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Abstract

Myelination delay and remyelination failure following insults to the central nervous system

(CNS) impede axonal conduction and lead to motor, sensory and cognitive impairments. Both
myelination and remyelination are often inhibited or delayed due to the failure of oligodendrocyte
progenitor cells (OPCs) to mature into myelinating oligodendrocytes (OLs). Digestion products of
the glycosaminoglycan hyaluronan (HA) have been implicated in blocking OPC maturation, but
how these digestion products are generated is unclear. We tested the possibility that hyaluronidase
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activity is directly linked to the inhibition of OPC maturation by developing a novel modified
flavonoid that functions as a hyaluronidase inhibitor. This compound, called S3, blocks some but
not all hyaluronidases and only inhibits matrix metalloproteinase activity at high concentrations.
We find that S3 reverses HA-mediated inhibition of OPC maturation /n vitro, an effect that

can be overcome by excess recombinant hyaluronidase. Furthermore, we find that hyaluronidase
inhibition by S3 accelerates OPC maturation in an /n vitro model of perinatal white matter injury.
Finally, blocking hyaluronidase activity with S3 promotes functional remyelination in mice with
lysolecithin-induced demyelinating corpus callosum lesions. All together, these findings support
the notion that hyaluronidase activity originating from OPCs in CNS lesions is sufficient to
prevent OPC maturation, which delays myelination or blocks remyelination. These data also
indicate that modified flavonoids can act as selective inhibitors of hyaluronidase activity and can
promote OPC maturation, making them excellent candidates to accelerate myelination or promote
remyelination following perinatal and adult CNS insults.
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1. INTRODUCTION

Myelination delay and remyelination failure occur following a number of insults to the
central nervous system (CNS) including perinatal hypoxia-ischemia (Back and Rosenberg,
2014) and autoimmune attacks such as those that occur in patients with multiple sclerosis
(MS; Lassmann, 2014; Stangel et al., 2017). While axonal damage can account for some
myelination and remyelination deficits, there is growing evidence that CNS myelination
deficits in the perinatal and adult brain are linked to the failure of oligodendrocyte
progenitor cells (OPCs) to mature into myelin forming oligodendrocytes (OLs; Franklin
and ffrench-Constant, 2017). Indeed, a number of studies have demonstrated the potential
efficacy of promoting OPC maturation as a strategy to promote remyelination (Cole et al.,
2017). Thus, identifying the mechanisms underlying the inhibition of OPC maturation would
provide novel targets for therapies aimed at accelerating myelination or remyelination.

We and others have demonstrated that high molecular weight (HMW) forms of the
glycosaminoglycan hyaluronan (HA) accumulate in demyelinating MS lesions (Back et

al., 2005; Sloane et al., 2010), in the white matter of infants with periventricular white
matter injury (Buser et al., 2012), following traumatic CNS injury (Struve et al., 2005; Xing
et al., 2013), in vanishing white matter disease (Bugiani et al., 2013), in individuals with
vascular cognitive impairment (Back et al., 2011), and during the course of normative brain
aging (Suzuki et al., 1965; Jenkins and Bachelard, 1988; Cargill et al., 2012; Reed et al.,
2017). HA accumulation is associated with astrogliosis and the accumulation of OPCs that
fail to mature into myelinating OLs in chronic demyelinated lesions (Back et al., 2005;
Segovia et al., 2008; Sloane et al., 2010; Back et al., 2011; Riddle et al., 2011; Buser et al.,
2012; Bugiani et al., 2013), suggesting that HA disrupts remyelination by preventing OPC
maturation (Sherman et al., 2015).
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HA is synthesized in mammals by transmembrane hyaluronan synthases (HAS1-3) and
catabolized by hyaluronidases that depolymerize HA. The function and expression of
different hyaluronidases in the CNS is not well understood. Early studies identified
hyaluronidase activity in both gray and white matter (Margolis et al., 1972) that is

highly regulated during embryonic CNS development (Polansky et al., 1974). As different
hyaluronidase genes were characterized, their expression in the CNS has been controversial.
For example, Hyal2 was originally described as absent from the brain (Strobl et al., 1998)
while later studies indicated that Hyal2 is expressed by at least some CNS cell types
including astrocytes, OL-lineage cells, and brain endothelial cells (Sloane et al., 2010;
Lindwall et al., 2013; Preston et al., 2013; Chowdhury et al., 2016). Other hyaluronidases
are also expressed in the CNS including HYAL1 and HYAL3 (Csoka et al., 1998; Triggs-
Raine et al., 1999; Sloane et al., 2010; Preston et al., 2013), the recently characterized
hyaluronidase transmembrane protein-2 (TMEMZ2) (Golan et al., 2008; Marques et al., 2016;
De Angelis et al., 2017; Yamamoto et al., 2017) and the Cell Migration-Inducing hyaluronan
binding Protein (CEMIP) (also called HYBID and KIAA1199), which has been implicated
in hippocampal learning and memory (Yoshino et al., 2017). TMEM2 and CEMIP appear to
share some features with two other hyaluronidases, PH20 (also called SPAM1) and Hyal5,
which are localized to the cell surface, can digest extracellular HA at neutral pH, and have
been implicated in fertilization (Reitlinger et al., 2007).

OPCs can digest HA and express multiple hyaluronidases (Sloane et al., 2010; Golan et al.,
2008; Preston et al., 2013; Marques et al., 2016). We previously reported that the activities
of PH20, Hyal2, and Hyal5 blocked OPC maturation when expressed by OPCs /n vitro, with
PH20 having the greatest inhibitory activity. We also found that digestion products of HA

in a specific size range blocked remyelination /n vitroand in vivo (Preston et al., 2013;
Srivastava et al., 2018). Hyal5 has not been detected in OPCs or in the CNS (Preston et al,
2013) while PH20 RNA has been reported to only be transiently expressed by OPCs or other
cells, especially following CNS insults (Sloane et al., 2010; Preston et al., 2013; Hagen et
al., 2014; Xing et al., 2014; Sherman and Back, 2017). However, other reports have failed

to find PH20 expression in OPCs or in demyelinating lesions and one study indicated that

a pegylated form of recombinant human PH20 failed to influence OPC maturation (Marella
et al., 2017; but see Sherman and Back, 2017). In contrast, TMEM-2 has been detected in
OL lineage cells (Golan et al., 2008; Marques et al., 2016) and CEMIP is widely expressed
in the brain and is elevated in demyelinating lesions (Yoshino et al., 2017; Marella et al,
2018). Thus, while PH20 may be at least transiently elevated in OPCs in demyelinating
lesions, other hyaluronidases with similar activities may contribute to myelination delay or
remyelination failure.

Since there are multiple cell surface hyaluronidases that could generate HA digestion
products that block OPC maturation and remyelination, defining the roles of hyaluronidases
in OPCs requires pharmacological approaches that inhibit the activities of each of these
enzymes. One of the most potent and best characterized pharmacological inhibitors

of hyaluronidase activity is Vcpal (L-Ascorbyl 6-palmitate; also called ascorbate 6-
hexadecanoate) which inhibits hyaluronidases through hydrophobic interactions with
specific enzyme domains (Botzki et al., 2004). Interestingly, Vcpal promotes OPC
maturation /n vitro (Sloane et al., 2010; Preston et al., 2013) and remyelination in
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demyelinating lesions (Preston et al., 2013). However, VVcpal must be used at relatively

high concentrations, inhibits multiple hyaluronidases, can function as an anti-oxidant, and
also inhibits lipoxygenases (Mohamed et al., 2014) which have been implicated in mediating
OL survival following CNS injury (Zhang et al., 2007; Haynes and van Leyen, 2013). It

is therefore critical to utilize alternative approaches to test if there is a specific role for
hyaluronidases in inhibiting OPC maturation and either myelination or remyelination.

Here, we report that a modified flavonoid potently and selectively inhibits the enzymatic
activity of PH20 and CEMIP but not Hyall or Hyal2. We find that this novel inhibitor
promotes OPC maturation in the presence of HMW HA /n vitro, and that this effect

can be overcome by recombinant PH20. Finally, we show that blocking hyaluronidase
activity with this modified flavonoid accelerates OPC maturation in a slice culture model
of perinatal white matter injury and promotes functional remyelination in a model of

adult demyelination. All together, these data indicate that hyaluronidase activity prevents
OPC maturation and blocks myelination or remyelination, and that selective hyaluronidase
inhibitors can be used to accelerate myelination or remyelination following CNS injuries.

MATERIALS AND METHODS

2.1 Reagents

Modified flavonoids (S1-S6) were synthesized as previously described (Srinivasa et al.,
2014). Flavonoids were dissolved in dimethylsulfoxide (DMSO) at a concentration of 10
mM and further diluted to a working concentration of 0.4 to 200 uM for enzyme activity
assays or for cell culture. 6-O-Palmitoyl-L-ascorbic acid (Vcpal; Sigma) was dissolved in
DMSO at a stock concentration of 100 mM and was diluted to final concentration of 25 uM
in all assays. Recombinant bovine SPAM1 (rPH20, 1.5 ug/ml, R&D Systems), Recombinant
Human Hyaluronidase HYAL1 (rhHyall, 6 pg/ml, R&D Systems), recombinant Human
protein HYALZ2 (rhHyal2, 40 ug/ml, MybioSource), Streptomyces hyaluronidase (StrepH;
7.5U/ml, Sigma), and bovine testicular hyaluronidase (BTH; Sigma, 10-20U/ml) were
diluted in pH 3.5 or 4.5 (sodium citrate buffer) or pH 7.0 (phosphate-buffered saline,

PBS) sample buffer. HMW HA (1.59x10° Da, Lifecore) stock solution (2mg/ml) was
prepared in PBS, water, or tissue culture medium. N-(4-fluorobenzyl)-1-benzyl-1H-indole-2-
carboxamide and N-(4-chlorobenzyl)-1-(4-fluorobenzyl)-1H-indole-3-carboxamide were
dissolved in DMSO and used at concentrations between 1 and 50 pM.

2.2 Analysis of HA digestion products

Flavonoids or vehicle alone were pre-incubated with different concentrations of
hyaluronidases or dilutions of transfected cell lysates for 1 hr at 37 °C then HMW HA was
added to each mixture at a final concentration of 150 pg/ml and incubated for an additional
hour. In live cell cultures, cells were transfected with empty vectors or expression vectors
carrying different hyaluronidase cDNAsS, then the cell growth medium was replaced with
serum-free and phenol red-free DMEM containing 50 pg/ml HMW HA, 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, spun at 12k rpm for 10 minutes, and supernatant
collected. To deactivate enzymes, samples were incubated in a 100 °C water bath for 30
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min. Ten microliters of each sample was mixed with 2 ul 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 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 (Lee and Cowman, 1994) and
then photographed. The distribution and intensity of HA in each lane was determined using
ImageJ.

2.3 Analysis of metalloproteinase activities

The effects of different concentrations of S3 on gelatinolytic, caseinolytic, fibrinolytic and
fibronogenolytic activity when mixed with 2 ug of Echis carinatus venom were determined
as previously described (Srinivasa et al., 2014).

2.4 Generation of expression vectors

The CEMIP expression vector and control vector were purchased from Origene (Cemip
(NM_030728) Mouse Tagged ORF Clone; pCMV6-Entry Tagged Cloning Vector). The
TmemZ2 mouse cDNA was generated from mouse brain RNA using the SuperScript

I11 One-Step RT-PCR System with Platinum™ Tag DNA Polymerase (Invitrogen)
according to the manufacturer’s instructions using the following primers: Forward primer:
ggggtaccacagggtatcatgtatgccgcetggttccagg; Reverse primer: ccgetcgagecaagtctctaaageacttte.
The TmemZ2PCR product was digested with Kpnl and Xbal, purified and cloned in
pcDNA3.

2.5 Cell Culture

All animal experiments were approved by the Institutional Animal Care and Use Committee
at the Oregon Health and Science University. OPCs were prepared from neural stem

cells isolated from the medial and lateral ganglionic eminences of embryonic day 13.5
mouse (C57BL/6) embryos and expanded in epidermal growth factor and fibroblast

growth factor-2 (both at 10 ng/ml) as neurospheres for one week as previously described
(Preston et al., 2013). Neurospheres were dissociated into single cells in trypsin (0.05%,
InVitrogen), washed in Dulbecco’s Modified Eagle Medium (DMEM) plus 10% fetal bovine
serum and plated at 5 x 108 cells/ml on uncoated polystyrene plates in DMEM/F12

media containing 0.1% bovine serum albumin, platelet-derived growth factor (PDGF)

AA and fibroblast growth factor-2 at 20 ng/ml each, B27 supplement minus vitamin

A (GIBCO), N1 supplement (Sigma) and D-Biotin (10 nM, Sigma) (OPC medium).

Small adherent oligospheres formed and were passaged once a week after dissociation

with Accutase (Invitrogen). After 2-3 weeks oligospheres were transferred to poly-L-
ornithine-coated 100 mm dishes. After 1-2 passages, highly enriched populations (>95%)
of PDGFRa+0lig2+04-0PCs (as assayed by immunocytochemistry) were obtained and
further propagated for /in vitro experiments. For maturation experiments, OPCs were plated
at 4-5 x 10 cells per coverslip and differentiated in DMEM/F12, 0.1% BSA, plus
triiodothyronine (T3, 30 nM, Sigma) and N-acetyl-L-cysteine (NAC, Sigma) as previously
described (Preston et al., 2013).
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HEK?293T cells were transfected with expression vectors carrying cDNAs for mouse PH20,
Hyall, Hyal2, or empty vector (constructs described above and previously in Preston et al.,
2013), using calcium phosphate precipitate, and CEMIP or Tmem2 (constructs described
above) using 2 pg of plasmid for every 1.2x10° cells and using Fugene HD (1:3 ratio

of DNA:reagent). Forty-eight hours after transfection, cells were washed with PBS, then
harvested (for the Hyall, Hyal2 TMEMZ2 and PH20 constructs) and suspended in lysis buffer
(100mM Na Citrate, 100mM NaCl), while conditioned media were harvested as described in
section 2.2 for CEMIP cultures.

2.6 Controlled Ovarian Stimulation (COS) and Oocyte Collection

COS protocols were performed on regularly cycling female rhesus macaques as previously
described (Wolf et al., 1989; Hanna et al., 2015). In brief, on day 1 to 4 of menses, monkeys
received recombinant human (rh) follicle stimulating hormone (FSH; 30 IUs, 1M, twice a
day) for 6 days. FSH and rh-luteinizing hormone (LH) were given the next two days (30 1Us
each, IM, twice a day). FSH and LH were provided by Merck & Co. and Merck Serono,
respectively. To prevent a spontaneous LH surge, a GnRH antagonist, Antide (1 mg/kg,

SQ; Salk Institute for Biological Studies) was given when estradiol (E2) levels reached ~
150 pg/ml. To induce ovulatory events, human chorionic gonadotropin (hCG; 1000 IUs,

IM; Novarel, Ferring Pharmaceuticals) was given on day 8 of the protocol. Cumulus-oocyte
complexes were aspirated and collected from large antral follicles by laparoscopy 36 hours
after hCG administration.

2.7 Hyaluronidase Inhibitor Effects on In Vitro Fertilization Rates

Cumulus-oocyte isolation and /n vitro fertilization (IVF) were described previously (Wolf et
al., 1990; Hanna et al., 2015). Semen samples were collected from male rhesus macaques
and sperm was prepared as previously described (Wolf et al., 1989). Collected sperm and/or
oocytes were treated with S3 prior to I\VF for 3 to 7 hours in the following combinations: 1)
vehicle (100% DMSO) treated oocytes + vehicle treated sperm, 2) vehicle treated oocytes +
S3 treated sperm, 3) S3 treated oocytes + vehicle treated sperm, and 4) S3 treated oocytes +
S3 treated sperm. Two sets of experiments were performed, with S3 at a final concentration
of 2 uM (n = 3 animals) and 20 puM final concentration (n = 3 animals). Cumulus-oocyte
complexes were collected and IVF was performed using freshly collected sperm. Sperm and
cumulus-oocyte complexes were co-cultured in 100 pl droplets covered with oil for 18 — 24
hours, at which point they were then transferred into dishes (Life Global LLC, Guilford, CT)
containing fresh Global Medium (Global Cell Solutions, North Garden, VA). Fertilization
was determined 24 hours later by visualization that the first cleavage stage was completed.

2.8 OPC culture maturation analysis

Mouse (C57BL/6) OPCs generated from neural stem cells were plated on poly-L-ornithine—
coated coverslips in OPC medium. After 24 hours, the medium was switched to
differentiation medium comprised of DMEM/F12, 0.1% BSA, 2% B27 supplement, 30

nM T3 and 5 pg/ml NAC (Sigma). Cells were treated with vehicle, HMW HA (50 pg/ml),
HMW HA and 1 uM S3, HA and 1 pM S3 with rbPH20 (250 ng/ml) or Vcpal (25 uM) for
96 hours. Cells were fixed in 4% paraformaldehyde and analyzed for OPC maturation by
immunohistochemistry.
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For cell counts, 20 fields were randomly selected, and in each field at least 500 cells were
counted as either PDGFRa- or MBP-positive per coverslip (4 coverslips per group). The

experiment was performed a total of 3 times. Mean cell numbers and standard deviations

were calculated for each group.

2.9 Forebrain slice culture

Whole forebrain coronal slices (300 um; collected at the level of the mid-rostral corpus
callosum and anterior septal nuclei; 3 adjacent slices from each brain) were collected

from PO/1 rat pups for organotypic cultures prepared as previously described (Dean et al.,
2011). Only the forebrain slices with a complete corpus callosum were used for cultures.
Briefly, brains were embedded in 4% low melting point agar (Invitrogen) and sectioned into
sterile ice-cold complete Hank’s balanced salt solution (HBSS, Ca2*/Mg?2* free; Invitrogen),
supplemented with 30 mM D-glucose, 2.5 mM HEPES buffer, 1 mM CaCl,, 1 mM

MgSO,, 4 mM NaHCO3, and 0.001% phenol red (Sigma) using a VTS 1600 vibrating
microtome (Leica Microsystems Inc.). Isolated slices were transferred onto 0.4 um porous
membrane cell culture inserts (Becton Dickinson) that were pre-coated with laminin/poly-
D-lysine (Sigma), and cultured in slice culture media (Basal Medium Eagle (Invitrogen),
supplemented with complete HBSS [25% v/v], 27 mM D-glucose, 100 U/ml penicillin and
streptomycin, 1 mM glutamine and 5% horse serum (New Zealand origin, heat inactivated:;
Invitrogen). Slices were incubated at 37 °C/5% CO,, and the growth medium changed every
other day. Slices were cultured for 7-8 days.

Cell counts in slice cultures were performed using a Stereo-Investigator stereology system
(MBP Bioscience). Cell counts were made within the boundaries of the corpus callosum
observed at low power (10x) defined by DAPI-staining. Estimates of MBP-labeled cells in
the entire corpus callosum were obtained using the meander scan function at 20x.

2.10 Analysis of AKT phosphorylation

Equivalent amounts of total protein from cell lysates were analyzed by SDS-PAGE and
transferred to an Immobilon-FL membrane, then probed with either a mouse monoclonal
anti-actin antibody (1:4,000; 8H10D10) or an anti-phospho-AKT S473 antibody (1:1,000;
9271), both from Cell Signaling Technology, Inc. as previously described (Srivastava et
al., 2018). Pixel band intensities were analyzed with the Odyssey Infrared system (Li-COR
Biosciences).

2.11 Lysolecithin Lesions

Demyelination was induced in the rostral corpus callosum of 3-4 month old C57BL/6J
mice by injection of lysolecithin (2% in PBS; Sigma) at 5.5 mm anterior to lambda and 1
mm lateral to bregma, and 2.5 mm deep as previously described (Back et al., 2005) mixed
with either vehicle (PBS) or different concentrations of S3. Brains were harvested at 8-days
post-lysolecithin injection and processed for compound action potential recordings and then
fixed for immunohistochemistry as outlined below and as previously described (Preston et
al., 2013).
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2.12 Compound action potential (CAP) recordings

Brains were rapidly removed and submerged in ice cold artificial cerebrospinal fluid (aCSF;
124 mM NaCl, 5 mM KCI, 1.25 mM NaH,POy4, 26 mM NaHCO3, 1.3 mM MgSQOy4, 2 mM
CaCly, 10 mM glucose, pH 7.4) saturated with 95% O,/5% CO,. Four hundred micrometer
thick coronal slices corresponding to Bregma coordinates 0.5 to 0.9 were cut on a vibratome
(Leica), collected, and incubated in aerated aCSF at room temperature for 1 hour prior

to recordings. For recordings, the slice was transferred to a perfusion chamber mounted

on an upright microscope (Zeiss). The tract of the injection electrode was usually visible,
however, injection sites were confirmed with subsequent histochemical analysis of the slice.
Recording and stimulating electrodes were positioned in the corpus callosum on the side

of the injection and then moved to the opposite side to obtain recordings of untreated

axons. The bipolar stimulating electrodes were fashioned from teflon-insulated tungsten
wires (WPI) with tips positioned approximately 0.3 mm apart. The stimulating electrodes
were connected to a stimulator (Grass S88) and stimulation isolation unit (Grass). Stimulus
intensity was adjusted to obtain a maximal response. Recordings were obtained using glass
microelectrodes filled with aCSF with a resistance of 3-5 Megaohm. Recordings were
amplified and filtered at 10 kHz. Recordings were obtained from 2 sites across the width of
the corpus callosum at approximately 1.5 mm from the stimulating electrode. Ten responses
were averaged at each recording site. The stimulus was 50-200 microsec. duration; 0.5-5
mA (to evoke max response). Stimulus artifact was trimmed from the trace at the origin

of the trace. The magnitude of the CAP waveform was determined by measuring the
maximum negative deflection with respect to a tangent drawn between the adjacent positive
deflections. For each recording session 3 animals per group (treated with S3 or vehicle) were
analyzed.

2.13 Immunohistochemistry

Following long-term slice cultures or CAP recordings, tissue slices were immersion fixed for
12-16 hrs in 4% paraformaldehyde at 4°C, rinsed three times in PBS at room temperature,
then cyroprotected in 30% sucrose overnight at 4°C. Tissues were embedded in Optimal
Cutting Temperature medium, rapidly frozen on dry ice and cryosectioned at a thickness

of 25 pm. Cells and tissues were pre-blocked in 10% heat-inactivated fetal bovine serum

for 45 minutes. Primary antibodies were diluted in blocking buffer and tissues were
incubated overnight at 4°C, rinsed in blocking buffer three times, then incubated with the
appropriate species-specific fluoro-conjugated secondary antibodies (Alexa546 or Alexa488,
Molecular Probes Inc.) overnight. Antibodies used were: rat anti-PDGF receptor-alpha
(PDGFRa; 1:250, BD Pharminagen), mouse anti-O4 (1:500, Millipore), mouse anti-myelin
basic protein (MBP; 1:1000, Sternberger Monoclonal), rabbit anti-O1 (1:100, Millipore ),
rabbit anti-neurofilament light chain (NF-L; 1:1000, Millipore), and mouse anti-CC1 (1:200,
Calbiochem). Biotinylated HA-binding protein (b HABP; 1:250, Calbiochem) was used in
place of a primary antibody and Cy3-streptavidin (1:2000, Jackson Lba) in place of a
secondary antibody to visualize HA.

Cells and tissues were imaged by fluorescence microscopy using either a Zeiss Axioskop 40
epifluorescent upright microscope or a Leica SP5 AOBS confocal system. Confocal images
were acquired using a 40x NA 1.25 PI-Apo objective (zoom 4, pinhole 1 Airy unit). For
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double immunofluorescent staining, data from two channels were collected by sequential
scanning. Z-stacks of images were collected to generate Z projections.

2.14 Statistical Analysis

Statistical analysis of fertilization rates was performed using logistic regression analysis

to determine significance between treatments groups in each of the dose groups. An
unpaired two-tailed t-test was used to compare changes in anti-PDGF-Ra. and anti-MBP
immunolabeled cells in /in vitro experiments. One-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison test was used to assess changes in the percentages,
relative to controls, of mature OL’s in cultures treated with Vcpal. A value of p < 0.05 was
considered significant.

3. RESULTS

3.1 Specific modified forms of apigenin are potent hyaluronidase inhibitors

To assess if modified flavonoids with an apigenin-based structure can function as effective
inhibitors of extracellular hyaluronidases with activities at neutral pH, we synthesized

six distinct apigenin-based modified flavonoids as previously described (Srinivasa et al.,
2014; see also Fig. 1A) then tested their ability to inhibit HMW HA digestion by bovine
testicular hyaluronidase (BTH) at pH 7.0 after 1 hour at 37 °C. The preparations of

HMW HA include a wide range of molecular weights and appear as a range of sizes

in agarose gels whose overall MW shifts with HA digestion. Using image analysis, we
marked the highest size in each lane with a black bar (Fig. 1B). All of the agents

at least partially inhibited HA digestion at 200 uM (Fig. 1B) with nearly complete
inhibition by three agents (S1, S3, and S6). At 20 uM, S3 demonstrated the greatest
inhibition of HA digestion (Fig 1C), and showed significant inhibition at concentrations

as low as 2 uM (Fig. 1D). We determined the structure of S3 to be [(2-Chloroacetyl)(P-
chloro)amino]-2-(7-hydroxy-4-oxo-3-chromenyl)-1-(tert-butylamino)-1-ethanone based on
NMR and mass spectroscopy (data not shown). Each of these compounds was more
effective at blocking HA digestion by BTH than Vcpal and by the previously described
indole carboxamide inhibitors N-(4-fluorobenzyl)-1-benzyl-1H-indole-2-carboxamide and
N-(4-chlorobenzyl)-1-(4-fluorobenzyl)-1H-indole-3-carboxamide (Kaessler et al., 2011 and
data not shown).

3.2 The S3 modified flavonoid is a selective hyaluronidase inhibitor

Because the S3 agent was the most effective BTH inhibitor, we chose to further

characterize the effects of S3 on the activities of other hyaluronidases. Previously

described hyaluronidase inhibitors inhibit multiple mammalian hyaluronidases. We therefore
compared the ability of S3 to inhibit recombinant PH20 (rPH20, which constitutes the major
hyaluronidase activity in BTH), recombinant Hyall, and Streptomyces hyaluronidase. We
determined the optimal concentration of each enzyme that maximally digested HMW HA at
either pH 7.0 (rPH20 and Streptomyces hyaluronidase) or pH 4.0 (Hyall) after 1 hr. at 37
°C. We attempted to test a recombinant preparation of Hyal2 as well, but we could not detect
hyaluronidase activity under any conditions (data not shown). We found that S3 effectively
blocked rPH20 and Strepfomyces hyaluronidase, but not Hyall (Fig 2A, D).
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As a second approach to test the specificity of S3 for specific hyaluronidases, we transfected
HEK-293T cells with expression vectors carrying cDNAs for either PH20, Hyall, Hyal2,

or cDNAs encoding transmembrane protein 2 ( TMEM_2) or the cell migration-inducing and
HA-binding protein (CEMIP), then generated cell lysates mixed with HMW HA. Lysates
from cells transfected with PH20, Hyall, Hyal? digested HMW HA (Fig. 2B) while lysates
from cells transfected with vector alone demonstrated no hyaluronidase activity (Fig. 2C).
TMEM2 has been reported to act as a cell surface hyaluronidase in 293T cells (Yamamoto
etal., 2017). However, we were unable to observe any HA-depolymerizing activity in cells
transfected with 7TMEMZ (data not shown) in agreement with findings reported in skin cells
(YYoshino et al., 2018). However, consistent with previous findings (Yoshida et al., 2013)
live cultures of HEK293T cells expressing CEMIP digested HMW HA that was added to
the cultures (Fig. 2C). The effects of cultures expressing PH20 or CEMIP on HMW HA
digestion were inhibited by S3 (Fig. 2B, 2C, 2D). The effects of S3 on CEMIP activity are
interesting in light of a report suggesting that CEMIP is elevated in demyelinating lesions
from patients with MS (Marella et al., 2018). However, S3 had no effect on HA digestion
by lysates (not shown) or live cultures (Fig. 2D) of cells transfected with Hyall or Hyal2
expression vectors. All together, these data indicate that S3 is a more selective inhibitor of
hyaluronidase activity than VVcpal.

In addition to inhibiting hyaluronidases, apigenin is a potent inhibitor of matrix
metalloproteinase activity (Kuppusamy et al., 1990; Hertel et al., 2006; Sim et al., 2007).
Srinivasa and co-workers (2014) previously demonstrated that modified apigenin-based
flavonoids could similarly inhibit metalloproteinase activity in the venom of Echis carinatus,
the saw-scaled viper. To determine if S3 similarly inhibits metalloproteinase activity,

we performed zymography assays testing if S3 can inhibit gelatinolytic, caseinolytic,
fibrinolytic and fibronogenolytic activity when mixed with 2 pg of Echis carinatus venom.
As shown in Fig. 3, S3 effectively blocked gelatinolytic (Fig. 3A) and caseinolytic (Fig. 3B)
activity at concentrations =100 uM and fibrinogenolytic activity at concentrations =500 pM
(Fig. 3C). Fibrinolytic activity was partially blocked (with some protection of the a-chain) at
S3 concentrations 210 pM, with full inhibition at concentrations 2500 uM (Fig. 3D). Given
that we observed inhibition of hyaluronidase activity at <2 uM (Fig. 1D), these data indicate
that S3 has a high degree of specificity to block hyaluronidases but not multiple classes of
metalloproteinases at low micromolar concentrations.

3.3 The S3inhibitor can block fertilization

PH20 is expressed by mammalian sperm and facilitates sperm entry into eggs possibly by
digesting extracellular HMW HA secreted by the cumulus cells surrounding the oocyte
and/or through promoting sperm binding to the zona pellucida, a glycoprotein layer

encasing mammalian oocytes (Hunnicutt et al., 1996; Yudin et al., 1999). Function-blocking
antibodies against PH20 block pig oocyte fertilization in in vitro fertilization assays (Yoon
et al., 2014). We therefore tested if S3 could block fertilization. We performed in vitro
fertilization in which oocytes and/or sperm from rhesus macaques were treated with vehicle
or either 2 puM or 20 uM S3. As shown in Table 1, treatment of either sperm, oocytes, or both
with 2 uM S3 resulted in up to a 30% reduction in fertilization, while treatment with 20 uM
S3resulted in a nearly complete inhibition of fertilization. The difference between overall
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dosage effects was highly significant (p<0.0001). We observed no changes in either sperm or
oocyte viability following S3 treatment (data not shown). These findings are consistent with
the notion that S3 can inhibit extracellular hyaluronidase activity.

3.4 Selective inhibition of hyaluronidase activity promotes OPC maturation in vitro

As discussed above, Vcpal is a broad spectrum inhibitor of hyaluronidases that blocked HA
degradation in cultures of OPCs and increased the proportion of cells that became mature
OLs (Botzki et al., 2004; Sloane et al., 2010; Preston et al., 2013). However, Vcpal also

can function as an anti-oxidant and inhibits other enzymes including lipoxygenases. Given
the greater selectivity of S3 for hyaluronidases with activities that are similar to that of
PH20, we determined if S3 can reverse the inhibitory effects of added HMW HA on OPC
maturation /n vitro. While HMW HA significantly inhibited OPC maturation (compare Fig.
4A and 4B; and see Fig. 4F) as previously described (Back et al., 2005; Sloane et al., 2010),
treatment with S3 overcame the effects of HMW HA (Fig. 4C, F). Interestingly, S3 at 2 yM
was more effective at promoting OPC maturation than Vcpal at 25 pM (compare Fig. 4C and
4E; and see Fig. 4F). We did not observe any changes in OPC maturation if S3 was added

to cultures in the absence of HMW HA (Fig. 4F). We also did not observe any significant
changes in total cell numbers or on cell death in cultures treated with these concentrations of
S3 (data not shown), indicating that S3 was directly impacting OPC maturation.

To demonstrate that the effects of S3 on OPC maturation were dependent on blocking
hyaluronidase activity, we treated cultures with increasing amounts of rPH20. We reasoned
that this approach would demonstrate specificity because: (1) We have clearly shown that
S3 blocks rPH20 activity; (2) the digestion products generated by PH20 are sufficient to
block OPC maturation and remyelination (e.g. Preston et al., 2013; Srivastava et al., 2018);
(3) No activities other than HA depolymerization have been attributed to PH20, which

has been carefully studied both in basic and commercial settings, and has been examined
for off target effects in clinical trials (e.g. Infante et al., 2018); and (4) The effects of

HMW HA on OPC maturation can be blocked in OPC cultures and in /n vivo models of
demyelination by Vcpal (e.g. Sloane et al., 2010; Preston et al., 2013; 73:266-80; Srivastava
et al., 2018). We found that the effects of S3 were reversed if cultures were treated with

25 U of recombinant PH20 (Fig. 4D, F). Thus, both Vcpal, a non-specific hyaluronidase
inhibitor, and S3 overcome the effects of HMW HA on OPC maturation, consistent with the
hypothesis that the hyaluronidase activity exhibited by OPCs impairs OPC maturation.

3.5 Blocking hyaluronidase activity promotes OPC maturation in an in vitro model of
white matter injury

Previous studies suggested that digestion products generated by hyaluronidase activity in
demyelinating lesions contribute to myelination delay or remyelination failure following
insults to the CNS (Sloane et al., 2010; Preston et al., 2013; Hagen et al., 2014). To
investigate whether hyaluronidase activity from OPCs attenuates OL maturation following
perinatal CNS injury, we employed an /n vitroslice culture model of perinatal white matter
injury (Dean et al., 2011). In this model, extensive reactive astrogliosis is accompanied

by high levels of hyaluronidase activity such that adding HMW HA to cultures generates
bioactive HA digestion products that inhibit OPC maturation (Srivastava et al., 2018). As
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shown in Fig. 5A, a composite image of one such slice, the majority of MBP+, olig2+ cells
continue to reside in the white matter (outlined area) in these slices throughout the culture
period, with some superficial MBP+ cells scattered throughout the cortex. We identified

the white matter/cortex boundaries using DAPI staining and olig2 immunolabeling (e.g.
outlined area in Fig. 5A). We then used these boundaries to draw white matter regions of
interest. Then, under higher magnification, the cells that were immunoreactive for specific
markers were counted. We found that treatment of the slices with BTH further inhibited OL
maturation as indicated by significant reductions in MBP expression throughout the white
matter (Fig. 5B—F) and reduced numbers of O1+ but not O4+ cells (Fig. 5G-I). These effects
are reflected by an overall reduction in mature OLs (Fig. 51). We saw a similar degree of
inhibition when using recombinant PH20 in place of BTH (Fig. 5J) ruling out the possibility
that the effects we observed with BTH were due to growth factor contamination as suggested
in an earlier study (Marella et al., 2017).

We next assessed whether blocking endogenous hyaluronidase activity could promote OPC
maturation in the slice cultures. In these experiments, mature OLs were identified and
counted based on their morphology and MBP immunoreactivity (Fig. 6A—C). Slices were
treated with vehicle alone (Fig. 6D), HMW HA and vehicle (Fig. 6E), or HMW HA and
S3 (2 uM) (Fig. 6F). Cultures treated with HMW HA demonstrated significant reductions
in MBP immunostaining compared to cultures treated with vehicle alone (Fig. 6D, E; 6G).
In contrast, cultures treated with S3 in the presence of HMW HA demonstrated accelerated
OL maturation (Fig. 6F, G). We observed no significant changes in MBP immunostaining
in cultures treated with S3 alone (Fig. 6G). These data indicate that it is de-polymerization
of HMW HA within the injury microenvironment that ultimately regulates OL maturation in
the setting of white matter injury.

3.6 Blocking hyaluronidase activity reverses signaling linked to maturation arrest in

OPCs

Elevated AKT phosphorylation is linked to enhanced CNS myelination (Flores et al.,

2008). We previously found that bioactive HA digestion products signal through a

toll-like receptor-4-dependent pathway to reduce AKT phosphorylation and block OPC
maturation (Srivastava et al., 2018). Therefore, if S3 promotes OPC maturation by blocking
hyaluronidase activity, S3 treatment should reverse reduced AKT phosphorylation induced
by HMW HA. Consistent with previous findings (Srivastava et al., 2018), we find that at
both 3 and 5 days in culture, HMW HA induces reduced AKT phosphorylation at serine 473
compared to vehicle-treated controls (Fig. 7A, B). At both time points, S3 increased serine
473 phosphorylation to levels above vehicle-treated cultures, consistent with signaling that
enhances remyelination (Fig. 7A, B).

3.7 Selective inhibition of hyaluronidase activity accelerates functional remyelination

We previously reported that VVcpal promoted functional remyelination in lysolecithin-
induced demyelinated lesions with added HMW HA in the mouse corpus callosum (Preston
et al., 2013). We therefore tested if S3 could similarly promote functional remyelination

in lysolecithin lesions. Surprisingly, we found that intracranial injections of S3 into the
corpus callosum following lysolecithin treatment without added HMW HA resulted in a
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significant increase (approximately 60% of uninjected controls) in conduction velocities
through lysolecithin-induced lesions compared to animals treated with vehicle (Fig. 8A-D).
When the slices used for recordings were immunostained for MBP and neurofilament,
S3-treated animals consistently demonstrated elevated MBP immunoreactivity within lesion
borders by 8 days post-injection, while vehicle controls remained demyelinated (Fig. 8E-J).
Interestingly, we found that HA is elevated both at lesion borders and to a lesser extent
within these lesions (Fig. 8E, inset), indicating that HA is elevated in lysolecithin lesions.
When we examined MBP and neurofilament staining within lesions using laser confocal
microscopy at higher magnification, we found that lesions treated with S3 demonstrated
MBP immunoreactivity associated with neurofilament-labeled axons while control lesions
demonstrated little if any myelin associated with axons (Fig. 8, J). All together, these data
indicate that blocking specific forms of hyaluronidase activity within demyelinating lesions
can promote functional remyelination.

4. DISCUSSION

We and others previously reported that digestion products of HMW HA could block OPC
maturation and that OPCs express a variety of hyaluronidases (Sloane et al., 2010; Preston
et al., 2013). Furthermore, we previously found that overexpression of two hyaluronidases
that digest extracelluar HMW HA at neutral pH, PH20 and HYALD5, both inhibited OPC
maturation, and that partial digestion products of PH20 but not another hyaluronidase
inhibited remyelination (Preston et al., 2013). We further found that VVcpal, which has

a number of biological activities including inhibition of multiple hyaluronidases, could
promote functional remyelination (Preston et al., 2013). These findings suggested that
specific hyaluronidases expressed by OPCs generate HA digestion products that block OPC
maturation and remyelination, and that agents that inhibit specific hyaluronidases could be
used to promote remyelination in demyelinating conditions. Here, we characterized a novel
hyaluronidase inhibitor, S3, that inhibits PH20, CEMIP and Streptomyces hyaluronidase
activity but not Hyall or Hyal2. At concentrations that inhibit hyaluronidase but not
metalloproteinase activity, we found that S3 reverses the effects of HMW HA AKT
phosphorylation and OPC maturation in OPCs grown /n vitro. The finding that S3 overcame
HMW HA-mediated inhibition of OPC maturation in conjunction with the finding that the
effects of S3 could be overcome by adding PH20 to OPC cultures confirm that S3 was acting
by inhibiting hyaluronidase activity in these cultures. We further find that S3 promotes

OPC maturation in an /n vitro model of perinatal white matter injury and functional
remyelination in an /n vivo model of adult demyelination. These findings indicate that: (1)
hyaluronidase activity within demyelinating lesions is sufficient to block OPC maturation
and remyelination; (2) hyaluronidase activity from OPCs can generate sufficient HA
digestion products to block their own maturation; and (3) that modified flavonoids which
target hyaluronidase activity could be efficacious in treating conditions where myelination is
delayed or where remyelination fails.

Multiple mechanisms have been implicated in preventing OPC maturation following
CNS injuries. For example, activation of the canonical Wnt signaling cascade leads to
a delay in OPC differentiation (Fancy et al., 2009; Feigenson et al., 2009; Guo et al.,
2015). Signals that block activation of AKT have also been implicated in regulating
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developmental myelination and remyelination (reviewed by Gaesser and Fyffe-Maricich,
2016), while the Leucine rich repeat and Immunoglobulin-like domain-containing Nogo
receptor interacting protein 1 (LINGO-1) acts as a negative regulator of OPC differentiation
through a mechanism that includes downregulation of gelsolin, an abundant actin-severing
protein involved in the depolymerization of actin filaments (Mi et al., 2005; Mi et al.,

2013; Shao et al., 2017). In contrast, estrogen receptor-p agonists have been implicated in
promoting functional remyelination (reviewed by Khalaj et al., 2017). Interestingly, HA and
its receptor, CD44, can influence each of these pathways. CD44, for example, can regulate
Whnt-induced B-catenin signaling (Chang et al., 2013; Schmitt et al., 2015); CD44-HA
interactions can influence AKT activity which may in turn induce further HA synthesis (e.g.
Liu and Cheng, 2017; Zhu et al., 2013); similar to the effects of LINGO-1, low molecular
weight forms of HA lead to reduced levels of gelsolin (Lee et al., 2014); and estradiol

can influence HA synthesis (Freudenberger et al., 2011). Thus, signaling by HA through
CD44 or other HA receptors (e.g. Toll-Like receptors; Termeer et al., 2002; Jiang et al.,
2005; Scheibner et al., 2006; Taylor et al., 2007; Garantziotis et al., 2010; Li et al., 2011,
Campo et al., 2012; Foley et al., 2012; Sloane et al., 2010; Black et al., 2013; Riehl et

al., 2015; Sunabori et al., 2016; Liang et al., 2016; Srivastava et al., 2018) may affect
multiple signaling pathways in OPCs that regulate OPC maturation. How different sizes of
HA digestion products induce distinct signaling is unclear. Different HA digestion products
may influence receptor-HA conformational changes that enable transmembrane-mediated
activation of cytoplasmic domains or specific HA sizes may enable multiple receptors

to bind the same HA, creating different cytoplasmic signaling complexes that together
influence OPC maturation (Weigel and Baggenstoss, 2017).

The specific hyaluronidase or hyaluronidases which generate HA digestion products that
block OPC maturation are unknown. We and others reported that the PH20 hyaluronidase
is transiently expressed following a variety of insults to the CNS (Sloane et al., 2010;
Preston et al., 2013; Hagen et al., 2014; Xing et al., 2014; Sherman and Back, 2017).
However, in our experience PH20 transcripts are only expressed transiently and at very low
abundance in injured CNS tissues (unpublished findings). Furthermore, one study failed

to find PH20 expression in either the normal or injured CNS (Marella et al., 2017). It

is possible therefore that other extracellular HA-depolymerizing enzymes that function

at neutral pH could generate HA digestion products that block OPC maturation. Likely
candidates include TMEM-2, which is expressed by OLs (Golan et al., 2008; Marques et al.,
2016) and CEMIP, which is expressed in the CNS and which is elevated in both rodent and
human demyelinating lesions (Yoshino et al., 2017; Marella et al., 2018).

The S3 hyaluronidase inhibitor characterized here is a modified form of the flavonoid
apigenin. Flavonoids are polyphenols found in a variety of plants including vegetables and
fruits. All flavonoids share a 15-carbon structure that includes two benzene rings that are
linked by a heterocyclic pyrane ring. Multiple natural flavonoids can inhibit hyaluronidase
activity to varying degrees (e.g. Rodney et al. 1950; Kuppusamy et al., 1990; Li et al.,

1997; Hertel et al., 2006; Zeng et al., 2015) by binding directly into the enzyme cavity site,
which influences the enzyme microenvironment and reduces activity (Zeng et al., 2015). We
demonstrate here that this inhibitory activity can be enhanced by relatively modest chemical
modifications to flavonoid structures. We also found that these modifications can alter the
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specificity of flavonoids for different enzymes and even for different hyaluronidases, making
these compounds excellent candidates for therapeutic applications. In addition, multiple
flavonoids or their metabolites can cross the blood-brain-barrier (e.g. Krasieva et al., 2015;
Wang et al., 2012; Schaffer and Halliwell, 2012; Vauzour, 2012), reaching concentrations
between 40 pmol and 0.5 nmol/g of tissue (Schaffer and Halliwell, 2012; Vauzour, 2012).
These data suggest that low micromolar concentrations of flavonoids /n vitro, such as those
used in this study, should reflect reasonable physiological levels for inhibiting hyaluronidase
activity and promoting remyelination /n vivo following systemic administration.

Although we are the first to demonstrate that flavonoids can directly promote OPC
maturation and remyelination, several flavonoids are reported to have neuroprotective
activity as well as neuroimmunomodulatory activity (reviewed by Jaeger et al., 2017;
Spagnuolo et al., 2017). Apigenin and hesperidin, for example, can both reduce
neuroinflammation in rodents with experimental autoimmune encephalomyelitis, a model

of multiple sclerosis (Ginwala et al., 2016; Ciftci et al., 2015; Haghmorad et al., 2017).
Quercetin has neuroprotective activities following hypoxia (Pandey et al., 2012). Scutellarin,
another flavonoid, reduces the severity of cuprizone-induced demyelination, possibly by
preventing neural stem cell apoptosis and subsequent oligodendrocyte differentiation (Wang
et al., 2016). This finding is interesting in light of our recent report demonstrating that

HA regulates neural stem cell proliferation and neurogenesis in the hippocampal dentate
gyrus (Su et al., 2017). All together, these studies and the data presented here suggest that
flavonoids have a wide range of potential therapeutic applications in the CNS, and that these
activities can be enhanced through simple chemical modifications.
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Figure 1:
Modified flavonoids with distinct structures inhibit the activity of bovine testicular

hyaluronidase. (A) Varieties of chemical structures resulting from synthesis of modified
flavonoids. (B) Agarose gel of preparations of HMW HA either untreated (“HA”), treated
with bovine testicular hyaluronidase (“BTH”), or BTH with 200 pM of each modified
flavonoid (S1-S6) stained with Stains-All. (C) Agarose gel of preparations of HMW HA
as in B but with 20 pM of each modified flavonoid. (D) Quantification of mean % BTH
inhibition by S3 at different concentrations. *p<0.001; **p<0.0001
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Figure 2:
Effects of the S3 flavonoid on the activities of different hyaluronidases. (A) Effects of 20

UM S3 (“+”) on HA digestion by BTH, recombinant Hyall, recombinant PH20 (rPH20),
and Streptomyces hyaluronidase compared to enzymes treated with vehicle alone (“-“). The
“HA” lane was incubated without S3 but with the vehicle from the hyaluronidases. (B)
Effects of the S3 flavonoid on HA digestion by lysates from HEK-293 cells transfected
with empty vector (“vector”) or cells transfected with Hyall, Hyal2, or PH20 compared

to HA digested by rPH20 or BTH or to undigested HA “HA”. (C) Effects of different
concentrations of S3 or vehicle alone (DMSO - “D”) on HA digestion by HEK-293

cells either untransfected (“untrans”), transfected with vector alone, or transfected with an
expression vector carrying the cDNA for Cemip. (D) Quantification of the inhibition of HA
digestion by S3 (20 uM) in the presence of recombinant Hyall, recombinant PH20, BTH,
or Streptomyces hyaluronidase. *p<0.01. (E) Quantification of HA digestion in live cell
cultures of HEK-293 cells treated with S3 (20 uM) following transfection with either HyalZ,
Hyal2, PHZ0or Cemip expression vectors. *p<0.005.
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Figure 3:

Effects of S3 on proteolytic and fibrin(ogen)olytic activity of Echis carinatus venom.
Zymograms showing (A) gelatinolytic activity and (B) caseinolytic activity of Echis

carinatus venom. The venom (3 pg) was pre-incubated (10 min at 37°C) with different
concentrations of S3 as shown in 50 pl reaction mixture. The “S3 alone” lane represents

S3 (1000 uM) alone as a negative control. Samples were electrophoresed on gels
impregnated separately with gelatin (1%) and casein (0.2%) as substrate. (C) Gels showing
Fibrinogenolytic activity and (D) Fibrinolytic activity of Echis carinatus venom. The venom
(0.2 pg) was pre-incubated (10 min at 37°C) with different concentrations of S3 as shown
and the lytic activity of the venom was initiated by adding respective substrates; fibrinogen
(50 pg) and fibrin clot incubated for 30 min in 40 pl reaction mixture. The “0 (no v)”

lane represents substrate alone and “S3 alone™ lane represents substrate with S3 (500 uM).
Samples were electrophoresed and processed according to the standard protocol.
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Figure 4:
Effects of blocking hyaluronidase activity on HA-mediated inhibition of OPC maturation.

(A) Mouse OPCs grown under conditions that favor maturation in the absence of HA. (B)
OPCs grown as in A in the presence of HMW HA. (C) OPCs grown as in B in the presence
of 2 UM S3. (D) OPCs grown as in C in the presence of 25 U rPH20. (E) OPCs grown as

in B in the presence of 25 uM Vcpal. Red = MBP; green = PDGFRa. Scale bars = 50 um.
(F) Quantification of the results in A-E. ¢ = vehicle control; vc = VVcpal; P = PH20. Note that
the data to the right of the dashed lines was from a separate experiment where HA was not
added to the cultures. *p<0.001; **p<0.0005
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Figure 5:

Bovine testicular hyaluronidase and rPH20 block OPC maturation in a model of perinatal
white matter injury. (A) Montage of low magnification images of a brain slice including
the corpus callosum (outlined) stained with DAPI (blue), MBP (green), and olig2 (red),
demonstrating the area where slices were analyzed for changes in OPC maturation. (B)

A representative slice treated with vehicle and stained for MBP (white). Inset in B:

high magnification image from the same slice, showing the morphology of a maturing
oligodendrocyte. (C) A representative slice treated with 20 U/ml BTH and stained for MBP
(white). Scale bars = 500 um. Dotted lines outline the corpus callosum. (D) Quantification
of MBP labeling in slices treated with vehicle or BTH. (E) Immunostaining of O4 (green)
and O1 (red) from a representative slice treated with vehicle. (F) Immunostaining for

04 and O1 from a representative slice treated with 20 U/ml BTH. Scale bars = 20 pum.
(G-1) Quantification of immunostaining in slice cultures for O4 (G), O1 (H) and CC1

(1. (9) Quantification of immunostaining from slices treated with vehicle or 20 U/ml of
rPH20. For the MBP experiments, sham = 6 animals; hyaluronidase = 5 animals (both
from 3 independent culture days). We analyzed ~3 slices from each animal (some removed
because of poor viability), with a total of 10 slices in the PBS control and 12 slices in

the hyaluronidase group. For the 04/0O1 experiments, sham = 4 animals; hyaluronidase

= 5 animals (both from 3 independent culture days). We used a total of 15 slices in the
control group, and 15 slices in the hyaluronidase group. Comparisons were analyzed using a
Student’s t-test. *p<0.001.
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Figure 6:
Effects of blocking hyaluronidase activity on OPC maturation in a model of perinatal white

matter injury. (A-C) Examples of typical MBP staining and cell morphology used for
quantification of mature cells. Cells were stained for DAPI (A) and MBP (B), and images
were merged (C) with DAPI in blue and MBP in green. (D) Slice treated with vehicle. (E)
Slice treated with (100 pg/ml) HMW HA. (F) Slice treated with HMW HA and 2 uM S3.
Images shown are from one representative experiment. (G) Quantification of MBP+ cells
in slices. Note that data to the right of the dashed line was from a separate experiment in
which HA was not added to the cultures. Green = MBP; blue = DAPI to stain cell nuclei.
Cells were counted in the corpus callosum (the whole corpus callosum using the meander
scan function of Stereo-Investigator at 20x magnification). Scale bars = 500 pm. *p<0.001,
n=3 (e.g. means from 3 separate experiments using 3 slices per condition prepared from 3
separate litters).
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Figure 7:

S3 reverses the effects of HMW HA on AKT phosphorylation. (A-B) Persistent AKT de-
phosphorylation in rat slices treated with HMW HA (100ug/ml). Representative blots (upper
panels) and quantification (lower panels) probed with pAKT-S473 and Actin antibodies.
Note that co-treatment with S3 (2 uM) promoted an increase in AKT phosphorylation to
levels even higher than PBS treated controls at 3 days (A) and 5 days (B). A-B: n=2
independent studies from 2 separate litters; 2 slices/condition.
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Figure 8:
Blocking hyaluronidase activity promotes functional remyelination. (A-C) Representative

compound action potential (CAP) recordings of slices from (A) Sham control; (B)
lysolecithin corpus callosum lesions treated with vehicle; and (C) lysolecithin corpus
callosum lesions treated with S3. (D) Quantification of CAP recordings. *p<0.001. The
N1/N2 peaks are clearly visible in traces A and C. In panel B, our interpretation is that

the response consists of a mixed population of unmyelinated, partially myelinated and
myelinated fibers, producing a broad CAP response that lacks discrete subpopulations. (E-
H) Immunohistochemical staining of slices following CAP recordings from (E, F) animals
treated with vehicle and (G, H) animals treated with S3. Red = MBP (E, G); green =
neurofilament (NF). Scale bars = 20 um. (1) Confocal images of lesion treated with vehicle
as in (B). (J) Confocal images of lesion treated with S3 as in (C). Scale bars = 4 pm.
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Effects of S3 on /n vitrofertilization rates

Treatment % Fertilized (2 uM S3)

Table 1:

% Fertilized (20 uM S3)

Vehicle Oocyte + Vehicle Sperm 94

Vehicle Oocyte + S3 Sperm 64
S3 Oocyte + Vehicle Sperm 67
S3 Oocyte + S3 Sperm 70

46

0.1
0.1
0.1
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