the CNS2'7. More studies
remain to be completed to determine if CEMIP hyaluronidase activity plays a role
in tumor cell progression, metastasis, or colonization of other tissues. If so, there
is a potential to use small molecule flavonoid-like compounds as a treatment

option to reduce tumor cell metastasis and colonization.

Sulfuretin is toxic to OPCs at levels that are tolerated by tumorigenic 293T cells,
and OPCs are more tolerant to S3 than 293T cells. BIC-1A and BIC-4A do not
alter cell viabilities at the tested concentrations. These findings suggest
developing small molecules that are toxic to specific cell types, namely tumor
cells. The same viability and proliferation assays used here can be applied to
tumor cell lines and primary tumor cultures to screen for compounds that have
selective toxicity to tumor cells. This approach would potentially lead to more

treatments to combat cancers.

Final Conclusions

My studies have provided evidence that the hyaluronidase CEMIP is
elevated during inflammatory demyelination in the CNS, and that this activity
produces bioactive hyaluronic acid fragments that inhibit OPC differentiation and
functional remyelination more potently than high molecular weight HA alone.
Furthermore, multiple small molecules were found that inhibit CEMIP activity and

accelerate OPC differentiation in the presence of high molecular weight HA.
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These studies have identified CEMIP as a promising therapeutic target for
remyelination therapies in MS, and reveal potential small molecule CEMIP

inhibitors that fit this therapeutic role.
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APPENDIX: ADDITIONAL STUDIES PERFORMED

Adapted from Su W, Matsumoto S, Banine F, Srivastava T, Dean J, Foster S,
Pham P, Hammond B, Peters A, Girish KS, Rangappa KS, Basappa, Jose J,
Hennebold JD, Murphy MJ, Bennett-Toomey J, Back SA, Sherman LS. A
modified flavonoid accelerates oligodendrocyte maturation and functional
remyelination. Glia. 2020 Feb;68(2):263-279. doi: 10.1002/glia.23715. Epub 2019

Sep 6. PMID: 31490574; PMCID: PMC8693768.

| performed inhibitor studies to determine if the CEIl Migration Inducing
and Hyaluronan binding Protein (CEMIP) hyaluronidase activity is inhibited by the
modified flavonoid S3. A Cemip expression vector and empty vector were
purchased from Origene. 293T cell cultures were transfected with empty vectors
or Cemip expression vector, then the cell growth medium was replaced with
serum-free and phenol red-free DMEM containing 50 ug/ml high molecular
weight hyaluronic acid, 4.5g/L D-glucose and glutamine, and 110mg/L sodium
pyruvate, and different concentrations of S3. Twenty-four hours later, cell
medium was collected, centrifuged at 12k rpm for 10 minutes, and supernatant

collected.

100 microliters of cell supernatant was mixed with 2 pl of 0.02% Bromophenol
Blue loading buffer (Bio-Rad Laboratories) and analyzed by gel electrophoresis

using a 0.5% agarose (high-gelling-temperature, Fisher) in Tris—acetate—EDTA
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buffer (40 mM Tris, 5 mM acetate [CH3COONa], and 0.9 mM EDTA, pH 7.9).
Gels were stained using the cationic dye Stains-All (Bio-Rad Laboratories) as
previously described?3? and then photographed. The distribution and intensity of

HA in each lane was determined using ImageJ.

| found that S3 inhibited CEMIP hyaluronidase activity in a dose-dependent
manner. Other findings demonstrated that S3 accelerated functional
remyelination in a mouse model of focal demyelination. These findings together
indicate that S3 may be inhibiting CEMIP activity to accelerate in vivo functional

remyelination.

Results not included in manuscript preparations

Previous studies have demonstrated that hyaluronic acid (HA)
accumulates in the central nervous system (CNS) with aging®3-%°. However, there
has been no analysis of how CEMIP changes with aging. | sought to begin to
determine if Cemip transcription changes in the CNS with normative aging in

mice.

| collected brains of mice at 3, 6, and 12 months of age (4 mice for each age) and
extracted the cerebral cortex, hippocampus, cerebellum, and brainstem. RNA
was extracted These four parts, as well as the remaining brain tissue, using an

Macherey-Nagel Nucleospin RNA Plus kit. cDNA was prepared from extracted
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RNA using an Applied Biosciences high capacity cDNA reverse transcription Kit,

and gPCR performed with a SybrGreen master mix from Fisher.

| assessed transcript changes of Cemip, as well as hyaluronic acid synthases 1-
3. | found that in all brain regions except the cortex, where Cemip transcription
first increases then decreases again with age, Cemip transcripts levels decrease
with time (Fig 17A). Hyaluronic acid synthase transcript levels did not change,
except for Has2 which decreases with age in the cortex and hippocampus (Fig

17B-D).

These results indicate that Cemip expression may decrease in the mouse CNS
with age, which could possible explain why hyaluronan levels increase with age.
This is further supported by the results indicating that Has expression does not

change with age.
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Figure 17: Cemip and hyaluronic acid synthase transcript changes with age in
the mouse CNS. Changes in A) Cemip, B) Has1, C) Has2, and D) Has3
transcript levels with age in the mouse cortex (CTX), hippocampus (HC),
cerebellum (CB), brainstem (BS), and remaining brain tissue (DMB). Cemip
transcription generally decreases with age, except in the cortex and
cerebellum. Has1 and Has3 transcript levels were not found to change with
age, while Has2 transcription decreased in the cortex at 6 months of age, and
in the hippocampus with age. Statistically significant differences were
detected using a one-way ANOVA with Tukey’s multiple comparisons test. * -
p<0.05, ** - p<0.01, *** - p<0.001, **** - p<0.0001.
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