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Abstract

Involvement of extracellular matrix (ECM) components in aging and age-related
neurodegeneration is not well understood. The role of hyaluronan (HA), a major extracellular
matrix glycosaminoglycan, in malignancy and inflammation is gaining new understanding. In
particular, the differential biological effects of high molecular weight (HMW-HA) and low
molecular weight hyaluronan (LMW-HA), and the mechanism behind such differences are being
uncovered. Tightly regulated in the brain, HA can have diverse effects on cellular development,
growth and degeneration. In this review, we summarize the homeostasis and signaling of HA

in healthy tissue, discuss its distribution and ontogeny in the central nervous system (CNS),
summarize evidence for its involvement in age-related neurodegeneration and Alzheimer Disease
(AD), and assess the potential of HA as a therapeutic target in the CNS.
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1. Introduction

As evidence about individual components of the extracellular matrix (ECM) accumulates,
the view of ECM as an architectural scaffold is gradually changing. Though recognized
as an important factor for cellular and organ architecture early on (Steinberg, 1963),

the importance of ECM components in growth, development, and aging is gaining

more appreciation. ECM is composed primarily of proteins, proteoglycans (PGs) and
glycosaminoglycans (GAGS); however, the exact distribution of these constituents varies
greatly with tissue type (Theocharis, Skandalis, Gialeli, & Karamanos, 2016).
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The relatively simple composition of one of the GAGs, hyaluronan (HA), contrasts with its
complex roles in development, disease, and aging. This review examines existing evidence
on HA homeostasis and signaling, its role in neural ontogeny and aging, and its potential
as a diagnostic and therapeutic target for age-related disease in the central nervous system
(CNS). Special attention will be given to size-dependent divergence of polymer effects on
CNS health and age-related pathology.

2. Hyaluronan Homeostasis

Glycosaminoglycans (GAGS) are a class of extracellular matrix (ECM) molecules consisting
primarily of sugar polymers. Most GAGs are further sulfated and are covalently attached

to a core protein, forming a proteoglycan molecule (Imberty, Lortat-Jacob, & Pérez, 2007).
Hyaluronic acid, or hyaluronan (HA), is a class of GAG that is ubiquitous in most tissues. A
polymer of alternating D-glucuronic acid and N-acetyl-D-glucosamine units linked via p-(1-
4) and B-(1-3) glycosidic bonds (Weissmann, Meyer, Sampson, & Linker, 1954), HA can be
millions of Daltons (Da) in size and, in contrast to other GAGs, is not modified by sulfation
or covalent attachment to amino groups (Almond, 2007). Unlike other GAGs, which are
synthesized by Golgi enzymes, HA synthesis takes place near the cell membrane (Ng &
Schwartz, 1989) by one of three hyaluronic acid synthases, (HAS’s), that are differentially
expressed in different tissues at different stages of an organism’s development (Tien &
Spicer, 2005).

2.1 HA anabolism.

HA synthesis depends on substrate availability, as uridine diphosphate (UDP)-sugars are
the building blocks of the polymer. Inhibition of cell growth regulators protein kinase B,
PKB aka AKT, and mechanistic target of Rapamycin (mTOR), a major nutrient sensor,

by C,—ceramide and rapamycin, respectively, resulted in decreased HA levels in the media
of treated fibroblasts (Qin, Berdyshev, Poirer, Schwartz, & Dawson, 2012). Activation of
mTOR/AKT pathways appears to enhance HA anabolism, as demonstrated by increased
expression of one of the primary HA synthases, HAS2 (Figure 1). Therefore, HA synthesis
appears to be a metabolic state-dependent process.

Hyaluronan synthases (HASs) comprise three transmembrane glycosyltransferase
isoenzymes, that share 50% to 71% homology. The HAS1 gene is found on human
chromosome 19, while HAS2 and HAS3 are found on chromosome 8 and 16, respectively.
Despite the similarity in structure, HAS1 and HAS3 generate HA polymers of smaller
sizes (2x1075 to 2x1076 Da), while the average size of the polymer produced by HAS2 is
greater than 2x10"6 Da (Itano et al., 1999). Furthermore, the K, for UDP-sugars is higher
for HAS1 in comparison to HAS2 and HAS3. Cross-species comparison of HAS2 genes
shows high conservation of amino acid sequence. For example, major differences in HAS2
enzymatic activity were proposed to be driven by a few amino acid substitutions, particularly
in sites 178 and 301, which appear to be important for production of very high molecular
weight HA (HMW-HA) in naked mole rats (NMR) (Faulkes, Davies, Rossiter, & Bennett,
2015; Tian et al., 2014).
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As previously mentioned, HA synthesis takes place at the cell membrane. Hyaluronan
synthase builds the polymer by adding to the growing chain on the cytoplasmic side of the
cell membrane, after which the polymer is directly secreted into the extracellular space (L.
H. Philipson & Schwartz, 1984; Prehm, 1984) (Figure 1). This mode of synthesis is thought
to underlie the ability of HA polymers to attain megadalton size (Weigel, Hascall, & Tammi,
1997). HA can be deposited pericellularly, forming negatively charged hyaluronan matrix
around the cells, or coats (Heldin & Pertoft, 1993), as a component of the glycocalyx, or
can be released into the ECM and act as an anchoring molecule for other GAGs and PGs in
non-covalent interactions (T. C. Laurent & Fraser, 1992) (Figure 1).

2.2 HA catabolism.

Similar to synthesis of hyaluronan, the degradation of HA is complex. HA turnover is
surprisingly rapid, as at least a third of the body’s total content undergoes turnover daily
(U.B. G. G. Laurent & Reed, 1991). Local cutting of the polymer can be driven by an
enzymatic or a free radical reaction (Figure 1).

Enzymatic degradation is performed by either endo- or exoglycosidases. While
exoglycosidases are more abundant than endoglycosidases in tissue, it is unclear if one

class of enzymes contributes to overall turnover of HA greater than the other (Stern, Kogan,
Jedrzejas, & Soltés, 2007). Among endoglycosidases, a widely investigated class is endo-p—
acetylhexosaminidases. There are six hyaluronidase-like genes (HYALS), found as groups of
three on human chromosomes 3 and 7 that share about 40% sequence homology (Csdka,
Scherer, & Stern, 1999). HYAL1 and HYALZ2, which possess the enzymatic machinery for
both hydrolysis and transglycosylation, carry out hyaluronidase activity in somatic tissues
(Hoffman, Meyer, & Linker, 1956). While there is some evidence to suggest lysosomal
localization of HYAL2 (Chow, Knudson, & Knudson, 2006), another report demonstrates
that the enzyme is present on lipid rafts of the cell membrane, where it can associate with
cluster of differentiation 44 (CD44) (Andre et al., 2011), one of the major receptors of HA
signaling. HYALZ2 cleaves large HA into 20 kDa fragments, has a pH optimum of 6.0-7.0
(Harada & Takahashi, 2007) and a relatively low catalytic activity (Lepperdinger, Strobl, &
Kreil, 1998). HA degradation by HYALZ2 requires formation of an extracellular acidic pocket
via interaction of CD44 with the Na*- H* exchanger at the cell membrane (Andre et al.,
2011; L. Y. W. W. Bourguignon, Singleton, Diedrich, Stern, & Gilad, 2004). HYAL1, which
is associated with lysosomes and has a pH optimum of 3.7, has the potential to hydrolyze
endocytosed HAs with a wider range of sizes as well as the ability to cleave the polymer into
oligomers (Takagaki et al., 1994). Hence, enzymatic degradation of HA is driven by HYAL2
at extracellular pockets and is further continued by lysosomal HYAL1 intracellularly (V.
Bourguignon & Flamion, 2016) (Figure 1). Though independent from one another, both
catabolic processes are CD44 receptor-dependent (Duterme, Mertens-strijthagen, Tammi, &
Flamion, 2009; Harada & Takahashi, 2007).

An alternative pathway of tissue HA degradation is reactive oxidative species (ROS)-driven
polymer hydrolysis. Superoxide radicals produced by polymorphonuclear cells (PMNSs, i.e.
granulocytes) (Rees, Hawkins, & Davies, 2004) and nitric oxide (NO) produced by local

epithelial cells (Vilar et al., 1997) lead to sporadic cleavage of HA, yielding randomly sized
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polymers and oligomers. At the same time, a major contributor of tissue HA turnover is
lymphatic clearance of GAG with subsequent degradation in the lymphatic system and the
liver (Fraser, Kimpton, Laurent, Cahill, & Vakakis, 1988; U. B. G. Laurent & Reed, 1991).

2.3 Homeostatic balance.

There appears to be a complex balance between HASs and HYALS, as evident by extended
investigation of HA signaling and homeostasis in the setting of different cancers. Treatment
with exogenous HYAL increases HAS activity, as evident by the increase in anabolism

of HA in oligodendroglioma cells (Louis H. Philipson, Westley, & Schwartz, 1985).
Overexpression of HYAL2, however, does not change total HA levels or HAS expression, as
demonstrated in fibroblastic BB16 cell lines (Duterme et al., 2009). This suggests an enzyme
type-, localization- and interaction-dependent balancing of synthesis and degradation of HA,
which is subject to malignancy-related dysregulation in cellular processes, such as mTOR
and extracellular signal-regulated kinase (ERK) signaling.

Total levels of HA in serum and tissues appear to increase as a function of age (Holmes,
Bayliss, & Muir, 1988; Inoue et al., 2011a; Yannariello-Brown, Chapman, Ward, Pappas,

& Weigel, 1995). The factors contributing to HA accumulation could be decreased activity
of hyaluronidases in tissues, including the liver, or dysregulation of lymphatic flow, such

as occurs in aging (Zolla et al., 2015). In an aging organism the turnover and homeostasis
of HA can be jeopardized, such as due to increased activity of hyaluronidases (Chajara

et al., 1998), and lead to an accumulation of random sized HAs. This in turn can lead

to deregulated production and degradation of the polymer. Assessment of human cartilage
revealed an age-dependent increase in total amount of hyaluronan and a decrease in average
HA polymer size, while no change in the size of newly synthesized polymers were observed
(Holmes et al., 1988). A potential explanation for these findings is the diminished integrity
of lymphatic outflow with age (Zolla et al., 2015), resulting in accumulation of HA

that is cleaved by local hyaluronidases. Additionally, age-related myeloid bias, a relative
increase of ratio of myeloid to lymphoid cells (Pang et al., 2011), and increased granulocyte
populations in peripheral blood (Valiathan, Ashman, & Asthana, 2016) and tissue (Gomez
et al., 2007), could result in increased non-specific cleavage of HA by the ROS released by
activated immune cells. This increase in depolymerization and reduction in clearance could
result in increased HA production by HAS2, to potentially compensate for shift in average
HA size, which would further perpetrate a cycle of accumulation and HA degradation. The
reduction in average HA size with age and chronic inflammation, in turn, could result in
reduced protection from processes caused by advanced glycation end products (AGEs) and
activation of local inflammatory responses. Conversely, larger HA polymers are protective
against inflammation (Neumann, Schinzel, Palm, Riederer, & Miinch, 1999), suggesting that
changes in HA size may be a cause rather than a consequence of inflammation.

3. Molecular pathways involved in HA signaling

There appear to be several proteins that can serve as HA receptors to transduce
HA signaling, including lymphatic vessel endothelial hyaluronan receptor 1 (LYVE1),
hyaluronic acid receptor for endocytosis (HARE), toll-like receptors 2 and 4 (TIr2 and 4),
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hyaluronan-mediated motility receptor (RHAMM), and CD44. HA signaling through these
receptors is discussed by Vigetti et al. (Vigetti et al., 2014) and is summarized in Figure

2. Reports on downstream pathways of these receptors, including nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-xB), ERK1/2, Akt, cyclic AMP response element-
binding protein B (CREB), and Hippo signaling, suggest overlaps in HA signaling through
its receptors, and different outcomes depending on the size of HA polymer. In discussion

of size differences, it is important to keep in mind that increase in total HA results in the
increase in absolute amount of polymers of both larger and smaller size and the phenotypic
outcome is dependent on the balance of the differentially sized HA (Figure 2).

3.1 Inflammatory mediators.

HA’s status in synovial tissue has been associated with inflammatory processes, especially
in rheumatologic disease. Serum analysis of osteoarthritis (OA) patients showed an

increase in HA levels that correlated with disease severity (Inoue et al., 2011b). Levels

of tumor necrosis factor-stimulated gene-6 (TSG-6), an HA binding protein associated

with inflammation, were also elevated in synovium and cartilage from arthritis patients,
displaying intense perivascular staining (Bayliss et al., 2001). The average molecular weight
of HA molecules in the synovial fluid was shown to be lower in patients with arthropathies
when compared to normal synovial fluid of age-matched controls (Dahl, Dahl, Engstrom-
Laurent, & Granath, 1985). HA polymers present in healthy synovial fluid exerted anti-
proliferation effects, whereas those found in inflamed milieus did not exert such an effect on
immortalized 3T3 cells (Goldberg & Toole, 1987). Analysis of CD44 expression in synovial
tissue of rheumatoid arthritis (RA) patients revealed an increase in receptor expression

in RA compared to trauma patients without immune-mediated damage; moreover, CD44
expression was reduced in synovial fluids with higher cell counts, while CD44 liposomes
suppressed T cell activation (Haynes, Hale, Patton, Martin, & McCallum, 1991). Interaction
through intercellular adhesion molecule-1 (ICAM-1) was also suggested to play a role in

an anti-proliferative and anti-inflammatory role of the soluble form of HA receptor in RA
(Hiramitsu et al., 2006). Interestingly, these studies highlight the disparity among HA size
in inflamed and healthy tissues: the former appear to have an abundance of smaller, or

low molecular weight HA (LMW-HA), while healthy tissues have relatively larger, or high
molecular weight HA (HMW-HA). Additionally, HA polymers 4 to 25 disaccharides in
length have been reported to possess angiogenic properties in a chicken chorioallantoic
membrane assay, which was not observed after treatment with HMW or very small HA
oligomers (West, Hampson, Arnold, & Kumar, 1985). Therefore, depending on their size,
HA polymers can have diverse effects on tissue homeostatic and disease states (Figure 2).

A mechanism directly bridging inflammation and LMW-HA is signaling through the toll-
like receptor 2 and 4 (TLR2, TLR4) and subsequent activation of NF-xB (Campo et al.,
2010). Introduction of LMW-HA to pyrogenic bacterial lipopolysaccharide (LPS)-treated
chondrocytes resulted in a synergistic increase in NF-xB signaling, which was blocked by
TLR4 receptor antibody. In contrast, introduction of HMW-HA reduced TLR-4 dependent
inflammation. As mentioned earlier, treatment with HMW-HA, and not LMW-HA, resulted
in protection from AGE induced NF-kB activation (Neumann et al., 1999).
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Reciprocally, interleukin (IL)-1p signaling resulted in elevation of HAS2 expression in

an ERK1/2-dependent manner; this elevation was further boosted synergistically by tumor
necrosis factor (TNF)-a treatment and resulted in enrichment of short HA polymers 0.85-
1.1 kDa in size (Ducale, Ward, Dechert, & Yager, 2005). The observed effect was caused
by activation of the NF-kB pathway, as well as stabilization of HAS2 transcripts by IL-1p
activation of MAPK (Figure 2). NF-kB appears to directly induce HAS2 transcription by
binding HAS promoter transcription factor response elements (RE) (Saavalainen, Tammi,
Bowen, Schmitz, & Carlberg, 2007).

A curious effect of differentially sized HA molecules was seen in their regulation of
nociception. While intradermal injection of LMW-HA induced a hyperalgesic response

in rats to mechanical stimulation, HMW-HA blocked that response in a CD44-dependent
manner (Ferrari, Khomula, Araldi, & Levine, 2018). Furthermore, the anti-hyperalgesic
effect of HMW-HA was observed in concomitant treatment with other pro-nociceptive
mediators such as prostaglandin E; (PGEy), epinephrine, TNF-a, IL-6 and the chemotherapy
drug paclitaxel, which causes severe neuropathies, especially in older patients (Tanabe et
al., 2013). The activation of kappa opioid receptors by HA seen in Chinese hamster ovary
(CHO) cells expressing a panel of opioid receptors (Zavan et al., 2013) could suggest a
possible mechanism for the observed hyperalgesic effect in vivo. These findings suggest
that nociception modulation in the setting of inflammation by LMW-HA and HMW-HA can
be regulated not only through inflammation associated receptors, such as TRL2/4, but also
via signaling through neuron-specific receptors. The nociceptive role of differentially sized
HA becomes especially important in aging patients with chronic pain and arthralgias, where
enrichment of HMW-HA could help alleviate the chronic symptoms.

3.2 Stress resistance and longevity mediator.

HA has been reported to be important in multiple stress response pathways. Treatment of
human corneal epithelial cells with HMW-HA protects against the oxidative damage of
ultraviolet (UV)-B radiation, potentially acting as a ROS scavenger in the tissue (Pauloin,
Dutot, Joly, Warnet, & Rat, 2009). In studying the role of very high molecular weight HA
(VHMW-HA, ~6000 kDa), the type of HA enriched in long-lived rodent, the naked mole

rat (NMR), our lab has shown that VHMW-HA was superior to shorter HAs in protecting
against oxidative stress caused by treatment with tert-butyl hydroperoxide (Takasugi et al.,
2020). The protective effect was dependent on CD44 (Takasugi et al., 2020). Therefore, HA
molecules have a potential to protect against ROS as a scavenger molecule or through more
complex signaling pathways.

Treatment of epidermal keratinocytes with extracellular adenosine triphosphate (ATP), a
local marker of stress and injury, transiently increased the expression of HAS2, and to a
lesser extent, HAS3 and CD44, and increased pericellular and ECM hyaluronan (Rauhala

et al., 2018). The mechanism of activation involves purinoceptor 2 (P2Y5) stimulation and
induction of HAS2 transcription via CREB, which has functional binding sites in proximity
to the HAS2 promoter (Makkonen, Pasonen-Seppéanen, Térrénen, Tammi, & Carlberg, 2009)
(Figure 2). The increase in HAS2 expression in skin fibroblasts also correlated with a

Ageing Res Rev. Author manuscript; available in PMC 2022 March 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zakusilo et al.

Page 7

reduction in apoptotic responses in cells subjected to an environmental stress (Y. Wang,
Lauer, An, Mack, & Maytin, 2014).

In addition to a catalytic domain that cleaves GAGs, HYAL 1 and 2 possess an epidermal
growth factor (EGF)-like domain which could aid in protein-protein interaction and play a
role in Hyal-CD44-HA complex signaling (Chao, Muthukumar, & Herzberg, 2007). In fact,
CD44-HYAL2-ezrin-radixin-moesin (ERM) proteins can be co-immunoprecipitated, this
interaction was disrupted by an intact pericellular coat and has been implicated in reduction
of cellular motility and wound healing (Duterme et al., 2009). The recently identified
hyaluronidase transmembrane protein 2 (TMEMZ2) appears to regulate the angiogenic effect
of LMW-HA via vascular endothelial growth factor (VEGF) signaling, and is essential

for primary and secondary angiogenesis in zebrafish (De Angelis et al., 2017). The cell
surface hyaluronidase was also shown to act as a potent modulator of endoplasmic reticulum
(ER) stress resistance in C. elegans and ectopic expression of human TMEM2 resulted

in increase of lifespan in this model (Schinzel et al., 2019). The observed ER resistance
was CD44-dependent, further underscoring the importance of the HYAL-CD44 complex
interaction for development and stress resistance (Schinzel et al., 2019). Interestingly,
treatment of proximal tubule epithelial cells (PTEC) with bone morphogenic protein 7
(BMP7) resulted in HYALZ2 nuclear translocation and differential splicing of CD44 mRNA,
which resulted in enrichment of the antifibrotic CD44 isoform at the cell surface, where

it promoted HA internalization and blocked myofibroblast differentiation (Midgley et al.,
2017). HYAL-CD44 interaction in multiple processes lends credence to the idea that their
interaction, through HA and without it, is a complex regulator of development, disease, and
longevity.

3.3 Anti-cancer mediator.

As mentioned earlier, HA appears to be involved in multiple disease processes,

including cancers. There is a complex push-pull relationship between HA synthases and
hyaluronidases either by direct interaction or through HA homeostasis feedback. The
relationship appears to be important for the cancer-related profiles of HA. For example,
transfection of human fibrosarcoma with human HAS2 resulted in increased HA production
and increased tumorigenicity of the cells (Kosaki, Watanabe, & Yamaguchi, 1999), while
silencing of HAS2 suppressed the malignant phenotype of breast cancer cells /n vivo (Li,
Li, Brown, & Heldin, 2007). Inhibition with 4-methylumbelliferone, which reduces HA
synthesis indirectly (Qin, Kilkus, & Dawson, 2016), appeared to reduce oligodendrioma
tumor growth. In a study of the effect of HAS2 expression by glioma cells, HYAL2

status was important for tumor growth, where increased hyaluronidase activity resulted in
increased migration of malignant cells (Enegd et al., 2002). The parallel overactivation

of both HAS2 and HYALZ2 appears to predispose tumors to increased aggressiveness:
increased production of HA which is cleaved by locally expressed hyaluronidases results

in accumulation of LMW-HA, which in turn promotes inflammation, angiogenesis, and cell
migration (i.e., extravasation and metastasis).

HMW-HA, on the other hand, appears to confer an anti-malignant phenotype. Xenograft
transplantation of naked mole rat (NMR) skin fibroblasts, which endogenously express
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NMR-HAS2 capable of synthesizing HA polymers 10x greater in size than human HAS2,
yielded no growth in NIH 11l nude mice, while interference with NMR-HAS2 expression

or over-expression of human HYALZ2 resulted in malignant transformation of the graft (Tian
et al., 2014). The resistance of the NMR cells to transformation appears to be mediated by
early contact inhibition (ECI) dependent on p16 signaling (Seluanov et al., 2009). The report
by Tian et al. (Tian et al., 2014) further emphasizes that differently sized HA molecules
could be exerting opposing effects on cell proliferation and tissue integrity. Additionally, a
recent study has shown involvement of the Hippo pathway, responsible for control of organ
size via regulation of cell proliferation and apoptosis, in HMW-HA’s cell-density-dependent
growth inhibition (Ooki, Murata-Kamiya, Takahashi-Kanemitsu, Wu, & Hatakeyama, 2019).
HMW-HA-driven clustering of CD44 receptors results in binding to partitioning-defective
1b (PAR1b), which in turn releases mammalian serine/threonine protein (STE20)-like
kinases, mammalian Ste20 (MST) kinases and results in Hippo activation (Figure 2).
LMW-HA can interfere with this activation by competitively binding CD44 receptors and
preventing receptor clustering, thereby blocking HMW-HA driven cell density-dependent
growth inhibition. The enrichment of LMW-HA in aging could be one of the factors that
generates a pro-oncogenic microenvironment in aging tissue, and the potential of HMW-HA
enrichment to rescue this phenotype needs to be further investigated.

3.4 HA size disparity.

A recurring theme in HA-related literature is opposing biological outcomes based on
molecular weight: LMW-HA is involved in inflammation, proliferation, and malignancy,
while HMW-HA is involved in tissue maintenance, growth inhibition and recovery

(Figure 2). The biochemical mechanisms underlying these size differences are still poorly
understood. However, a recent report on HA conformation has shed light on the differences
in biological effects of different sized polymers. While proteins appear to interact with HA
via a link module, a motif structurally similar to C-type lectin domain (Kohda et al., 1996),
a recent study has shown that short HAs appear to behave like a rod while large polymers
behave like a random coil (Weigel & Baggenstoss, 2017). This rod-to-coil transition happens
at the 150-300 kDa range. Different affinity or binding of the link module to rod versus

coil conformation, or the steric hindrance that the larger HA molecules could introduce
might underlie this size-dependent differences in protein interactions and, therefore, lead to
differences in function. Consideration of conformational differences might be a useful guide
in categorizing high molecular weight HA as polymers of >300 kDa and intermediate/low
molecular weight HA polymers as molecules <300 kDa in size, keeping in mind that very
high molecular weight HA and HA oligomers should be a separate category due to effects
that deviate from those of HMW- and LMW-HA polymers. (West et al., 1985). Additionally,
as was demonstrated by Takasugi et al. (Takasugi et al., 2020), HA polymers of very high
molecular weight greater than 6 mega Dalton (MDa) (vHMW-HA), which are synthetized
by NMR fibroblasts, allow for cytoprotection superior to that of HMW-HA. This stronger
cytoprotective results from differential interaction of vHMW-HA with CD44, where the
larger polymers attenuate CD44 protein-protein interaction, which demands for separate
category for the larger polymers. Setting a consensus on the size- and three-dimensional
structure- dependent categorization of HA polymers can help parse apart the complexity of
HA signaling.
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4. Animal models with modulated HA homeostasis

To better understand the role of HA in development and disease, several HA metabolism
related genes have been deleted in mice (Table 1). Multiple studies reported HAS?2 to

be the major HA producing enzyme (Camenisch et al., 2000; Kessler, Obery, & De La
Motte, 2015) and HasZ global knockout (KO) was reported to be incompatible with normal
embryonic development due to severe cardiac and vascular abnormalities (Camenisch et

al., 2000). Targeted knockout of the HAS2 gene in mesenchymal tissue using the paired
related homeobox 1 — Cre recombinase (Prx1-Cre) system resulted in severe impairments of
limb development, such as phocomelia, and defective joints, further underscoring the role
of HAS2 in development. (Matsumoto et al., 2009). Conditional knockout of the Has2gene
in brain using a Nestin-Cre transgene (Has2Nestin-cKO mice) in mice resulted in a seizure
phenotype, which was milder than that seen with the Has3knockout animals (Arranz et

al., 2014). Though hippocampal distribution of HA did not display major differences in
Has2Nestin-cKO \yhen compared to wild type brains, some areas of the brain, such as the
corpus callosum and cingulum bundle, completely lacked HA staining. Therefore, HAS2
appears to be involved in CNS development as well as maintenance of HA content in healthy
adult tissue.

Constitutive knockout of the Has1 gene resulted in milder peripheral and CNS phenotypes.
HASLI appears to be important in formation of retrocalcaneal bursa (Sikes et al., 2018),
while knockout of the gene resulted in a seizure phenotype akin to Has2 conditional knock
out (Has2Nestin-cKOy mjce (Arranz et al., 2014). In the same study, lack of Has3resulted

in the most severe epileptic phenotype, which was rescued by restoration of extracellular
space with application of a hypertonic solution and could be mimicked by application

of hypotonic solution onto wild type brain slices. Global knockout of Has3resulted in
diminished inflammatory reaction after high ventilator volume-induced lung injury (Bai et
al., 2005) and after dextran sodium sulfate-induced colitis (Kessler et al., 2015). Finally,
double knockout of Hasand Has3resulted in abnormal wound healing and enhanced
inflammation after 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced skin injury (MacK
et al., 2012). Hence, HAS1 appears to play a minor role in development or disease, while
HAS3 function is linked most closely to inflammation and disease phenotype. Therefore,
modulation of HAS2 and HAS3 activity could be of interest to understand the role of HA in
healthy and pathologic aging, respectively.

To target HA catabolism, mouse with KO of Hyal1, HyalZ, and Hyal3were generated.
Constitutive knockout of Hya/Z resulted in a mouse model with no overt abnormalities,
but with mild, but progressing mucopolysaccharidosis, evident by accumulation of HA in
multiple joints (Martin et al., 2008). Mice lacking the HyalZ gene displayed cranial and
vertebral bone abnormalities, thrombocytopenia and hemolysis, and elevated levels of HA in
plasma (Jadin et al., 2008). Accumulation of HA in liver tissue was also noted. In contrast,
Hyal3 KO mice displayed no gross phenotypic changes, with no change in GAG content
in the ECM of organs, no apparent vacuolization, no histological changes in joints and

no change in HA content in serum (Atmuri et al., 2008). There were, however, structural
changes in the lungs of the Hyal/3deficient animals, with enlarged alveoli and thickened
ECM. Therefore, it appears that HYALZ is the major enzyme responsible for local HA
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degradation, uptake into the lymphatic system and further catabolism in the liver. HYALL1 is
most active in HA catabolism in joints, while HYALS3 does not substantively contribute

to HA degradation. No pathologic CNS or aging phenotypes, apart from progressive
accumulation of HA in joint in Hyall KO mice, were reported in these models.

An interesting natural model (without the need for genetic modification) to study effects

of HMW-HA in aging is the naked mole rat (NMR). This species shows high enrichment

of total HA when compared to mice, and the NMR HAS2 produces polymers that are
millions of Daltons in size (Tian et al., 2014), aka vVHMW-HA.. Interestingly, NMRs show
little cognitive decline with aging (Buffenstein, 2008), and are able to maintain roles in their
complex social hierarchy even at older age. Additionally, though harboring CNS amyloid
beta (AB) levels comparable to Alzheimer’s Disease (AD) transgenic mouse models, A in
NMR is resistant to aggregation, as evidenced by the absence of plaques in 20+ year old
animals (Edrey et al., 2013). A recent report by Kulaberoglu et al. highlighted the structural
intricacies of HA in different NMR tissues (Kulaberoglu et al., 2019). Using atomic force
microscopy (AFM), the group was able to detect different HA polymer structures formed

in vivo, from a gyrated appearance in the brain to “snowman” structures in the lungs. This
study emphasized the high affinity of NMR skin HA to water and its capacity to transition
from viscoelastic to elastic material upon dehydration, physicochemical functions implicated
in the enhanced elasticity of NMR skin. The study of NMR femoral cartilage, which was
shown to have superior compression resistance, revealed enrichment with vHMW-HA which
correlated with reduced death of chondrocytes post mechanistic stress compared to mouse
tissue (Taguchi et al., 2020). Furthermore, compared to mice, NMRs showed remarkable
resistance to injury-induced osteoarthritis, suggesting that vHMW-HA protects the joints
from injury and inflammation (Taguchi et al., 2020). These findings not only underscore

the utility of NMRs as a model of resistance to the deleterious effects of aging, but also
suggest that the link between HA and aging needs to be investigated further for insights into
potential therapeutic avenues.

5. HA in CNS ontogeny

As evident by complex processes of synthesis and metabolism, as well as complex signaling
pathways of differently sized HA molecules, the role of the HA polymer varies depending
on the organism’s stage of development (Figure 3).

Hyaluronan appears to be present in embryonic tissue at very early developmental

stages (Brown & Papaioannou, 1993). Potential roles of HA in developing tissue include
mechanical protection, maturation regulation, as well as protection from the maternal
immune system, dysregulation of which leads to preterm birth (Vora et al., 2018).
Interactions between CD44 and HMW-HA support decidual stromal cells (DSCs), which
maintain a balanced cytokine milieu at the maternal-fetal interface in early pregnancy,
inhibiting apoptosis in the uterine cells via AKT and ERK1/2 signaling (Zhu et al., 2013).
In patients with pre-eclampsia, HAs of undetermined size were elevated in maternal blood,
and are thought to contribute to development of fibrinoid deposits in the placentas of patients
with this condition (Matejevic, Neudeck, Graf, Muller, & Dietl, 2001). /n vivo oviductal
infusion of HA polymers 500-750 kDa in size interfered with embryonic development in
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ewes, while addition of Hyal2 resulted in increase of blastocyst quality, increase in cell
division, proliferation and migration (Marei et al., 2016), processes that are critical for
embryonic development. While relative mRNA expression of HAS2 decreased closer to
blastocysts stage of bovine embryonic development (Marei, Salavati, & Fouladi-Nashta,
2013), it still plays an important role in embryogenic development, as embryonic cardiac
organogenesis is dependent on HAS2 expression and signaling of HA via Ras pathway
(Camenisch et al., 2000). Moreover, Has2 knockout mouse embryos die mid-gestation, due
to impaired organogenesis (Camenisch et al., 2000). Therefore, HA performs multiple roles
in an organism’s development.

5.1 HA in early development and postnatal CNS.

Expression of the major HA receptor CD44 has a very limited distribution in embryos.

In mouse embryos it appears mid-gestation, primarily in the head mesenchyme and in the
marginal zone (Fenderson, Stamenkovic, & Aruffo, 1993), suggesting a tight regulation

of expression of HA in developing brain, similar to peripheral organs. This might be

an important adaptive mechanism for prevention of inadvertent activation and subsequent
inhibition of neuronal proliferation through TLR2, which is widely expressed in embryonic
cortex (Okun et al., 2010). HA, however, is important for embryonic CNS development,

as there is a CD44-dependent neuronal maturation in the sub-granular zone of embryonic
murine dentate gyrus (Su et al., 2017). HA’s role in neuronal development was also
recapitulated /n vitro, where disruption of HA synthesis interfered with neurite outgrowth in
mouse primary neuronal cultures (Takechi et al., 2020). The role of receptor of hyaluronan-
mediated motility, RHAMM, in neocortical development has been delineated in studies

of fetal human neocortex organotypic slice cultures, where HA-receptor dependent Erk1/2
activation was required for cortical plate folding (Long et al., 2018). Therefore, HA appears
to be important for orchestrating brain growth and localized neuronal maturation during
CNS development.

Concentrations of HA in the brain increase drastically during the first days of postnatal
development (Figure 3). Hyaluronic acid peaks within the first week after birth, and then
sharply declines reaching adult levels when measured in whole brain of rat at postnatal day
18 (Margolis, Margolis, Chang, & Preti, 1975). The naturally occurring neuronal death in
postnatal rat cortex happens at approximately the same time (Ferrer, Bernet, Soriano, Del
Rio, & Fonseca, 1990). Importantly, the volume expanding effect of HA polymer cannot
be ignored as an important factor in neuronal development. In HAS3 knockout mice there
was a substantial reduction in total extracellular space in hippocampi of affected mice,
which displayed an epileptiform phenotype (Arranz et al., 2014). Restoration of volume
using hypertonic artificial cerebrospinal fluid (ACSF) in slice preparation alleviated these
effects. When exogenous HYAL was injected into the CA1 region of hippocampi of young
mice (postnatal day 17, P17) a similar seizure phenotype was observed (Balashova et

al., 2019). RNA sequencing analysis also revealed elevation of pro-inflammatory genes,
including 7/r2and c-c motif chemokine ligand (Cc/)2,3,5 suggesting an inflammation driven
pathology upon digestion of HA. Additionally, a recent report by Wilson et al. has shown
that HYAL treatment resulted in increase in the number of excitatory synapses and of
spontaneous activity, offering another mechanism for HA-dependent regulation of neuronal
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activity (Wilson, Knudson, & Newell-Litwa, 2020). These studies underscore the importance
of HA in the CNS ECM and its role as a microenvironment regulating biomolecule.

5.2 HA in adult CNS.

In adult rat brain, similar to human brain, HA appears to be distributed throughout
numerous brain regions and associates primarily with parvalbumin positive neurons (Takechi
et al., 2020; Ueno et al., 2018; Yasuhara, Akiyama, McGeer, & McGeer, 1994). Adult
neurogenesis appears to be regulated by HA via CD44 signaling, since HA (10° Da)
treatment of subgranular zone derived neural stem cells inhibited their proliferation (Su
etal., 2017). This inhibition of neural stem cell proliferation is in line with anti-proliferative
properties of HMW-HA, suggesting that HA signaling pathways are conserved in the

adult CNS. Pericellular HA is especially important for normal maturation of neurons, as
interference with neuronal HA synthesis resulted in poor neurite development (Takechi et
al., 2020). Therefore, HA plays an important role in both adult neurogenesis, neuronal
maturation, and normal synaptic function, in particular of a subset of parvalbumin positive
cells.

There appears to be an age-related accumulation of HA, driven primarily by HAS1
upregulation (Cargill et al., 2012; Su et al., 2017) (Figure 3). Cortical and cerebellar
parenchyma are primary brain regions with increased accumulation of HA (Reed et al.,
2018). This accumulation could be driven by excess production of HA by aged astrocytes,
with apparent increase of HAS1 and CD44 expression in these cells (Cargill et al., 2012).
In contrast, age-related perivascular HA accumulation appears to be dependent on HAS2
up-regulation (Reed et al., 2016). The average size of HA in the parenchyma of aged CNS
has not been well characterized. The abovementioned studies report increases in synthases
as the inciting event in HA accumulation, yet other factors, such as increased inflammation,
ROS-driven degradation, and reduction in lymphatic turnover, could affect size and content
of HA in the aging CNS. Importantly, it is not clear whether LMW-HA or HMW-HA are
the dominant species in the aging CNS, and the effect of enriching one or the other in
aggravation or resolution of age-related neurodegenerative disease remains to be understood.

6. HA in aging and neurodegeneration

Though many questions remain unanswered, HA has been shown to be critical in CNS
development and normal functioning. HA’s role in aging and neurodegeneration remains a
topic of scrutiny. In order to better understand HA'’s role in neurodegenerative conditions,
we will first consider its effect on different cell types implicated in CNS aging and disease.

6.1 HA and OPC/oligodendrocytes.

A deregulatory effect of accumulated HA in CNS was reported in studies of demyelinating
lesions. In mice with experimental autoimmune encephalomyelitis (EAE) as a surrogate of
multiple sclerosis (MS), accumulation of HMW-HA secreted by local astrocytes, which

is also seen as part of normal aging (Cargill et al., 2012), was observed in regions

of demyelination (Back et al., 2005). Similarly, assessment of postmortem brains of
patients with the progressive encephalopathy of vanishing white matter disease showed
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perilesional HA accumulation (Bugiani et al., 2013). The accumulated polymer prevented
oligodendrocyte precursors (OPCs) from maturing, limiting the myelination potential of the
precursor cells. TLR2 activation by hyaluronan was implicated in blocking OPC maturation
(Sloane et al., 2010), suggesting the possibility that the hyaluronan accumulated in
demyelinated lesions undergoes fragmentation, which results in LMW-HA-TLR2 pathway
activation to inhibit maturation (Figure 4). Considering the correlation of demyelination and
mild cognitive impairment in humans (Carmeli et al., 2013), and the focal demyelinating
lesions seen in AD mouse models (Mitew et al., 2010), the status of HA enrichment around
OPCs is important, as uncontrolled enrichment of HA around OPCs would interfere with
restorative potential of these cells.

6.2 HA and microglia.

CDA44-TLR4 interaction in response to treatment with 500-800 kDa HA resulted in
increased NF-kB activation and TNF-a production by microglia and peritoneal macrophages
in vitro (M. J. Wang et al., 2006). This signaling pathway is thought to be responsible for a
prolonged inflammatory response in brain ischemia, where increased HAS1 and 2, as well
as Hyall and 2 expression, and HA accumulation has been reported (Al’Qteishat et al.,
2006). In contrast, in a primary rat microglial culture stimulated with LPS, co-treatment with
HMW-HA (1700 kDa) reduced production of IL-1p and IL-6 via Erk 1/2 and Akt pathway
inhibition (Austin, Gilchrist, & Fehlings, 2012). Here the authors concluded that due to

the early effects of HMW-HA inhibition of inflammatory pathways and intersections with
pathways involved in TRL-4 signaling, the anti-inflammatory effects could be driven by
direct HMW-HA inhibition of TLR-4 (Figure 4). Their conclusions are in line with earlier
findings of TLR-4 signaling suppression by HMW-HA (Campo et al., 2010). Blocking

TLR signaling to reduce inflammation has been suggested as a treatment for spinal cord
injury (SCI), as inhibition of MyD88-dependent pathway, a pathway downstream of TLR
signaling, improved locomotion in a rat SCI model (Yao et al., 2012). Further investigation
of the differential roles of HMW-HA and LMW-HA in microglial activation after injury is
needed to understand the implication of HA accumulation in CNS injury and the resolution
of responses that occur with healing.

6.3 HA and astrocytes.

Another glial subtype targeted in an SCI model was astrocytes, where injection of
hyaluronidase resulted in increase of glial fibrillary acidic protein (GFAP) positive cells

as well as GFAP- and BrdU-positive cells, while HMW-HA (~1000 kDa) inhibited such
proliferation (Struve et al., 2005). Astrocyte stellation, a process observed in stress or

cells challenged by inflammation (Acaz-Fonseca, Ortiz-Rodriguez, Azcoitia, Garcia-Segura,
& Arevalo, 2019), was increased /n vitro when cultured astrocytes were treated with
hyaluronidase or transfected with sh-CD44 RNA (Konopka et al., 2016) (Figure 4). The
morphological changes occurred because of CD44-dependent regulation of morphology and
Rac1 activation upon treatment with Hyaluronidase. The implications of reduced astroglial
activation are varied. On the one hand, diminished astrocyte proliferation could reduce

scar formation, which is non-permissive for neuronal growth and regeneration. On the

other hand, inhibition of astrocyte activation could be detrimental for tissue restoration

and remodeling, as well as the astrocytes’ role in normal neuronal signaling. These
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considerations emphasize the importance of balancing HA expression at an injury-specific
location within a critical temporal window.

6.4 HA and neurons.

Though astrocytes are thought to be the primary source of ECM HA in the brain, neurons
express both HAS2 and HAS3 in vitro (Fowke et al., 2017). FACS assisted total RNA
sequencing in mature mouse forebrain did not reveal an enrichment of HAS2 in any one
cell type when comparing expression in mature astrocytes, oligodendrocytes, or neurons,
suggesting that HAS2 is expressed at similar levels by these cell types (Cahoy et al.,

2008). Moreover, imaging studies of rat neuronal culture produced HA /n vitro showed
apposition without co-localization of HA and the synaptic markers synaptophysin and
postsynaptic density protein (PSD)-95, underscoring perineuronal net (PNN) localization
of the polymer (Fowke et al., 2017). This patterning of HA around PNNs could allow
spatial segregation of synaptic units, providing a scaffold and a physical barrier between
different PNNs. Additionally, HA in adult mouse brain is highly associated with a subset
of parvalbumin (PV) positive GABAergic cells (Ueno et al., 2018). The presence of HA

in PNNSs suggests its potential importance for establishment of a synapse and its plasticity
and maintenance of neuronal networks in general (Sun et al., 2018). Digestion of HA using
exogenous hyaluronidase resulted in reduced fear conditioning in mice and diminished long-
term potentiation in hippocampal slices, while introduction of exogenous HA rescued the
phenotype (Kochlamazashvili et al., 2010). In addition to disrupting the normal morphology
of peri-neuronal ECM, the observed interference with long term potentiation (LTP) after
hyaluronidase treatment could be caused by an increase in LMW-HA locally, which would
lead to an increase in inflammatory signaling and dysregulation of glial function, processes
strongly implicated in neurodegenerative conditions. The effect of targeted enrichment of
HMW-HA around neurons in neurodegeneration remains to be elucidated.

6.5 HA in age-related neurodegeneration.

As mentioned before, the role of HA in aging and disease has been long debated. In

the brains of AD patients cellular accumulation of HA was spatially segregated from
amyloid deposits, suggesting that those cells were either not yet affected or that HA
conferred a local protective effect from perineuronal amyloid aggregation (Yasuhara et al.,
1994). A histopathological analysis of brains of AD patients revealed an increase in HA
content, without other GAGs in temporal lobes of patients (Jenkins & Bachelard, 1988).
This observation is in line with an increased number of astrocytes expressing CD44 that
displayed altered morphology in AD patients (Akiyama, Tooyama, Kawamata, Ikeda, &
McGeer, 1993). In an accelerated senescence murine model, concomitant decreases in HA
and chondroitin sulfate (CS) were observed in the brains of affected animals compared to
resistant littermates (Morita & Kamada, 1993). The finding suggests that the accumulation
of HA in AD could not be explained just by an early senescence phenotype, as only HA
and no other GAGs were affected in AD (Jenkins & Bachelard, 1988). At the same time,
evidence of neuroprotection by HA (Yasuhara et al., 1994) and failure of treatment with
HA to cause AD-like pathology, which was observed following treatment with sulfated
GAGs (Hasegawa et al. 1997), suggests that HA accumulation could be an indicator of a
compensatory protective mechanism in neurodegenerative conditions rather than a driver of
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the pathology. Additionally, intrastriatal injection of amyloid in rats reduced HA content
in the tissue (Genedani et al., 2010), which suggests either a steric competition between
HA and amyloid aggregates or a more complex intricate relationship, which could involve
neuronal, glial, and peripheral immune cells.

Analysis of cerebrospinal fluid (CSF) HA content in patients with AD revealed a gender
difference between affected individuals, but failed to demonstrate a significant difference
between the control group and AD patients (M. Nielsen, Palmqvist, Minthon, Londos, &
Wennstrom, 2012). In a subsequent study to find a better correlate to the observed HA
up-regulation, the same investigators examined the correlation of CSF HA content with
the severity of vascular dementia (N&gga, Hansson, Van Westen, Minthon, & Wennstrém,
2014). Indeed, levels of HA were significantly increased in patients of both sexes with
vascular disease, which is supported by previous reports of HA dysregulation concomitant
with vascular inflammatory processes (Evanko, Raines, Ross, Gold, & Wight, 1998).
Interestingly, perivascular HA accumulation with a general decrease in microvascular
density has also been reported to be a part of normal aging in mice (Reed et al., 2018,
2016), potentially indicative of degradation of normal vascular architecture, increased
inflammation, and failure of HA turnover in aged tissue, or hinting at increased incidence of
ischemic events with aging and a consequent aggregation of HA (Al’Qteishat et al., 2006).

To better understand the role of HA size in AD pathology, Reed et al. assessed the

extent of HA accumulation in the postmortem brain parenchyma of both male and female
AD patients and compared the average polymer sizes in control patients and in patients

with AD (Reed et al., 2019). Though the total amount of HA in AD patient brains was
significantly elevated, there was no significant difference in average size between the control
and AD group, averaging at just above 200 kDa in both groups. In AD patients there was
significantly increased expression of TSG-6 mRNA as well as increased parenchymal and
perivascular staining. Considering the lack of increased HA in the CSF of AD patients (M.
Nielsen et al., 2012), HA aggregation in parenchyma, and with HA turnover occurring in
the meningeal lymphatic system, the net aggregation in HA could be due to the gradual
failure of the system with age. Indeed, CSF perfusion of the brain was reduced in aged

mice when compared to younger counterparts (Da Mesquita et al., 2018). This study

also showed that this disruption could underlie worsening of Alzheimer’s phenotype in
5xFAD murine model. This finding underscores the diagnostic potential of HA, which
could be acting as a canary in the coalmine: as meningeal lymphatics deteriorate with age,
HA would be more likely to aggregate in the parenchyma. We do not, however, possess
sufficient evidence to implicate HA as the perpetrator or the victim in this scenario. Though
HA accumulation could be an aggravating process worsening the AD pathology, there is
evidence to suggest a compensatory and protective response to progressive degeneration and
chronic inflammation. A more definitive answer to this question may be provided following
further investigation of the roles of HMW-HA and LMW-HA in animal models of aging and
neurodegeneration.
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7. HA based therapeutics

As our wealth of knowledge on the non-sulfated GAG increases, so have efforts to modulate
its presence in different tissues. HMW-HA has been recognized as a protective factor

in rheumatologic disease and age-related joint pathologies; thus, efforts have been made

to either prevent its degradation or to deliver preformed polymer locally. One proposed
approach has been to introduce an inhibitor to HA degradation by exploiting the affinity

of hyaluronidases to other GAGs. In their screening of GAGs, Toida et al. observed a
noncompetitive inhibitory potential of heparin and strong competitive and non-competitive
inhibitory effects of synthetic O-sulfonated HA, by binding at and outside of the active
domain, respectively (Toida, Ogita, Suzuki, Toyoda, & Imanari, 1999). Though showing
promising effects /n vitro and being used as injectable treatments for OA, the bioavailability
of GAG polymers and the mode of delivery has brought up reservations about the utility

of such molecules for treating other organs, especially the CNS, where application would
involve invasive procedures. Thus, alternatives from small molecules to hydrogels have been
investigated in both /n vitroand in vivo settings (Table 2).

7.1 Small molecules.

Natural products and plant extracts have been investigated as a source of the lead for a
potential hyaluronidase inhibitor. L-ascorbic acid 6-hexadecanoate (Vcpal) has been shown
to act as a potent bacterial Hyal inhibitor, with reduced potency for bovine testicular Hyal
(Botzki et al., 2004), making it a potential anti-microbial agent. Murata et al. identified

a number of phenylpropanoid compounds from Lycopus lucidus, Meehania urticifolia,

and Keiskea japonica as potential inhibitors of the mammalian Hyal enzymes (Murata,
Miyase, & Yoshizaki, 2011, 2012; Murata, Watahiki, Tanaka, Miyase, & Yoshizaki, 2010),
with comparable or greater potency than a previously reported Melissa officinalis extract,
rosmarinic acid (Ippoushi, Yamaguchi, Itou, Azuma, & Higashio, 2000). With some of

the phenylpropanoids having ICsg’s in double digit micromolar concentrations, these
compounds could be potential leads for a therapeutically applicable hyaluronidase inhibitor.
Esculeoside A, a saponin derivative of tomato fruit, was shown to have a competitive
inhibition potential with 6.5 UM 1Csq, making it an intriguing compound for further
investigation (Zhou et al. 2018).

Hyaluromycin, a hyaluronidase inhibitor derived from marine Streptomyces species
(Harunari et al., 2014), was shown to possess anti-proliferative and anti-migratory activity
in pancreatic ductal adenocarcinoma cells (PDACs) (Kohi et al., 2016). Hyaluromycin
treatment resulted in reduced amounts of LMW-HA in cell culture medium and diminished
proliferation and migration of PDACs. With a reported 1Csq of 14 uM and significant
inhibition of proliferation at 50 uM, hyaluromycin is an enticing new compound with
antineoplastic potential.

As new leading structures of small molecules for modulation of HA content and size are
being discovered, their use for treatment of neurodegenerative conditions will need to be
tested, subject to their BBB penetrability and bioavailability in neural tissue.
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7.2 Oligomers, polymers, and hydrogels.

While inhibition of the degrading enzyme is one approach to modulate HMW-HA — LMW-
HA balance, direct introduction of the differently sized polymers is an alternative. In a
rabbit model of intraventricular hemorrhage (IVH), where elevated CD44, TLR2 and 4 were
observed, treatment with hyaluronidase or hyaluronan oligosaccharides reduced expression
of CD44 and TLR4, as well as levels of pro-inflammatory cytokines and of markers of
microglial activation (Vinukonda et al., 2016). Degradation of HA with hyaluronidases
cleaves the HA polymer to smaller oligosaccharides which interfere with interactions of
endogenous HA and pro-inflammatory proteins, including TNF-stimulated gene 6, TSG-6,
a situation that is mimicked by addition of exogenous HA oligomers, resulting in reduced
inflammatory response. Therefore, HA oligomers can be used as competitive inhibitors of
HA interaction with its associated proteins. Their interference with LWM-HA signaling
versus HMW-HA signaling remains to be understood.

Polymer application in models of spinal cord injury have been showing some promise as

a therapeutic approach. In organotypic spinal cord slice preparations, introduction of an
HA hydrogel, but not of soluble HA, resulted in improved neuronal survival (Schizas et
al., 2014). The authors suspected a structural scaffolding effect that allowed for improved
tissue preservation, while the soluble form was not therapeutic. It would be interesting to
determine if local pro- or anti-inflammatory signals were perturbed by either condition.

A similar neuroprotective effect was observed in an /n vivo hemisection study in rats,
where implantation of an HA hydrogel resulted in increased tissue alignment and reduction
in lesion size (Kushchayev et al., 2016). Interestingly, the authors noted a decrease in
inflammatory cell presence in the area of injury, potentially due to partial blood brain
barrier (BBB) restoration in the HA hydrogel treated condition, yet no difference in
behavioral outcome was observed. This points out an important consideration that neuronal
preservation without a certain amount of inflammation-driven regeneration might not be
sufficient to restore functionality of the injured tissue.

7.3 HA as a vehicle.

There have been a number of recent reports applying HA containing formulations as
inhibitors of amyloid aggregation. Chitosan-hyaluronan nanoparticles applied to Ap solution
in vitroresulted in disruption of aggregate formation (Jiang, Dong, & Sun, 2018).
Introduction of dual inhibitors of amyloid aggregation, epigallocatechin-3-gallate and
curcumin, loaded onto HA hydrogel resulted in significant dose dependent inhibition of
aggregation (Jiang, Dong, Yan, et al., 2018). In both cases introduction of HA alone did
not result in significant effect on Ap aggregation, suggesting that, though HA can serve as
a vehicle for drug delivery, it is unlikely to be involved in amyloid aggregation. However,
co-treatment of human induced pluripotent cell (h-iPSCc) spheroids with amyloid and HA
resulted in increased cell viability and reduced markers of cytotoxicity (Bejoy et al., 2018).
How HA confers neuroprotection and the impact of differently sized HAs on biologic
outcomes related to AD remain unanswered questions.

There are several caveats to current therapeutic approaches of HA delivery. Though HA
polymers and 3D matrices show some promise as a therapeutic tool for restoration of an
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open wound or for post-operative recovery, there is currently no procedure to deliver them
in a non-invasive manner. Additionally, though often affecting entorhinal and hippocampal
regions first, age-related dementias are more distributed diseases, and involve different brain
regions, including medial parietal lobe and posterior cingulate (Scahill, Schott, Stevens,
Rossor, & Fox, 2002). Therefore, a small molecule modulator of HA size and content

in CNS with temporally limited bioavailability would be the most promising therapeutic
strategy for future drug development efforts. Local clearance of the compound will have a
role in efficiency of therapy, though the cause-outcome relationship of HA of particular size
and local vascular and lymphatic flow remains to be elucidated.

8. Conclusions

Hyaluronic acid is a ubiquitous molecule that appears to have numerous and diverse
effects on tissue homeostasis. As a biomolecule strongly involved in tissue structure

and composition, factors dysregulated in aging, HA function in aging is hard to ignore,
considering that despite regional variabilities, there is a trend towards increased HA
accumulation with age. First implicated in articular and rheumatological disease, the
involvement of HA and its catabolic and anabolic enzymes in cancer and inflammatory
conditions has become more evident. Lately, HA involvement in brain injury and
neurodegeneration has been interrogated, and appears to have conflicting effects on tissue
degradation and regeneration. The intricacies of its homeostasis and signaling pathways add
another layer of complexity to the understanding of its role in development, maintenance,
and disease. However, a significant point has been underscored by multiple reports: HA
cannot be viewed as a simple target, up- or down- regulation of which results in a desired
outcome. When considering HA as a target for therapeutic approaches, the modulation of
HA size, the type and timing of intervention, the location of application and duration of
treatment, and the potential homeostatic compensations must all be kept in mind to achieve
beneficial results.
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Figure 1. Homeostasis of HA, major constituent of ECM GAG.
Hyaluronan synthases (HASSs) are the enzymes responsible for hyaluronan (HA) anabolism,

while hyaluronidases (HYALS) degrade the polymer extra- and intra-cellularly. Reactive
Oxidative Species (ROS) are capable of degrading the HA molecules into polymers of
random size. The regulation of HA synthesis and degradation is regulated by multiple
pathways, including metabolic, growth, and inflammatory signaling. HA turnover involves
uptake of the polymers of certain size into lymphatic tissue, and subsequent degradation
in lymphatic and hepatic tissue. PG = Proteoglycan; Glc = glucose; N-Ac = N-acetyl;
UDP-GIcNAc = UDP-N-acetyl-D-glucosamine, UDP-GIcA = UDP-D-glucuronic acid
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Figure 2. Balanced effects of different sized HA polymers.
While LMW-HA activates pro-inflammatory and proliferative signaling cascades effects via

TLR2/4 and CD44, HMW-HA has anti-hyperalgesic, anti-proliferative and anti-apoptotic
activities, potentially by causing a different conformation of its major receptor, CD44.
vHMW-HA, additionally, has superior cytoprotective properties. Both LMW-HA and HMW-
HA are important for wound healing and tissue maintenance. Disparity of differentially
sized HA effects happens on receptor level.
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Figure 3. HA amount and sizein CNS ontogeny.
HA is important in maintaining spatial separation of neurons for normal function. In early

mouse brain development HA increase is favorable for cell development and maturation.
Around day 18 after birth, reduction in HA is important for brain development. HA levels in
adult brains undergo minute, quickly amended fluctuations, subject to health state. In aging
brain there is an increase in total HA and decrease in average HA size, without change in
size of newly synthesized HA - suggestive of inflammation and degradation.
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Figure 4. Diverging effects of LMW-HA and HMW-HA in neurodegeneration and AD.
In situations of ischemia, there is an increase in perivascular deposition of short HA

polymers. HA interferes with OPC differentiation and remyelination. LMW-HA activates
microglia via TLR4 and NFxB pathway, while HMW-HA blocks this activation. HMW-HA
blocks cytotoxic effect of LMW-HA and is considered protective against neurodegeneration.
Exogenous hyaluronidase (HYAL) treatment results in HA degradation and increased levels
of GFAP and astrocyte stellation. Increased levels of astrocytic CD44 and overall HA
amount have been reported in AD patients.
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incompatible with normal embryonic development

Genetic Peripheral Phenotype CNS Phenotype (if Authors

manipulation reported)

HAS1 KO Impedes formation of retrocalcaneal bursa Mild seizure phenotype Sikes et al., 2018; Arranz et al.,
2014

HAS2 KO Severe cardiac and vascular abnormalities; Camenisch et al., 2000

Conditional HAS2
KO

Under Prx1-Cre: shortened limbs, duplicated proximal
phalanges, abnormal growth plates, lack of formation
of secondary ossification centers, defective synovial
cavities

Under Nestin-Cre: mild
seizure phenotype,
reduction in cortical
HA and lack of HA
deposition in major
fiber tracts

Matsumoto et al., 2009; Arranz
etal., 2014

serum, but mild changes in alveolar structure

HAS3 KO Protection from ventilator induced lung inflammation; Seizures, reduction Bai et al., 2005; Kessler et al.,
protection from dextran sodium sulfate induced colitis in HA content in 2015; Arranz et al., 2014
hippocampus
HAS1/3 KO Abnormal and accelerated wound healing and Mack et al., 2012;
enhanced inflammation around induced lesions
HYAL1 KO Mild mucopolysaccharidosis Martin et al., 2008;
Bourguignon et al., 2016
HYAL2 KO Cranio-vertebral skeletal abnormalities, Jadin et al., 2008; Bourguignon
thrombocytopenia, hemolysis, HA content increase in etal., 2016
plasma and liver
HYAL3 KO No gross phenotypic change, normal HA levels in Atmuri et al., 2008
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Table 2.
Summary of HA therapeutic approaches
Name Type of compound 1Csg Source Tested on Authors
Heparin Non-competitive 1.14 Porcine intestine Mammalian testicular Hyal | Toida et al., 1999
inhibitor of Hyal ug/ml in vitro (Flow Injection
Assay)
O-sulfonated HA Competitive and non- 0.78 HA from
competitive inhibitor of ug/ml Streptococcus
Hyal zooepidemicus
L-ascorbic acid 6- Synthetic Hyal inhibitor | 4and 56 | Synthetic Streptococcal and bovine Botzki et al.,
hexadecanoate (\V/cpal) UM testicular hy- aluronidase 2004
in vitro (turbidimetric
assay)
Clinopodic acid C Phenylpropanoid SM 80.1 uM | Lycopus lucidus Bovine testicular hy- Murata et al.,
Hyal inhibitor aluronidase /n vitro 2010
Rashomonic acid D 183 uM Meehania Murata et al.,
urticifolia 2011
Acacenin 7-O-B-D- 267 uM Keiskea faponica Murata et al.,
glucuronopyranoside 2012
Rosmarinic acid SM Hyal inhibitor 0.2mM Melissa officinalis Bovine testicular Ippoushi et al.,
hyaluronidase /n vitro 2000
Esculeoside A Spirosolane-type 6.5 uM Lycaopersicon Bovine testicular Zhou et al., 2018
glycoside SM esculentum hyaluronidase /n vitro
competitive Hyal
inhibitor
Hyaluromycin Rubromycin family SM 14 yM Streptomyces Bovine testicular Harunari et al.,
Hyal inhibitor species hyaluronidase /n vitro 2014
(turbidimetric assay)
HA oligomers Oligosaccharides (10 N/A In vitro synthesis Rabbit model Vinukonda et al.,
monosaccharide units) using recombinant of intraventricular 2016
Pasteurella hemorrhage
multocida
hyaluronan
synthase; Hyalose
HA polymer HA hydrogel (360kDa) N/A Lifecore Organotypic spinal cord Schizas et al.,
Biomedical slice preparations 2014
Chitosan-hyaluronan HA sodium salt N/A Aladdin Viability of SH-SY5Y cells | Jiang et al., 2018
nanoparticles (MW>1x106)
HA N/A Sigma Human induced pluripotent | Bejoy et al., 2018
cell (h-iPSCc) spheroids
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