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l. Introduction

Hyaluronic acid and neural stem cells: Implications for biomaterial design

Zin Z. Khaing® and Stephanie K. Seidlits®

While in the past hyaluronic acid (HA) was considered a passive component with a primarily structural role in tissues,
research over the past few decades has revealed its diverse and complex biological functions, resulting in a major
ideological shift. HA is abundant during normal central nervous system (CNS) development and, although down-regulated,
remains ubiquitous in adult extracellular matrix (ECM). Significant changes in HA content are associated with pathological
conditions, including stroke, traumatic injury and multiple sclerosis, and these changes likely disrupt repair by endogenous
neural stem cells (NSCs). In this review, we describe recent findings in HA biology relevant to NSCs—focusing on the
potential of HA-NSC interactions to mediate CNS regeneration. Currently, HA biomaterials are being developed to
counteract matrix changes associated with CNS injury and disease, thereby promoting NSC survival and directing
differentiation. In parallel, HA-based biomaterials engineered to mimic the native CNS microenvironment are being used
to investigate the relationship between NSCs and their HA-rich surroundings within a controlled experimental space. As
our understanding of HA-NSC interactions improves, so will the therapeutic potential of HA-based biomaterials. Efforts to
better understand the relationship between HA bioactivities and biomaterial design parameters are already underway.
Although significant progress has been made improving techniques for controlled fabrication of HA-based hydrogels with
precisely defined features, there is still much work to be done. Ideally, future designs will incorporate multiple types of
microenvironmental cues — orthogonally tuned in time and space — to direct differentiation of NSCs into various
specialized lineages within a single biomaterial platform.

example, the brain and spinal cord ECM lacks the fibrous

components, such as collagen I, that dominate non-CNS tissues and

Hyaluronic acid, also known as hyaluronan (HA), — a non-sulphated
glycosaminoglycan (GAG) and major constituent of the extracellular
matrix (ECM) — is composed of repeating disaccharide units of N-
acetylglucosamine and glucouronic acid. HA levels are particularly
high in the ECM of central nervous system (CNS), which includes the
brain and spinal cord. The molecular weight of HA, which ranges
from less than a thousand to a few million Daltons (Da) naturally,
determines its physiological functions, which are remarkably
diverse®. In the embryonic ECM, HA is present in relatively large
quantities and decreases as development progresses. Total HA
content in rodent neonatal brain is only around 25% of its levels in
the embryo - illustrating the central role of HA in CNS
developmentz.

As the organizing center of the ECM, HA interacts with proteins and
other GAGs via unique binding sites and with various “linker”
proteins forming a complex mesh. Although HA has this
organizational function in many tissues, the specific composition of
the accompanying ECM components are unique to each tissue. For

“ Department of Neurological Surgery, Institute for Stem Cell & Regenerative
Medicine, University of Washington. Email: zink@uw.edu.

b Department of Bioengineering, Brain Research Institute, Jonsson Comprehensive
Cancer Center, University of California Los Angeles. Email: sedilits@ucla.edu.

This journal is © The Royal Society of Chemistry 20xx

instead is enriched in the sulphated GAGs, such as neurocan,
brevican, versican, tenascin-C during development and tenacin-R in
the adult CNS (Figure 1). More detailed descriptions of the HA-rich
ECM in the CNS can be found in reviews by Rauch® and Zimmerman
and Dours-Zimmerman®. For an in-depth review of hyaldherins
other HA-binding linker proteins, see Day and Prestwich’. In
addition to being part of the organizing centers for the ECM, it is
now well-established that HA and other hyalectins are involved in
formation of perineuronal nets (PNNs) — specialized, dense ECM
structures found around neuronal cells bodies and proximal
dendrites (for reviews of PNNs see Celio and BI(jmckee, Celio et aI.7,
Dityatev et al.s, Kwok et a|.9, and Jager et al.m). PNNs do not
completely mature until after birth — 21 days old in a rodent,
suggesting a gradual change in components with the ECM during
the development of the CNS.

In addition to its structural functions, HA directly participates in
diverse biological processes, including development, inflammation,
angiogenesis and regeneration. In general, HA levels increase during
periods of rapid cell proliferation, cell migration and ECM
remodelinglz. HA affects proliferation and maturation of many cell
types, including neural stem cells (NSCs),
relationship with HA is a major focus of this review.

whose functional

Within the CNS, high molecular weight HA is reported to decrease
proliferation of astrocytesB‘ % and HA-dependent activation of toll-
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like (TLR)-2
implications for remyelination in multiple sclerosis™. Beyond the
CNS, it appears that HA influences the proliferation and maturation

of a multitude of cell typeslG, including endothelial ceIIsN'lg,
20,21

receptor on immature oligodendrocytes has

macrophages” " ", and specialized kidney cells?.

HA asserts its biological functions via several non-integrin cell
surface receptors, which include CD44, the receptor for hyaluronan-
mediated motility (RHAMM), lymphatic
hyaluronan receptor 1 (LYVE-1), intracellular adhesion molecule 1
(ICAM-1) and TLRs 2 and 4 (Figure 2). In the CNS, increased

astrocytic expression of CD44 appears to be an important response
2331

vessel endothelial

to insult or injury”™". HA levels in the ECM are regulated by a
balance of HA degradation by hyaluronidases, receptor-mediated
endocytosis of extracellular HA, and direct deposition of new HA
into the ECM by HA synthases“‘ 3234

HA has an effect on proliferation and maturation of many cell types,
including NSCs, whose functional relationship with HA is a major
focus of this review. For a broader review of HA biology, see Dicker
et al., 2014%. In this review manuscript, we first describe the
functions of HA in the normal brain and spinal cord ECM. Next, we
discuss the relationships between HA and NSCs in CNS pathologies,
including spinal cord injury and cancer. There is a large body of
evidence that suggests that pathological mutations in NSCs are
3, 37, whose ECM is highly

38-41

responsible for initiation of brain tumors
enriched in HA and likely contributes to cancer progression
Finally, we describe development of HA biomaterials engineered to
recapitulate these relationships and look forward to innovative
strategies for development of bioactive materials that leverage the
effects of HA to direct NSC phenotype.

Il. HA and NSC in the CNS

Embryonic Development of Neural Tissues

HA levels peak in the ECM of rat brain 7 days after birth and decline
rapidly to about 51% of this peak by 18 days as the brain matures’.
HA is thought to be instrumental to CNS development. For instance,
during development of the chick spinal cord, HA expression is
observed around ventricular zones, which are hypothesized to be
an NSC “niche”, and around differentiating neurons, including
motor neurons™. Although HA content continues to decrease with
age“‘ 4344 LA-NSC interactions remain vital for proper function and
repair of the CNS throughout adulthood. Many of the interactions
and biological effects of HA are mediated by CD44, which is highly
expressed by NSCs*“°. For a broader reviews of the role of CD44 in
the nervous system, see Dzwonek and Wilczynski 2015>° and
Ruppert et al., 20147, TLR-2, another receptor for HA, is also
expressed by proliferating, NSC-like cells during mouse brain

52
development™.

HA is also highly expressed in PNNs. Although PNN formation and
its importance for proper maturation of neuronal networks is well
studied, the mechanism for initiation of PNN formation remains

2| J. Name., 2012, 00, 1-3

unclear. Recent findings suggest that HA may be essential to PNN
formation during later stages of developmentm’ > In an elegant
study, Giamanco, et al. 2010 demonstrated that when primary
rodent cortical neurons isolated from embryonic rodent brains
were cultured in the absence of glial-derived ECM components,
aggrecan and HA were sufficient for normal PNN development to
continue in vitro™. A separate study showed that co-expression of
HA synthase 3 (HAS-3) and an HA-binding linker protein by cultured
kidney cells induced formation of PNN-like dense ECM**. Taken
together, these finding suggest that HA, aggrecan and HA linker
proteins are essential components for the formation of compact
PNNs and maybe early nucleating factors.

An examination of ECM components in adult human brain tissue
reported that while aggrecan and linker proteins showed regional
specificity, HA expression was ubiquitous — emphasizing the
widespread influence of HA in the CNS>>. Likewise, examination of
adult human spinal cord tissue revealed an abundance of HA
throughout the white matter and HA confinement to PNNs in the
grey matter, which is typically associated with long-range projection
neurons'®. In the adult rodent spinal cord, fully developed PNNs
containing HA have been reported in approximately 30% of motor
neurons, 50% of large interneurons, and 20% of dorsal horn
neurons'. Degradation of HA in PNNs results in enhanced fiber
sprouting and plasticityss’ 7 providing compelling evidence that

HA in PNNs acts to stabilize mature synaptic connections™” ™ %83,

Adult Neurogenic Areas & HA Expression

ECM molecules have significant effects on cell division,
differentiation and migration — as evident in neurogenic areas of
the adult brain. Similar to the developing CNS, these neurogenic
areas in adult CNS express specific spatial and temporal patterns of
ECM that dictate cell function, division and eventual differentiation
(Figure 3). Recently, there have been exciting advances in our
understanding of the role of ECM — and in particular of HA — in
neuronal differentiation and synapse maturation and pIasticityGA'Gs.
A recent article found that digesting HA within the ECM using
hyaluronidase within the gerbils auditory cortex can increase the
plasticity of that brain regionsg. Below we focus on the influence of

HA in the ECM on maintenance of NSCs in neurogenic niches.
Brain: SVZ and SGZ

Like in the developing brain, high amounts of HA are observed
within neurogenic regions of the adult brain’®”2. Both cell-cell and
cell-ECM interactions are thought to be essential for NSC
maintenance in these neurogenic regions”. Currently, there are
two known neurogenic regions in the adult rodent brain: (1) the
subventricular zone (SVZ) (see Figure 3A), from which NSCs migrate
along the rostral migratory stream (RMS) and produce new
neurons, and (2) the subgranular zone (SGZ) (see Figure 3B), which

is part of the dentate gyrus within the hippocampus73'76.

This journal is © The Royal Society of Chemistry 20xx
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In addition to NSCs, multiple cell types reside in neurogenic niches —
including astrocytes, ependymal cells of the CNS and endothelial
cells and pericytes of nearby blood vessels — and each cell type is
critical to niche function and maintenance. Interestingly, high levels
of HA are present in the SVZ and RMS’? and in the hippocampus77,
where HA mediates NSC migration via RHAMM"%, However, the
expression pattern of HA in hippocampus is lamina-specific. For
example, the CA1 region and the strata oriens and radiatum display
high levels of HA, but the stratum lacuunosum-moleculare does not
appear to contain HA"'. Discrete deposition of HA has also been
observed adjacent to glia fibrillary acidic protein (GFAP)-positive
NSCs in the SVZ and SGZ*. This persistent, localized expression of
HA in neurogenic niches of the adult brain suggests the important
role of HA in NSC maintenance.

Recent data examining cultured NSCs suggest that the presence of
high molecular weight HA within the niche may direct the ultimate
fate of NSCs that have migrating beyond the niche’®. In vitro, NSCs
derived from mouse embryonic stem cells have been reported to
express high levels of HA during the neural induction phase that co-
localized with developing neurons and oligodendrocytes, but not
astrocytes78. Although the exact role of HA in close proximity to
NSCs is still an active area of research, it may be that HA regulates
and/or slows NSC proliferation within adult neurogenic niches. This
idea is supported by evidence that RHAMM”® and CD448°, both cell
surface receptors for HA, can each affect mitosis.

Spinal Cord

The central canal, or ependymal region, of the adult spinal cord is
also considered to be an NSC niche® (see Figure 3C). However,
much less is known about the function of this niche in the spinal
cord compared to the niches within the SVZ and SGZ. HA is detected
throughout the white and grey matter of the spinal cord through
development into adulthood; however, in the grey matter, HA
appears to be concentrate around PNNs™ 2. several distinct
differences exist between the stem cell niches in the brain and the
central canal of the spinal cord: 1) sustained neurogenesis is not
observed in the adult spinal cord as it is in the adult brain and 2)
although HA is present throughout the parenchyma, no HA
deposition is apparent along the ependymal face of the central
canal®®. However, analogous to NSC migration along the RMS, spinal
cord NSCs respond to inflammation by

proliferating and then migrating along HA-rich white matter tracts
84-86

injury or chronic

toward the lesion

Although the NSCs in the central canal do not appear to generate
new neurons in adults, they do develop into new myelinating
oligodendrocytes and astrocyte587‘ 8 The majority of actively
proliferating NSCs in the central canal niche line the ependymal
surface and co-express vimentin and Sox9, but do not typically
express GFAPY. The
GFAP*/Sox9"/vimentin” NSCs, which have been commonly referred

central canal also contains
to as radial glia; however, these cells are also scattered throughout

the parenchyma87. A third type of NSC, termed by Barnabe-Heider

This journal is © The Royal Society of Chemistry 20xx

et al., as oligodendrocyte progenitors, is also found throughout the
adult parenchymas7. Taken together, these observations suggest
that in the spinal cord HA may be important for supporting NSC
differentiation into oligodendrocytes or even motor neurons over
astrocytes.

I1l. HA and NSCs in CNS Pathology and Repair

Many pathological conditions in the CNS are accompanied by
significant changes to the ECM: in particular the spatial distribution,
molecular weight and overall amount of HAY 899 The presence of
low molecular weight HA in the acute phase of injury in the CNS is
vital to NSC recruitment, immune response and angiogenesislz’ 15,33,
#9193 1 chronic pathologies, high molecular weight HA is also
overexpressed in the brain after ischemia31, in multiple sclerosis
lesions 46, Alzheimer’s disease™ 95, epilepsy % 97, amyotrophic later
sclerosis (ALS)27, in many types of brain tumors™® %1% and after
spinal cord injury46’ 91, 105, Likewise, HA synthases, CD44 receptors
and hyaluronidases are upregulated in these conditions?3% 40 46: 90
91, 106109 Thage pathological changes in the CNS ECM are likely to
play significant roles in the reparative processes by compromising
survival of neurons and oligodendrocytes, altering functional
outputs of these cells and preventing NSC-mediated tissue

regeneration.
NSC Response to HA Matrix Alterations

Endogenous NSCs in both the brain and spinal cord can migrate
towards regions of injury during the acute inflammatory phase
where they begin to proliferatese’ 110113 Lindwall, et al., recently
demonstrated that HA deposition and expression of RHAMM by
migrating NSCs were both up-regulated in the RMS after ischemic
injury in adult mice — emphasizing the central importance of NSC-
HA interactions to the CNS injury responsen. Interestingly, some
degree of inflammatory response is required for NSCs to
accumulate in large numbers near an injury in the spinal cord, and
differentiate into oligodendrocytes to remyelinate denuded axons®”
14, 115 Delivery or over-expression of mitogenic and chemotactic
factors at the injured area can further increase NSC numbers™¢*%,
Despite the presence of large numbers of NSCs that may benefit
recovery via production of neurotrophic and other survival
factorsm, differentiation of NSCs in or near CNS lesions is highly
inefficient and fails to mediate functional tissue repairm’ 122,123
Instead, most of these cells remain undifferentiated or differentiate
into astrocyte-like cells that contribute to the inhibitory glial scar™”
105,124 major contributing factor to this differentiation “block”
could be the lack of appropriate microenvironmental cues — in
particular those provided by the ECMB 1257128,

Changes in HA Molecular Weight and Receptor Binding

HA chains of different molecular weights can elicit vastly different
responses from the same cells and many cell types appear to be
sensitive to HA molecular weightl. Although still not well
understood, differential low

biological effects via high and
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Journal of-Materials:Chemiistry B

molecular weight HA is likely due to size-dependent changes in its
three-dimensional (3D) conformation that lead to altered affinity
for and/or clustering of CD44 and other HA receptorsl‘ 123, 130 (Figure
2). The cellular response to HA is further complicated by evidence
that both low and high molecular weight HA induce distinct
responses dependent on whether they interact with CD44,
RHAMM, TLR-2, or another HA receptorsz‘ 131133

While high molecular weight HA (>1 x 106Da) — which is normally
present in the ECM of healthy CNS tissues and enriched in NSC
niches — appears to maintain NSC quiescence, low molecular weight
HA (<30 kDa), appears to trigger NSC differentiation®. Interestingly,
the type of hyaluronidase enzymes expressed may determine the
typical size of fragments produced, providing an additional
mechanism for cellular control™ *2. For example, Preston et al.
recently demonstrated that digestion products of a hyaluronidase
known as PH20, which produces mid-sized oligosaccharides (~65
kDa), and not those of other hyaluronidases investigated, acted to
inhibit differentiation of CNS progenitors into oligodendrocytesmg.
Moreover, they reported that progenitor cells and reactive
astrocytes in the vicinity of multiple sclerosis lesions specifically
overexpressed PH20.

These and many other reports have supported the concept that
high molecular weight HA promotes tissue stasis and cell
quiescence, while low molecular weight HA promotes ECM
remodeling and tissue inflammation. Over the last decade, data
reported by the Sherman group at Oregon Health and Science
University suggest that high molecular weight HA is degraded from
normal ECM after injury and the low molecular weight HA
contributes to the proliferation of astrocytes”. Moreover, high
molecular weight HA has also been shown to inhibit the
differentiation of oligodendrocyte precursors and is found in
demyelinating lesions in humans™ (Figure 4). However, in reality,
the role of HA and its degradation products in CNS injury and repair
may be even more complex. For example, a recent study
demonstrated that the presence of very low molecular weight HA
oligosaccharides (specifically tetrasaccharides, or HA4) in the spinal
cord after injury reduced accumulation of macrophages and
microglia in the lesion, enhanced motor neuron survival and
increased sprouting of motor neurons in the corticospinal tract™. It
has been suggested that the neuroprotection provided by HA4 may
be from perturbation of apoptotic pathways induced by oxidative
species, which are produced in abundance after injurym. In
astrocyte cultures, HA4 induced an increase in production of
regenerative factors, brain-derived neurotrophic factor (BDNF) and
vascular endothelial growth factor (VEGF), which are also up-
regulated during the acute phase of spinal cord injurylas.

Overall, it has become obvious that HA likely affects multiple cell
types in the CNS and that a balance of HA content and its molecular
weight distribution in the ECM is vital to the injury response and
functional regeneration. Indeed, the biological effects of HA and its
fragments are reminiscent of other neuropeptides in the CNS where
both the parent molecule and the resulting peptides have biological

4| J. Name., 2012, 00, 1-3

activities. In this manner, HA can be thought of as a resident
precursor within the normal ECM towards different bioactivity via
its many possible by-products.

HA, NSCs and Inflammation

HA can have a direct role in the inflammatory environment of CNS
tissues after traumatic injury. For example, high molecular weight
HA exhibits direct antioxidant effects and indirect affects on
production of inflammatory cytokines, which confer protection
from secondary injury after spinal cord injuryu’ 136,137, Conversely,
low molecular degradation products of the HA matrix up-regulate
the inflammatory response through TLR-2 and TLR-4 on
macrophages and dendritic cells™ BEM0, Although TLR-2 activation
has been reported to be necessary for NSC-mediated remyelination
in vivo™, expression of TLR-2 has also been associated with an
inhibition of oligodendrocyte maturation in experimental models of
multiple sclerosis™. Okun et al., reported that engagement of TLR-2
on progenitor cells by low molecular weight HA prevents
proliferationsz. Taken together, these studies indicate that low
molecular weight HA likely interacts with TLR-2 on NSC-derived
progenitor cells to suppress proliferation and induce differentiation.
Identification of these opposing effects of HA on NSCs in acute (low
molecular weight HA) and chronic (high molecular weight HA) injury
support the idea that while the initial, acute inflammatory response
provides some benefit to repair, progression to a sustained, hyper-
inflammatory state (as in chronic lesions) leads to pathological
changes in the ECM that ultimately inhibit regeneration.

IV. Advances in HA-Based Biomaterials

The majority of studies investigating the biological effects of HA
have used experimental models where HA is solubilized in the
culture medium™® 133 4% 142 However, the solubilized state is not
necessarily reflective of HA presentation in vivo, where HA exists as
an insoluble, hydrated meshwork with other ECM proteins (Figure
1). For example, Schizas, et al. reported that only insoluble HA — and
not solubilized HA — increased survival of motor neurons in spinal
cord slice cultures**®. This finding, in addition to the fact that HA
experiences rapid turnover in vivom, have motivated researchers
to develop methods to create crosslinked HA hydrogels that can
provide biological interactions analogous to native HA and in which
kinetics of enzymatic degradation can be controlled.

HA can be chemically modified by a variety of methods and made
into hydrogels, which have a high water content (>90%) similar to
natural tissue (Figure 5). Furthermore, the molecular weight and
density of base HA polymer and crosslinking arms can be varied to
impart precise control over the physical properties of the resulting
hydrogels, including swelling, porosity and mechanical resistance'®
18 Ha hydrogels can also be used to present other insoluble
microenvironmental cues, such as integrin-binding peptidesw'm,

. 151-
and for controlled release of soluble drugs, proteins and genes
155

This journal is © The Royal Society of Chemistry 20xx
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HA hydrogels have also shown immense promise as 3D culture
147, 156-159

microenvironments for primary, CNS-derived cells and as
. . . . 149, 151, 154
delivery vehicles for NSC transplantation therapies . In
. 13, 151, 154, 160-162 s . PR 148, 150,
spinal cord and traumatic/ischemic brain injury
163-168

models, HA hydrogels significantly reduce the inflammatory
response, secondary injury and glial scar formation, while actively
promoting wound healing
transplanted NSCs.

angiogenesis, and survival of

Chemical Modifications of HA and Hydrogel Fabrication

As the majority of clinical injuries in the CNS are contusions,
injectable hydrogels are desired to avoid the risk of further injury
and inflammation of spared tissue and to guarantee that the
material fits into irregularly shaped injury defects with good
apposition to spared tissue® 160 169 170, Likewise, encapsulation of
NSCs for 3D culture and/or therapeutic delivery to the CNS requires
that hydrogels be formed from non-cytotoxic precursors in
physiological conditions and the hydrogel product, as well as any
side products or unreacted moieties, must be biocompatible. HA is
an ideal base material for these applications because of it is non-
immunogenic, shear thinning properties in solution and has
multiple chemical groups that can be easily functionalized using
aqueous, biocompatible chemistries to create crosslinking sites™
18 A few major strategies exist for chemical modification of HA
that target either the carboxyl groups of the glucuronic acid unit,
the multiple primary hydroxyls present on the carbon rings of each
saccharide, or by oxidation of saccharide rings to reactive aldehyde
groups. Typically, a functional group is introduced through which
and/or
A number of

the HA chains can be crosslinked into a hydrogel
functionalized with other bioactive molecules.
functional groups have been investigated as mediators of
biocompatible crosslinking — many of which form spontaneously
under aqueous conditions at physiological temperature and pH. For
a detailed review of chemical strategies to modify HA and form

biocompatible hydrogels, see articles by Burdick and Prestwich'*
146, 171

Most commonly, formation of covalent crosslinks between HA

chains proceeds via Michael-type addition™*® *°

”C”Ck”)172-175 148, 150, 157,
crosslinks have also been produced using photo-chemistry initiated
by UV or visible Iightn‘ 158, Although photo-activated mechanisms
provide the ability for fine control of spatial features and the
possibility for dynamic tuning of hydrogel properties”e’ 77 their use

, cycloaddition (i.e.,

176

or condensation reactions. Covalent

as in situ-forming materials or 3D cell scaffolds is limited because of
free radical generation and difficulty of removing unreacted
components after gelation in vivo. Even in the presence of
cytocompatible photoinitiators, exposure to UV light and the
generation of free radicals are damaging to cells. CNS-derived cells
are especially sensitive to external stressors; for example,
dopaminergic neurons are highly susceptible to oxidative stress
imposed by photochemistry-generated free radicals’® '7°.
Photochemical crosslinks that are activated by visible light and

strategies to spatially confine and/or quickly terminate free radical

This journal is © The Royal Society of Chemistry 20xx

generation would substantially enhance the feasibility of these
scaffolds as clinical implants in the CNS.

Non-covalently crosslinked HA hydrogels have also been developed.
In this case, crosslinking may occur via physical segregation of
hydrophobic/hydrophilic regions, ionic/electrostatic interactions, or
disulphide bonds. Most strategies for injectable, physically
crosslinked hydrogels utilize formulations so that gelation is
triggered by exposure to conditions within the CNS, such as
osmolarity, temperature and pH. The Shoichet laboratory at the
University of Toronto has developed injectable hydrogel blends of
HA and methylcellulose (HAMC), which are more liquid-like at
colder temperatures but form physical crosslinks via hydrophobic
domains within methylcellulose at physiological temperatureleo‘ 162,
These hydrogels have also been used to successfully deliver NSC
transplants to the rodent spinal cord after injurym. For a review of
hydrogel formulated for injection into the CNS, see Pakulska and

Shoichet'®®.

Drug and Biomolecule Delivery

HA hydrogels can be engineered to deliver specific bioactive factors,
including chemo-attractant growth factors that recruit endogenous
NSCs to the implant area, such as stromal cell derived factor-la
(SDF—a)lgo’ 181, platelet-derived growth factor-AA (PDGF—AA)m’ 11
and fibroblast growth factor-2 (FGF-2)153. HA hydrogels have also
been used for local delivery of growth factors to enhance cell
survival. Growth factors could be loaded into hydrogels by physical
encapsulation154 or into polymeric (e.g., poly(lactide-co-glycolide))
microsphereslsz. Alternatively, non-covalent tethering of PDGF-AA
to injectable HAMC hydrogels resulted in enhanced oligodendroglial
differentiation of transplanted NSCs and a significant increase in
functional recovery after SCI in rodents™". A group from Tsinghua
University in Beijing has conjugated Nogo66 blocking antibodies to
the backbone of HA hydrogels via a pH-sensitive hydrazone linkage
so that the antibody is released in an acidic environment™®.
Implantation of these hydrogels, which contained poly-L-lysine to
facilitate cell adhesion, into an infarct area in a rat stroke model

resulted in significantly enhanced behavioural recoverym.
into HA
hydrogels could be a valuable tool to achieve biologically activated

. . 154, 155
delivery of drugs or regenerative factors .

Incorporation of enzymatically susceptible linkages

Release of bioactive oligosaccharides is intrinsic to HA hydrogel
materials they are enzymatically degraded by
hyaluronidases. For example, Purcell et al, demonstrated that

as native
degradation of HA hydrogels implanted in cardiac infarcts mediated
the release of SDF1-a™’. Furthermore, they showed that HA
fragments locally released from degrading hydrogels acting
synergistically with SDF1-a to recruit bone marrow stromal cells
(BMSCs) to the infarct site. This finding is supported by previous
reports that HA-CD44 interactions mediate BMSC migration184 and
that HA can “prime” cells to respond to concentration gradients
SDF1- o**. Given that low molecular weight HA oligosaccharides act
as chemo-attractants for several different cell types, including

J. Name., 2013, 00, 1-3 | 5
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. 141, 142
endothelial cells

, it may be that degradation of larger HA
chains in the hydrogel implants to smaller fragments mediated this

phenomenon.

These and other studies (discussed in section Il) demonstrate that
the molecular weight of HA fragments produced as the hydrogel
degrades should be considered when designing HA-based
biomaterials. For example, as the native ECM of healthy CNS is
composed of high molecular weight HA, it is often considered the
preferred base for HA hydrogels used in CNS. Although this high
molecular weight (>5 x 106Da) HA has anti-inflammatory effects, HA
around 200 kDa induces production of inflammatory cytokines
while those around 4 kDa stimulate angiogenesisl. The size profile
of fragments released from HA-based biomaterials as they degrade
will depend on the hydrogel formulation, but may also be unique to
the site of implantation, which defines the local composition of
hyaIuronidaseslsG. To promote spinal cord injury repair, it may be
prepare a that
neuroprotective HA4 during the acute phase, mid-sized fragments

desirable to biomaterial would release
in the late acute/early chronic phase to encourage angiogenesis and
high molecular weight HA during all stages of injury progression to
reduce astrocyte and macrophage activation. At the same time, the
concentration of HA may have substantial impacts on biological
outcomes. In particular, the prolonged presence of concentrated,
high molecular weight HA in hydrogel materials may actually be
detrimental — as evidenced by the overexpression of high molecular
weight HA that occurs in chronic CNS disease. Thus, regenerative
strategies based on HA biomaterials would benefit from temporal

control over HA presentation.
HA Presentation and Receptor Binding in Hydrogel Constructs

When considering HA hydrogels for biomedical applications, the
presentation of HA and subsequent signal transduction to cells or
tissue of interest should be carefully considered. Although there are
multiple groups per HA disaccharide repeat available for chemical
modification, it is likely that over-functionalization inhibits the
intrinsic bioactivity of the HA backbone. For example, there is
evidence that the extent of chemical modification of the HA
effects on NSC
differentiation than properties that have been more widely studied,
187189 1 vivo, it has been
reported that HA could be filtered through the liver when

backbone in hydrogel systems has greater

such as stiffness and HA concentration

approximately 35% of the carboxyl groups were modified, while HA
that was approximately 68% modified accumulated in tissue and

187
could not be processed™".

Modification of the HA backbone can interfere with interactions
between CD44 and other receptorsm‘ 187, 190, 181 | particular,
modification of the carboxylic acid site on glucuronic acid can alter
hydrogen bonding and thus the 3D conformation of HA in solution.
It has been hypothesized that this 3D structure is what allows high
molecular weight HA to induce different phenotypic responses, but
not low molecular weight HAY > 12, Ring opening modifications also

likely interfere with 3D conformation. Thus, extensive chemical

6| J. Name., 2012, 00, 1-3

crosslinking of HA backbones may alter CD44-HA interactions —
triggering physiological responses in an analogous manner to its
lower molecular weight forms — or eliminate HA bioactivity
altogether. Effects of HA modification on NSCs and other cells of the
CNS have vyet to be extensively characterized; however,
performance of these studies in the future will be necessary for

improved design of engineered HA hydrogels for CNS repair.

In commercially available HA hydrogel systems (e.g., Hyaff-11°,
HyStem®), the HA backbone may be extensively chemically
modified and have significantly lower than the native high
molecular weight form™% 1%, Notably, non-covalently crosslinked
HA hydrogels, such as the HAMC formulation®>" *% 16 162, often do
not require any chemical modification of HA itself, which may
improve biological activity. Current strategies for non-covalent HA
crosslinking will be improved by developing new strategies that
mimic crosslinking modes of native ECM via linker proteins. For
example, hybrid hydrogels of HA and other GAGs may be
crosslinked via small linker proteins, several of which have been
previously identified to have a similar structural role in native CNS
(Figure 1)5’ 194 While physically crosslinked HA may better mimic its
native interactions with receptors, covalent crosslinking of HA can
yield hydrogels with several advantages, including increased
mechanical strength and slowed, controllable degradation rates.
However, biological activity must be evaluated when developing
covalently crosslinked HA hydrogels. For example, Hachet, et al.,
demonstrated that substitution of up to 30% HA chains still allowed
their binding to CD44 and RHAMM receptors on multiple cell
types™.

HA Hydrogels for 3D NSC Cultures and Vehicles for NSC Delivery

HA constructs can be useful as 3D culture microenvironments in

which to investigate NSC biologyw’ 149, 136159

or as protective
vehicles for transplantation of NSCs . NSCs derived from

multiple CNS regions and of various ages have shown excellent
147, 151, 156-159

145, 149, 151, 167

viability when cultured in 3D, HA-based hydrogels (see
Figure 5 B&C). HA hydrogels are optically transparent so that
encapsulated cells can be readily imaged using a variety of optical
microscopy techniques — providing an accessible tool for studying
NSCs in vitro. Furthermore, HA hydrogels can potentially be
formulated to mimic native fetal tissues or adult NSC niches. Several
researchers have reported that HA-encapsulated NSCs remain
undifferentiated unless key adhesive cues, such as tethered
integrin-binding peptides, were added>> 4& 147,159

When stimulated, NSCs that undergo differentiation in 3D HA
hydrogel environments display mature phenotypes that more
closely resemble their in vivo counterparts than those cultured on
2D substrates™®” 1P 13% 136139 qpje phenomena has also been
explored by culturing human embryonic stem cells in 3D HA
hydrogels, resulting in the differentiation of cells from all three

195

germ layers ~ (Figure 5B). Similar benefits have been observed

when NSCs derived from multiple sources — including rodent

152, 157 156, 167 156
, cortex

embryonic midbrainm, forebrain and SVZ™7,

This journal is © The Royal Society of Chemistry 20xx
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156, and NSCs derived from human

147

adult rodent cortex and SVZ
induced pluripotent stem cells (iPSCs)™"" — have been cultured in HA
hydrogels. Only in a 3D environment can cell densities matching
those in the native CNS be cultured, a prerequisite for re-creating
similar numbers of cell-cell contacts and synapses to that observed
in vivo™®* %7,

In addition, HA hydrogels can be tuned to exhibit varying moduli to
influence NSC fate. There

hydrogels with stiffness similar to native CNS tissue (<2 kPa)

is substantial evidence that softer

neuronal neurite and

198, 199

promote
migration

differentiation, branching
, while harder hydrogels (>5 kPa) bias differentiation
towards astrocyteslss’ 200203 There is evidence that this response is
due to increased activity of Rho GTPases, which suppresses
neuronal differentiation, when NSCs are exposed to stiffer
substrates”. One

oligodendrocyte progenitors on substrates with elastic moduli
around 500 Pa maximized proliferation”g. Similarly, application of
mechanical to oligodendrocyte

research group reported that culture of

stimuli contribute

differentiation®®.

may

Survival of NSC transplants was significantly improved when
149, 131, 152, 167, 206, 207 This penefit is likely
due — at least in part — to attenuation of the immune response and
free radical scavenging by HA itself'>, HA-CD44 interactions may

delivered via HA hydrogels

also provide anti-apoptotic signalling to NSCs, similar to HA-CD44-
dependent resistance to apoptosis that occurs in many cancers "
28 As discussed in the previous section, the majority of NSC that
survive transplantation remain undifferentiated or differentiate into
astrocyte-like cells that contribute to an inhibitory glial scar'® 1%
124 A hydrogels may serve to alter the extracellular environment
in these lesions to promote differentiation of transplanted and
NSCs. This
remyelination therapies, where HA-CD44 mediated migration is
required for remyelination by transplanted progenitor cells in
models of inflammatory demyelinationzog. A few recent studies

endogenous strategy is particular relevant to

have demonstrated that HA hydrogels can support NSC survival,
oligodendrogenesis, and subsequent myelination in rodent models

167 149
. When

. . . 167
transplanted into the brain, neurogenesis was also observed™".

. P 151 . .
of stroke™’, spinal cord injury™" and multiple sclerosis

Addition of ECM-Derived Adhesive Cues

Several studies have demonstrated that implantation of scaffolds
that include high molecular weight HA into the brain or spinal cord
after injury results in a significant reduction in glial scar deposition

. 13, 148, 150, 151, 154, 160-167
and inflammatory cell prescence

. In particular,
benefits have been observed when mechanical modulus of hydrogel
implants was matched to native spinal cord tissue'® 149210, Despite
these promising results, infiltration of endogenous cells and axon

. . . 13, 151, 160
regeneration through pure HA implants is generally poor .
To overcome this limitation, researchers have functionalized HA
hydrogels with integrin-binding sites by direct modification of the
HA polymer147, 148, 150, 164

(e.g., polyethylene

or addition a second backbone component

glycol (PEG) or other ECM-derived

This journal is © The Royal Society of Chemistry 20xx

biomolecules). ECM-derived molecules commonly incorporated into
HA hydrogels include gelatin, such as in the commercially available
HyStem® formulation 149,159, 211, m, pon-L-Iysinelsg‘ 163, 176, and other
GAGs/proteoegcanslG7.

The most widely used peptides for CNS applications include the
IKVAV sequence, derived from laminin, and the RGD sequence,
which is present in many ECM proteinsw‘ 130,164 ) am et al.,
reported an optimal mixture of the laminin-derived peptides IKVAV
and YIGSR with RGD for induction of neurons from human iPSCs-
derived NSCs cultured in HA hydrogelsw. However, further studies
will be required to identify optimal concentrations and presentation
of ECM-derived components that drive differentiation of NSCs
down specific lineages. Beyond adhesion, cell infiltration into
hydrogels also depends on the ability of cells to either squeeze
through microscopic pores or remodel hydrogels via hyaluronidase
production. Park, reported that addition of matrix
metalloprotease (MMP)-susceptible peptides into HA hydrogels, in
addition to IKVAV peptide, enhanced cell migration through

et al

hydrogel matrices, leading to increased neuronal differentiation of
transplanted BMSCs and better functional recovery after spinal cord

P 154
injury ™"

V. Features of Advanced HA Hydrogels and Future
Directions

Ultimately, HA hydrogel implants are being developed to display
CNS tissue-appropriate including
stiffness, adhesive peptides and the capacity to be remodelled by
native enzymes. Incorporation of multiple microenvironmental cues

microenvironmental cues,

into a single biomaterial platform — where each cue can be varied
independently — will be essential to elucidating the relative
contributions of each cue to CNS tissue development, physiology
and pathology. Several studies have emphasized that coordination
of multiple types of extracellular cues, including 1) chemical cues
from insoluble ECM and soluble growth factors and 2) mechanical
cues from the surrounding tissue matrix’ 22", Specifically, ECM
interactions appear to be crucial for NSC differentiation into
oligodendrocytes. Therapies aimed at regenerating CNS tissue by
driving differentiation of either transplanted or endogenous NSCs
into various specialized cell types of interest will require fine-tuning
of the local microenvironment (Table 1).

Orthogonal Tuning of Micro-environmental Cues

A particular challenge to creating this type of modular biomaterial
platform is achieving independent control of HA concentration,
mechanical modulus, HA molecular weight and hydrogel porosity.

Typically,
increasing total HA content in the hydrogel

mechanical modulus has been altered by simply
145 .

. Alternatively,
modulus can be changed independently of HA concentration by
varying degree of HA modification®® 1*% 18% 216 by adding a non-
bioactive polymer (e.g., PEG) to the hydrogel formulation*® 1°% 194

to increase mechanical strength. While these strategies maintain

J. Name., 2013, 00, 1-3 | 7



Journal of-Materials:Chemiistry B

HA concentration when modulus is varied, the porosity of the
material, which has marked effects of diffusion of oxygen, nutrients
and waste and ultimately differentiation of encapsulated NSCsm,
may change dramatically. The Anseth laboratory at the University of
Colorado-Boulder has demonstrated the use of orthogonal “click”
chemistries to independently control chemical and physical cues
presented by PEG hydrogelsm. Ultimately, application and
development to orthogonally tune HA

concentration, HA conformation, HA molecular weight, mechanical

of new methods

properties and hydrogel porosity will be necessary to achieve 3D
culture platforms that provide fine control over NSC phenotype.

HA Molecular Weight and Release of Bioactive HA Fragments

To date, it has been challenging to incorporate HA of multiple,
defined molecular weights into a single biomaterial as well as to
characterize — much less precisely control — the molecular weight
profile of HA fragments during degradation. Future designs of HA-
based biomaterials should account for the dependence of HA
bioactivity on its molecular weight and the profile of HA fragments
released during degradation by hyaluronidase mixtures reflecting
that of the CNS microenvironment. Optimizing biomaterial design
better
fundamental understanding of the role of HA in tissue maintenance
and repair.

for specific therapeutic applications will require a

HA Hydrogel/Cell Interface: Porosity

Incorporation of a macroporous structure (size-scale on the order of
a cell, 10’s to 100’s of microns) into HA hydrogels provides a route
for cell migration immediately after implantation without the need
for enzymatic remodeling of the HA matrix. Previously, it has been
demonstrated that macroporosity in non-hydrogel biomaterials
significantly increased cell infiltration to establish a seamless
interface between the biomaterial and the native spinal cord tissue
after injurym’ 9 The presence of interconnected pores to support
cell infiltration within the first few days after implantation mediated
early host-biomaterial integration and reduced glial scar deposition,
which allowed regenerating axons to enter and cross the injury site
via the scaffold bridgesm‘ 29, Macroporosity may also provide an
avenue for rapid revascularization of Iesionsm, which has
substantial benefits on tissue survival and functional outcomes after
SCIZZI
hydrogels have required a freeze-drying preparation
exposure to harsh solvents™” 2277 after crosslinking, and thus are

not suitable for in situ crosslinking. Others have reported

. To date, strategies to add macroporosity to HA-based

222, 223
or

incorporation of macropores into non-HA hydrogels by embedding
a secondary, sacrificial material during gelation that will rapidly
degrade (e.g., gelatin), leaving structured macropores within the
crosslinked scaffold®?® 2%, Alternatively, hydrogel microspheres can
be crosslinked together to yield bulk hydrogels containing a highly
uniform porous architecture®® >, Beyond porosity, hydrogel
chemistries that form flexible or dynamic crosslinks may allow for

ample cell migration without the need for enzymatic remodelingzg’1

8| J. Name., 2012, 00, 1-3

However, at the time of this review these methods have yet to be
investigated in models of injury or disease in the CNS.

Spatial and Temporal Control of Chemical and Mechanical Cues

The ability to spatially and temporally control presentation of
microenvironmental features in HA biomaterials will likely also be
necessary to direct differentiation of naive NSCs into mature,
functional CNS cells. For example, extensive cross-talk between
NSCs and adjacent endothelial progenitor cells is central to
maturation of both cell types in embryonic developmentm.
Moreover, full maturation of myelinating oligodendrocytes requires
physical contact with axons and may require supporting signals

232,233
. For

from less differentiated oligodendrocyte progenitors cells
example, longitudinal alignment of inductive channels in pre-
formed implants induces directional alignment and bundling of
regenerating axons after rodent spinal cord injury, recapitulating

L . 218,219
the native tissue architecture

. Spatial control of ECM-derived,
adhesive cues would enable creation of co-culture systems to
provide for coordinated communication between NSCs and other

cells types or NSCs differentiating down parallel lineages.

Photochemistry has been the tool of choice to achieve spatial and
temporal control of hydrogel stiffness and presentation of ECM-
derived adhesive cues in biomaterials constructs. New technologies
that take advantage of confocal and multiphoton laser scanning

techniques have been enabled spatial control of these cues with 3D
172, 175, 234-239

resolution (Figure 5C). For a review of 3D hydrogel
photo-patterning techniques, refer to Kasko and Wong177 and
Khetan and Burdick®*. Although techniques for spatial and

temporal control have advanced greatly in recent years, the
reliance on photochemical methods may limit their application in
vivo, where the implanted material may be difficult to access. Pre-
patterned hydrogels with spatially defined
implantation using photochemical methods would typically prohibit
using an injectable, in situ forming material. Development of
injectable  hydrogels with self-assembling spatial
architectures that can produce directional alignment of fibres for
axon guidance would be beneficial. For example, synthetic protein

cues prior to

in  situ

hydrogels that self-assemble into a fiber architecture have shown
.. . e 241 . .
promising results in brain injury models™". External application of
magnetic or electric fields during in situ gelation is another
potential route for forming post-injection, micro-scale alignment of

hydrogel features® (Figure 5C).

While temporal control of soluble growth factors can be achieved
very easily in vitro by simply changing the culture medium, control
has been much more difficult to achieve in vivo. Tethering of
soluble factors to hydrogels via biological responsive elements —
such as MMPs or hyaluronidases — may be a route to coordinating
the release of factors with physiological events. However, it may be
difficult to find linkage chemistries suitable to a diverse range of
biological triggers with highly specific cleavage mechanisms.
Alternatively, temporal control of drug release, availability of
specific peptides and hydrogel mechanical properties could be

This journal is © The Royal Society of Chemistry 20xx
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achieved by external stimulation. For example, photo-activation has
been used to remove or activate chemical cues and induce
stiffening or softening of local hydrogel mechanics 177, 234, 239, 244-246.
Other external forces could be applied within the same hydrogel
system to achieve orthogonal temporal control over two distinct
biological cues. For example, ultrasound has been used to trigger

. . . . 247
release of various drugs from microparticle delivery systems™"".

Gene delivery from HA hydrogels has been demonstrated in non-
CNS tissues?® **® 249, but would be valuable for perturbing NSC fate
and NSC-mediated repair in the CNS. For a detailed review of gene
delivery from hydrogel biomaterials, refer to Seidlits, et a/.,m. Gene
delivery is an attractive alternative strategy that avoids the need for
the preservation of protein activity. In particular, viral vectors
provide a means for long-term incorporation of genes into cells that
can be reversibly activated/deactivated based on application of an
external stimulus, such as light or antibiotic administration, or a
change in gene expression levels of a secondary “trigger” gene in
the cells carrying the transgene. For example, although PDGF-AA is
an important factor for progression of NSCs to oligodendrocyte
precursor cells, its expression must be down-regulated for
oligodendrocyte maturation to proceed%. In this case, researchers
could promote differentiation of NSCs to oligodendrocytes by
delivering a gene therapy cassette that induces up-regulation of
PDGF-AA during active transcription of an early NSC marker, such as
Sox2. Once NSCs proceed to oligodendrocyte precursors and halt
Sox2 transcription, PDGF-AA overexpression would also cease to
allow for full maturation of oligodendrocytes.

Conclusions

Although progress has been made in the our understanding of the
enormous influence of the microenvironment on NSCs and our
ability to re-create these environments using HA-based hydrogels,
there is still much work to be done. Currently, many tools are being
developed to achieve orthogonal tuning of hydrogel properties with
3D spatial and temporal resolution, which will be useful for studying
NSCs ex vivo in the near future. However, further innovations will
be required to apply these technologies to in situ-forming
hydrogels, which are highly preferable for applications in the CNS.
For clinical applications, new strategies to establish a seamless
interface of in situ-forming hydrogels with surrounding CNS tissues,
such as incorporation of macroporous architecture, will also be
beneficial.

Acknowledgements

S.K.S. acknowledges the UCLA Henry Samueli School of
Engineering and Applied Sciences. Z.Z.K. acknowledges the UW
Department of Neurological Surgery and Institute for Stem Cell
and Regenerative Medicine.

Notes and references

This journal is © The Royal Society of Chemistry 20xx

10.

11.

12.
13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

R. Stern, A. A. Asari and K. N. Sugahara, Eur. J. Cell Biol., 2006,
85, 699-715.

R. Margolis, R. Margolis, L. Chang and C. Preti, Biochem.,
1975, 14, 85-88.

U. Rauch, Cell. Mol. Life Sci., 2004, 61, 2031-2045.

D. R. Zimmermann and M. T. Dours-Zimmermann, Histochem.
Cell Biol., 2008, 130, 635-653.

A. ). Day and G. D. Prestwich, J. Biol. Chem., 2002, 277, 4585-
4588.

M. R. Celio and I. Blumcke, Brain Res. Brain Res. Rev., 1994,
19, 128-145.

M. R. Celio, R. Spreafico, S. De Biasi and L. Vitellaro-
Zuccarello, Trends Neurosci., 1998, 21, 510-515.

A. Dityatev, M. Schachner and P. Sonderegger, Nat. Rev.
Neurosci., 2010, 11, 735-746.

J. C. Kwok, G. Dick, D. Wang and J. W. Fawcett, Dev.
Neurobiol., 2011, 71, 1073-1089.

C. Jager, D. Lendvai, G. Seeger, G. Briickner, R. Matthews, T.
Arendt, A. Alpar and M. Morawski, Neurosci., 2013, 238, 168-
184.

C. M. Galtrey, J. C. Kwok, D. Carulli, K. E. Rhodes and J. W.
Fawcett, Eur. J. Neurosci., 2008, 27, 1373-1390.

J.S. Frenkel, Int. Wound J., 2012.

Z. Z. Khaing, B. D. Milman, J. E. Vanscoy, S. K. Seidlits, R. J.
Grill and C. E. Schmidt, J. Neural Eng., 2011, 8, 046033.

J. Struve, P. C. Maher, Y. Q. Li, S. Kinney, M. G. Fehlings, C. t.
Kuntz and L. S. Sherman, Glia, 2005, 52, 16-24.

J. Sloane, C. Batt, Y. Ma, Z. Harris, B. Trapp and T. Vartanian,
Proc. Natl. Acad. Sci. U.S.A., 2010, 107, 11555-11560.

B. P. Toole, Semin. Cell Dev. Biol., 2001, 12, 79-87.

Y. Takahashi, L. Li, M. Kamiryo, T. Asteriou, A. Moustakas, H.
Yamashita and P. Heldin, J. Biol. Chem., 2005.

M. Slevin, J. Krupinski, J. Gaffney, S. Matou, D. West, H.
Delisser, R. C. Savani and S. Kumar, Matrix Biol., 2007, 26, 58-
68.

B. Olofsson, H. Porsch and P. Heldin, PloS ONE, 2014, 9,
e90921.

H. He, S. Zhang, S. Tighe, J. Son and S. C. Tseng, J. Biol. Chem.,
2013, 288, 25792-25803.

A. Wang, J. Ren, C. P. Wang and V. C. Hascall, J. Biol. Chem.,
2014, 289, 9418-9429.

E. Rosines, H. J. Schmidt and S. K. Nigam, Biomaterials, 2007,
28, 4806-4817.

R. Cassiani-Ingoni, P. A. Muraro, T. Magnus, S. Reichert-
Scrivner, J. Schmidt, J. Huh, J. A. Quandt, A. Bratincsak, T.
Shahar, F. Eusebi, L. S. Sherman, M. P. Mattson, R. Martin and
M. S. Rao, J. Neuropathol. Exp. Neurol., 2007, 66, 637-649.

I. Kurkowska-Jastrzebska, A. Wronska, M. Kohutnicka, A.
Czlonkowski and A. Czlonkowska, Exp. Neurol., 1999, 156, 50-
61.

N. D. Lewis, J. D. Hill, K. W. Juchem, D. E. Stefanopoulos and L.
K. Modis, J. Neuroimmunol., 2014, 277, 26-38.

Y. Liu, R. Zhang, K. Yan, F. Chen, W. Huang, B. Lv, C. Sun, L. Xu,
F. Li and X. Jiang, J. Neuroimmunol., 2014, 11, 135.

T. Matsumoto, S. Imagama, K. Hirano, T. Ohgomori, T. Natori,
K. Kobayashi, A. Muramoto, N. Ishiguro and K. Kadomatsu,
Neurosci. Lett., 2012, 520, 115-120.

C. A. McPherson, B. A. Merrick and G. J. Harry, Neurotoxic.
Res., 2014, 25, 45-56.

C. Moon, S. Heo, K.-B. Sim and T. Shin, Neurosci. Lett., 2004,
367, 133-136.

J. Name., 2013, 00, 1-3 | 9



30.

31.

32.

33.

34,
35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Journal of-Materials:Chemiistry B

T. Shin, M. Ahn, H. Kim, C. Moon, T.-Y. Kang, J.-M. Lee, K.-B.
Sim and J.-W. Hyun, Brain Res., 2005, 1041, 95-101.

A. Al'Qteishat, J. Gaffney, J. Krupinski, F. Rubio, D. West, S.
Kumar, P. Kumar, N. Mitsios and M. Slevin, Brain, 2006, 129,
2158-2176.

B. P. Toole, Nat. Rev. Cancer, 2004, 4, 528-539.

M. Preston and L. S. Sherman, Front. Biosci., 2011, 3, 1165.

P. Moshayedi and S. T. Carmichael, Biomatter, 2013, 3.

K. T. Dicker, L. A. Gurski, S. Pradhan-Bhatt, R. L. Witt, M. C.
Farach-Carson and X. Jia, Acta Biomater., 2014, 10, 1558-
1570.

S. K. Singh, C. Hawkins, I. D. Clarke, J. A. Squire, J. Bayani, T.
Hide, R. M. Henkelman, M. D. Cusimano and P. B. Dirks,
Nature, 2004, 432, 396-401.

J. Chen, R. M. McKay and L. F. Parada, Cell, 2012, 149, 36-47.
J. A. Ward, L. Huang, H. Guo, S. Ghatak and B. P. Toole, The
American J. Pathol., 2003, 162, 1403-1409.

A. G. Gilg, S. L. Tye, L. B. Tolliver, W. G. Wheeler, R. P.
Visconti, J. D. Duncan, F. V. Kostova, L. N. Bolds, B. P. Toole
and B. L. Maria, Clin. Cancer Res., 2008, 14, 1804-1813.

J. B. Park, H.-J. Kwak and S.-H. Lee, Cell Adh. Migr., 2008, 2,
202-207.

B. P. Toole and M. G. Slomiany, Semin. Cancer Biol., 2008, 18,
244-250.

Z. Meszar, S. Felszeghy, G. Veress, K. Matesz, G. Szekely and L.
Modis, Brain Res. Bull., 2008, 75, 414-418.

S. A. Back, C. D. Kroenke, L. S. Sherman, G. Lawrence, X. Gong,
E. N. Taber, J. A. Sonnen, E. B. Larson and T. J. Montine, Ann.
Neurol., 2011, 70, 465-476.

R. Cargill, S. G. Kohama, J. Struve, W. Su, F. Banine, E.
Witkowski, S. A. Back and L. S. Sherman, Neurobiol. Aging,
2012, 33, 830 e813-824.

Y. Liu, S. S. Han, Y. Wu, T. M. Tuohy, H. Xue, J. Cai, S. A. Back,
L. S. Sherman, I. Fischer and M. S. Rao, Dev. Biol., 2004, 276,
31-46.

S. A. Back, T. M. Tuohy, H. Chen, N. Wallingford, A. Craig, J.
Struve, N. L. Luo, F. Banine, Y. Liu, A. Chang, B. D. Trapp, B. F.
Bebo, Jr.,, M. S. Rao and L. S. Sherman, Nat. Med., 2005, 11,
966-972.

S. M. Pollard, R. Wallbank, S. Tomlinson, L. Grotewold and A.
Smith, Mol. Cell. Neurosci.,, 2008, 38, 393-403.

M. Naruse, K. Shibasaki, S. Yokoyama, M. Kurachi and Y.
Ishizaki, PloS ONE, 2013, 8, e53109.

C. Rampon, N. Weiss, C. Deboux, N. Chaverot, F. Miller, D.
Buchet, H. Tricoire-Leignel, S. Cazaubon, B. V. Evercooren and
P. O. Couraud, Stem Cells, 2008, 26, 1673-1682.

J. Dzwonek and G. M. Wilczynski, Front. Cell. Neurosci., 2015,
9,175.

S. M. Ruppert, T. R. Hawn, A. Arrigoni, T. N. Wight and P. L.
Bollyky, Immunol. Res., 2014, 58, 186-192.

E. Okun, K. J. Griffioen, T. G. Son, J. H. Lee, N. J. Roberts, M. R.
Mughal, E. Hutchison, A. Cheng, T. V. Arumugam, J. D. Lathia,
H. van Praag and M. P. Mattson, J. Neurochem., 2010, 114,
462-474.

K. A. Giamanco, M. Morawski and R. T. Matthews, Neurosci.,
2010, 170, 1314-1327.

J. C. Kwok, D. Carulli and J. W. Fawcett, J. Neurochem., 2010,
114, 1447-1459.

G. Bruckner, M. Morawski and T. Arendt, Neurosci., 2008,
151, 489-504.

D. Wang and J. Fawcett, Cell Tissue Res., 2012, 349, 147-160.

10 | J. Name., 2012, 00, 1-3

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

L. D. Moon, R. A. Asher and J. W. Fawcett, J. Neurosci. Res.,
2003, 71, 23-37.

A. Bignami, R. Asher and G. Perides, Exp. Neurol., 1992, 117,
90-93.

A. Bignami, R. Asher and G. Perides, Brain Res., 1992, 579,
173-177.

E. Ruoslahti, Glycobiology, 1996, 6, 489-492.

G. Koppe, G. Bruckner, W. Hartig, B. Delpech and V. Bigl,
Histochem. J., 1997, 29, 11-20.

D. Carulli, K. E. Rhodes, D. J. Brown, T. P. Bonnert, S. J. Pollack,
K. Oliver, P. Strata and J. W. Fawcett, J. Comp. Neurol., 2006,
494, 559-577.

D. Carulli, K. E. Rhodes and J. W. Fawcett, J. Comp. Neurol.,
2007, 501, 83-94.

0. Senkov, P. Andjus, L. Radenovic, E. Soriano and A. Dityatev,
Prog. Brain Res., 2014, 214, 53-80.

A. Suttkus, M. Morawski and T. Arendt, Mol. Neurobiol., 2014,
DOI: 10.1007/s12035-014-8990-4.

J. C. Valenzuela, C. Heise, G. Franken, J. Singh, B. Schweitzer,
C. |. Seidenbecher and R. Frischknecht, Philos. Trans. R. Soc.,
B, 2014, 369, 20130606.

M. Vedunova, T. Sakharnova, E. Mitroshina, M. Perminova, A.
Pimashkin, Y. Zakharov, A. Dityatev and I. Mukhina, Front. Cell
Neurosci., 2013, 7, 149.

R. Frischknecht and E. D. Gundelfinger, Adv. Exp. Med. Biol.,
2012, 970, 153-171.

M. F. Happel, H. Niekisch, L. L. Castiblanco Rivera, F. W. Ohl,
M. Deliano and R. Frischknecht, Proc. Natl. Acad. Sci. U.S.A.,
2014, 111, 2800-2805.

T. Bergstrom, K. Holmquvist, T. Tararuk, S. Johansson and K.
Forsberg-Nilsson, Biochim. Biophys. Acta, 2014, 1840, 2526-
2532.

G. Bruckner, J. Grosche, M. Hartlage-Rubsamen, S. Schmidt
and M. Schachner, J. Chem. Neuroanat., 2003, 26, 37-50.

C. Lindwall, M. Olsson, A. M. Osman, H. G. Kuhn and M. A.
Curtis, Brain Res., 2013, 1503, 62-77.

H. A. Cameron and E. Gould, Neurosci., 1994, 61, 203-209.

E. Gould, A. J. Reeves, M. Fallah, P. Tanapat, C. G. Gross and E.
Fuchs, Proc. Natl. Acad. Sci. U.S.A., 1999, 96, 5263-5267.

E. Gould, P. Tanapat, N. B. Hastings and T. J. Shors, Trends
Cogn. Sci., 1999, 3, 186-192.

F. Doetsch and R. Hen, Curr. Opin. Neurobiol., 2005, 15, 121-
128.

K. Fuxe, B. Tinner, G. Chadi, A. Harfstrand and L. F. Agnati,
Neurosci. Lett., 1994, 169, 25-30.

M. Abaskharoun, M. Bellemare, E. Lau and R. U. Margolis,
Brain Res., 2010, 1327, 6-15.

C. A. Maxwell, J. McCarthy and E. Turley, J. Cell Sci., 2008,
121, 925-932.

T. Fujiwara, T. Kawakatsu, S. Tayama, Y. Kobayashi, N.
Sugiura, K. Kimata and Y. Takai, Genes Cells, 2008, 13, 759-
770.

J. P. Hugnot and R. Franzen, Front. Biosci., 2011, 16, 1044-
1059.

A. Bignami, R. Asher, G. Perides and F. Rahemtulla, Int. J. Dev.
Neurosci., 1992, 10, 291-299.

A. Bignami and R. Asher, Int. J. Dev. Neurosci., 1992, 10, 45-
57.

J. A. Jackson and D. L. Clarke, in Stem Cell Therapy for
Autoimmune Disease, ed. R.K. Burt and A.M. Marmont, 2004,
ch. 3,11-17.

This journal is © The Royal Society of Chemistry 20xx

Page 10 of 22



Page 11 of 22

85.
86.

87.

88.
89.
90.
91.
92.
93.
94.
95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Journal-of:Materials-Chemistry B

C. Baier, S. L. Baader, J. Jankowski, V. Gieselmann, K. Schilling,
U. Rauch and J. Kappler, Matrix Biol., 2007, 26, 348-358.

V. E. Miron, T. Kuhimann and J. P. Antel, Biochim.Biophys.
Acta, Mol. Basis Dis., 2011, 1812, 184-193.

F. Barnabe-Heider, C. Goritz, H. Sabelstrom, H. Takebayashi,
F. W. Pfrieger, K. Meletis and J. Frisen, Cell Stem Cell, 2010, 7,
470-482.

K. Meletis, F. Barnabe-Heider, M. Carlen, E. Evergren, N.
Tomilin, O. Shupliakov and J. Frisen, PLoS Biol, 2008, 6, €182.
L. S. Sherman and S. A. Back, Trends Neurosci., 2008, 31, 44-
52.

D. Bonneh-Barkay and C. A. Wiley, Brain Pathol., 2009, 19,
573-585.

J. Struve, P. C. Maher, Y. q. Li, S. Kinney, M. G. Fehlings, C.
Kuntz and L. S. Sherman, Glia, 2005, 52, 16-24.

D. Jiang, J. Liang and P. W. Noble, Annu. Rev. Cell Dev. Biol.,
2007, 23, 435-461.

J. W. Austin, C. Gilchrist and M. G. Fehlings, J. Neurochem.,
2012, 122, 344-355.

0. Yasuhara, H. Akiyama, E. G. McGeer and P. L. McGeer,
Brain Res., 1994, 635, 269-282.

H. M Nielsen, S. Palmqvist, L. Minthon, E. Londos and M.
Wennstrom, Curr. Alzheimer Res., 2012, 9, 257-266.

S. Perosa, M. Porcionatto, A. Cukiert, J. Martins, C. Passeroti,
D. Amado, S. Matas, H. Nader, E. Cavalheiro and J. Leite, Brain
Res. Bull., 2002, 58, 509-516.

P. A. McRae and B. E. Porter, Neurochem. Int., 2012, 61, 963-
972.

B. Delpech, C. Maingonnat, N. Girard, C. Chauzy, A. Olivier, R.
Maunoury, J. Tayot and P. Creissard, Eur. J. Cancer, 1993, 29,
1012-1017.

B. Radotra, D. McCormick and A. Crockard, Neuropathol.
Appl. Neurobiol., 1994, 20, 399-405.

A. Merzak, S. Koocheckpour and G. J. Pilkington, Cancer Res.,
1994, 54, 3988-3992.

B. Radotra and D. McCormick, Anticancer Res., 1996, 17, 945-
949.

S. Koochekpour, G. J. Pilkington and A. Merzak, Int. J. Cancer,
1995, 63, 450-454.

C. Bouvier-Labit, A. Liprandi, G. Monti, J. F. Pellissier and D.
Figarella-Branger, J. Neuro-oncol., 2002, 60, 127-134.

R. K. Boregowda, H. N. Appaiah, M. Siddaiah, S. B.
Kumarswamy, S. Sunila, K. Thimmaiah, K. Mortha, B. Toole
and S. d Banerjee, J. Carcinog., 2006, 5, 2.

K. N. Segovia, M. McClure, M. Moravec, N. L. Luo, Y. Wan, X.
Gong, A. Riddle, A. Craig, J. Struve and L. S. Sherman, Ann.
Neurol., 2008, 63, 520-530.

B. Oz, F. A. Karayel, N. Gaziodlu, F. Ozlen and K. Balci, Pathol.
Oncol. Res.,, 2000, 6, 118-124.

B. Delpech, A. Laquerriere, C. Maingonnat, P. Bertrand and P.
Freger, Anticancer Res., 2001, 22, 2423-2427.

C. Moon, C.-W. Jeong, H. Kim, M. Ahn, S. Kim and T. Shin, The
J. Vet. Med. Sci., Japanese Soc. Vet. Sci., 2006, 68, 761-764.
M. Preston, X. Gong, W. Su, S. G. Matsumoto, F. Banine, C.
Winkler, S. Foster, R. Xing, J. Struve and J. Dean, Ann. Neurol.,
2013, 73, 266-280.

K. Ishii, M. Toda, Y. Nakai, H. Asou, M. Watanabe, M.
Nakamura, Y. Yato, Y. Fujimura, Y. Kawakami and Y. Toyama,
J. Neurosci. Res., 2001, 65, 500-507.

S. P. J. Fancy, C. Zhao and R. J. M. Franklin, Mol. Cell.
Neurosci., 2004, 27, 247-254.

This journal is © The Royal Society of Chemistry 20xx

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.
128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Y. Ke, L. Chi, R. Xu, C. Luo, D. Gozal and R. Liu, Stem Cells,
2006, 24, 1011-1019.

D. Cizkova, M. Nagyova, L. Slovinska, I. Novotna, J. Radonak,
M. Cizek, E. Mechirova, Z. Tomori, J. Hlucilova and J. Motlik,
Cell. Mol. Neurobiol., 2009, 29, 999-1013.

A. Setzu, J. D. Lathia, C. Zhao, K. Wells, M. S. Rao and R. J.
Franklin, Glia, 2006, 54, 297-303.

C. J. Sontag, N. Uchida, B. J. Cummings and A. J. Anderson,
Stem Cell Rep., 2014, 2, 620-632.

N. C. Bambakidis, R. Z. Wang, L. Franic and R. H. Miller, J.
Neurosurg., 2003, 99, 70-75.

R. H. Woodruff, M. Fruttiger, W. D. Richardson and R. J.
Franklin, Mol. Cell. Neurosci., 2004, 25, 252-262.

K. Loulier, M. Ruat and E. Traiffort, J. Neurochem., 2006, 98,
530-542.

N. C. Bambakidis, E. M. Horn, P. Nakaji, N. Theodore, E. Bless,
T. Dellovade, C. Ma, X. Wang, M. C. Preul, S. W. Coons, R. F.
Spetzler and V. K. Sonntag, J. Neurosurg.: Spine, 2009, 10,
171-176.

N. Lowry, S. K. Goderie, P. Lederman, C. Charniga, M. R.
Gooch, K. D. Gracey, A. Banerjee, S. Punyani, J. Silver and R. S.
Kane, Biomaterials, 2012, 33, 2892-2901.

B. Carletti, F. Piemonte and F. Rossi, Curr. Neuropharmacol.,
2011, 9, 313.

R. J. M. Franklin, Nat. Rev. Neurosci., 2008, 9, 839-855.

F. Barnabé-Heider, C. Goritz, H. Sabelstrom, H. Takebayashi,
F. W. Pfrieger, K. Meletis and J. Frisén, Cell Stem Cell, 2010, 7,
470-482.

J. F. Talbott, D. N. Loy, Y. Liu, M. S. Qiu, M. B. Bunge, M. S.
Rao and S. R. Whittemore, Exp. Neurol., 2005, 192, 11-24.

Q. L. Cao, R. M. Howard, J. B. Dennison and S. R. Whittemore,
Exp. Neurol., 2002, 177, 349-359.

F. Ruffini, T. E. Kennedy and J. P. Antel American J. Pathol.,
2004, 164, 1519.

B. Emery, Science's STKE, 2010, 330, 779.

C. A. Ruff, J. T. Wilcox and M. G. Fehlings, Exp. Neurol., 2012,
235, 78-90.

S. Banerji, A. J. Wright, M. Noble, D. J. Mahoney, I. D.
Campbell, A. J. Day and D. G. Jackson, Nat. Struct. Mol. Biol.,
2007, 14, 234-239.

C. Yang, M. Cao, H. Liu, Y. He, J. Xu, Y. Du, Y. Liu, W. Wang, L.
Cui, J. Hu and F. Gao. J. Biol. Chem.,, 2012, 287, 43094-43107.
F. Gao, C. Yang, W. Mo, Y. Liu and Y. He, Clin. Invest. Med.,
2008, 31, E106-E116.

S. Matou-Nasri, J. Gaffney, S. Kumar and M. Slevin, Int. J.
Oncol., 2009, 35, 761-773.

K. Kouvidi, A. Berdiaki, D. Nikitovic, P. Katonis, N. Afratis, V. C.
Hascall, N. K. Karamanos and G. N. Tzanakakis, J. Biol. Chem,
2011, 286, 38509-38520.

N. Wakao, S. Imagama, H. Zhang, R. Tauchi, A. Muramoto, T.
Natori, S. Takeshita, N. Ishiguro, Y. Matsuyama and K.
Kadomatsu, Neurosci. Lett., 2011, 488, 299-304.

J. Wang, W. Rong, X. Hu, X. Liu, L. Jiang, Y. Ma, G. Dang, Z. Liu
and F. Wei, Neurosci/, 2012, 210, 467-480.

P. W. Noble, F. Lake, P. Henson and D. Riches, J. Clin. Invest.,
1993, 91, 2368.

W. J. Chen and G. Abatangelo, Wound Repair Regen., 1999, 7,
79-89.

P. Johnson, A. Maiti, K. L. Brown and R. Li, Biochem.
Pharmacol., 2000, 59, 455-465.

J. Name., 2013, 00, 1-3 | 11



139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Journal of-Materials:Chemiistry B

D. Jiang, J. Liang, J. Fan, S. Yu, S. Chen, Y. Luo, G. D. Prestwich,
M. M. Mascarenhas, H. G. Garg and D. A. Quinn, Nat. Med.,
2005, 11, 1173-1179.

J. Liang, D. Jiang, J. Griffith, S. Yu, J. Fan, X. Zhao, R. Bucala
and P. W. Noble, J. Immunol., 2007, 178, 2469-2475.

D. C. West, I. N. Hampson, F. Arnold and S. Kumar, Science,
1985, 228, 1324-1326.

M. Slevin, J. Krupinski, S. Kumar and J. Gaffney, Lab. Invest.,
1998, 78, 987-1003.

N. Schizas, R. Rojas, S. Kootala, B. Andersson, J. Pettersson, J.
Hilborn and N. P. Hailer, J. Biomater. Appl., 2013,
0885328213483636.

J. Fraser, T. Laurent and U. Laurent, J. Intern. Med., 1997, 242,
27-33.

J. A. Burdick and G. D. Prestwich, Adv. Mater., 2011, 23, H41-
H56.

Z. Z. Khaing and C. E. Schmidt, Neurosci. Lett., 2012, 519, 103-
114.

J. Lam, S. T. Carmichael, W. E. Lowry and T. Segura, Adv.
Healthcare Mater., 2014.

S. Hou, Q. Xu, W. Tian, F. Cui, Q. Cai, J. Ma and I.-S. Lee, J.
Neurosci. Meth., 2005, 148, 60-70.

X. Li, X. Liu, L. Cui, C. Brunson, W. Zhao, N. R. Bhat, N. Zhang
and X. Wen, FASEB J., 2013, 27, 1127-1136.

Y. Wei, W. Tian, X. Yu, F. Cui, S. Hou, Q. Xu and I.-S. Lee,
Biomed. Mater., 2007, 2, S142.

A. J. Mothe, R. Y. Tam, T. Zahir, C. H. Tator and M. S. Shoichet,
Biomaterials, 2013, 34, 3775-3783.

Y. Wang, Y. T. Wei, Z. H. Zu, R. K. Ju, M. Y. Guo, X. M. Wang,
Q. Y. XuandF. Z. Cui, Pharm. Res., 2011, 28, 1406-1414.

K. Vulic and M. S. Shoichet, J. Am. Chem. Soc., 2011, 134, 882-
885.

J. Park, E. Lim, S. Back, H. Na, Y. Park and K. Sun, J. Biomed.
Mater. Res. Part A, 2010, 93, 1091-1099.

B. P. Purcell, J. A. Elser, A. Mu, K. B. Margulies and J. A.
Burdick, Biomaterials, 2012, 33, 7849-7857.

K. Brannvall, K. Bergman, U. Wallenquist, S. Svahn, T.
Bowden, J. Hilborn and K. Forsberg-Nilsson J Neurosci. Res.,
2007, 85, 2138-2146.

L. Pan, Y. Ren, F. Cui and Q. Xu, J Neurosci. Res., 2009, 87,
3207-3220.

S. K. Seidlits, Z. Z. Khaing, R. R. Petersen, J. D. Nickels, J. E.
Vanscoy, J. B. Shear and C. E. Schmidt, Biomaterials, 2010, 31,
3930-3940.

E. R. Aurand, J. L. Wagner, R. Shandas and K. B. Bjugstad,
Stem Cell Res., 2014, 12, 11-23.

D. Gupta, C. H. Tator and M. S. Shoichet, Biomaterials, 2006,
27, 2370-2379.

E. M. Horn, M. Beaumont, X. Z. Shu, A. Harvey, G. D.
Prestwich, K. M. Horn, A. R. Gibson, M. C. Preul and A.
Panitch, J. Neurosurg.: Spine, 2007, 6, 133-140.

J. W. Austin, C. E. Kang, M. D. Baumann, L. DiDiodato, K.
Satkunendrarajah, J. R. Wilson, G. J. Stanisz, M. S. Shoichet
and M. G. Fehlings, Biomaterials, 2012, 33, 4555-4564.

W. Tian, S. Hou, J. Ma, C. Zhang, Q. Xu, I. Lee, H. Li, M. Spector
and F. Cui, Tissue Eng., 2005, 11, 513-525.

F. Cui, W. Tian, S. Hou, Q. Xu and I.-S. Lee, J. Mater. Sci.:
Mater. Med., 2006, 17, 1393-1401.

T. Zhang, Y. Yan, X. Wang, Z. Xiong, F. Lin, R. Wu and R. Zhang,
J. Bioact. Compat. Polym., 2007, 22, 19-29.

12 | J. Name., 2012, 00, 1-3

166.

167.

168.

169.

170.
171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

C.-M. Lin, J.-W. Lin, Y.-C. Chen, H.-H. Shen, L. Wei, Y.-S. Yeh,
Y.-H. Chiang, R. Shih, P.-L. Chiu and K.-S. Hung, Surg. Neurol.,
2009, 72, S50-554.

J. Zhong, A. Chan, L. Morad, H. I. Kornblum, G. Fan and S. T.
Carmichael, Neurorehab. Neural Repair, 2010, 24, 636-644.

S. Yao, X. Liu, X. Wang, A. Merolli, X. Chen and F. Cui, Prog.
Nat. Sci.: Mater. Int., 2013, 23, 103-112.

M. M. Pakulska, B. G. Ballios and M. S. Shoichet, Biomed.
Mater., 2012, 7, 024101.

X. Li, X. Liu, N. Zhang and X. Wen, J. Neurotrauma, 2014.

Z. Z. Khaing, R. C. Thomas, S. A. Geissler and C. E. Schmidt,
Mater. Today, 2014, 17, 332-340.

S. C. Owen, S. A. Fisher, R. Y. Tam, C. M. Nimmo and M. S.
Shoichet, Langmuir, 2013, 29, 7393-7400.

C. M. Nimmo, S. C. Owen and M. S.
Biomacromolecules, 2011, 12, 824-830.

C. A. DeForest, E. A. Sims and K. S. Anseth, Chem. Mater.,
2010, 22, 4783-4790.

C. A. DeForest and K. S. Anseth, Angew. Chem., 2012, 124,
1852-1855.

Y. T. Wei, Y. He, C. L. Xu, Y. Wang, B. F. Liu, X. M. Wang, X. D.
Sun, F. Z. Cuiand Q. Y. Xu, J. Biomed. Mater. Res. Part B: Appl.
Biomater., 2010, 95, 110-117.

A. M. Kasko and D. Y. Wong, Future Med. Chem., 2010, 2,
1669-1680.

M. P. Horowitz, C. Milanese, R. Di Maio, X. Hu, L. M. Montero,
L. H. Sanders, V. Tapias, S. Sepe, W. A. van Cappellen and E. A.
Burton, Antioxid. Redox Signaling, 2011, 15, 855-871.

E. R. Aurand, J. Wagner, C. Lanning and K. B. Bjugstad, J.
Funct. Biomater., 2012, 3, 839-863.

T. C. Lim, S. Rokkappanavar, W. S. Toh, L.-S. Wang, M.
Kurisawa and M. Spector, FASEB J., 2013, 27, 1023-1033.

C. P. Addington, C. M. Pauken, M. R. Caplan and S. E.
Stabenfeldt, Biomaterials, 2014, 35, 3263-3272.

W. Tian, C. Zhang, S. Hou, X. Yu, F. Cui, Q. Xu, S. Sheng, H. Cui
and H. Li, J. Controlled Release, 2005, 102, 13-22.

J. Ma, W.-M. Tian, S.-P. Hou, Q.-Y. Xu, M. Spector and F.-Z.
Cui, Biomed. Mater., 2007, 2, 233.

H. Zhu, N. Mitsuhashi, A. Klein, L. W. Barsky, K. Weinberg, M.
L. Barr, A. Demetriou and G. D. Wu, Stem Cells, 2006, 24, 928-
935.

A. Avigdor, P. Goichberg, S. Shivtiel, A. Dar, A. Peled, S.
Sarmira, O. Kollet, R. Hershkoviz, R. Alon, I. Hardan, H. Hen-
Hur, D. Naor, A. Nagler, T. Lapidot, Blood, 2005, 103, 2981-
2989.

T. Csoka, G. Frost, R. Stern and A. Csdka, Invasion Metastasis,
1996, 17, 297-311.

J. Kim, K. S. Kim, G. Jiang, H. Kang, S. Kim, B. S. Kim, M. H. Park
and S. K. Hahn, Biopolymers, 2008, 89, 1144-1153.

D. Eng, M. Caplan, M. Preul and A. Panitch, Acta Biomater.,
2010, 6, 2407-2414.

E. Hachet, H. Van Den Berghe, E. Bayma, M. R. Block and R.
Auzély-Velty, Biomacromolecules, 2012, 13, 1818-1827.

J. E. Scott and F. Heatley, Biomacromolecules, 2002, 3, 547-
553.

S. Zhong, D. Campoccia, P. Doherty, R. Williams, L. Benedetti
and D. Williams, Biomaterials, 1994, 15, 359-365.

X. Z. Shu, Y. Liu, Y. Luo, M. C. Roberts and G. D. Prestwich,
Biomacromolecules, 2002, 3, 1304-1311.

R. Barbucci, R. Rappuoli, A. Borzacchiello and L. Ambrosio, J.
Biomater. Sci., Polymer Ed., 2000, 11, 383-399.

Shoichet,

This journal is © The Royal Society of Chemistry 20xx

Page 12 of 22



Page 13 of 22

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

2009.
210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

Journal-of:Materials-Chemistry B

J. J. Roberts, R. M. Elder, A. J. Neumann, A. Jayaraman and S.
J. Bryant, Biomacromolecules, 2014, 15, 1132-1141.

K. Xu, K. Narayanan, F. Lee, K. H. Bae, S. Gao and M. Kurisawa,
Acta Biomater., 2015, 24, 159-171.

D. B. Edelman and E. W. Keefer, Exp. Neurol., 2005, 192, 1-6.
H.-U. Dodt, U. Leischner, A. Schierloh, N. Jahrling, C. P.
Mauch, K. Deininger, J. M. Deussing, M. Eder, W.
Zieglgdnsberger and K. Becker, Nat. Meth., 2007, 4, 331-336.
J. B. Leach, X. Q. Brown, J. G. Jacot, P. A. DiMilla and J. Y.
Wong, Nat. Meth., 2007, 4, 26.

L. A. Flanagan, Y.-E. Ju, B. Marg, M. Osterfield and P. A.
Janmey, Neuroreport, 2002, 13, 2411.

A. Banerjee, M. Arha, S. Choudhary, R. S. Ashton, S. R. Bhatia,
D. V. Schaffer and R. S. Kane, Biomaterials, 2009, 30, 4695-
4699.

N. D. Leipzig and M. S. Shoichet, Biomaterials, 2009, 30, 6867-
6878.

A. |. Teixeira, J. K. Duckworth and O. Hermanson, Cell Res.,
2007, 17, 56-61.

A. |. Teixeira, S. llkhanizadeh, J. A. Wigenius, J. K. Duckworth,
0. Inganas and O. Hermanson, Biomaterials, 2009, 30, 4567-
4572.

A. ). Keung, E. M. de Juan-Pardo, D. V. Schaffer and S. Kumar,
Stem Cells, 2011, 29, 1886-1897.

J. Arulmoli, M. M. Pathak, L. P. McDonnell, J. L. Nourse, F.
Tombola, J. C. Earthman and L. A. Flanagan, Sci. Rep., 2015, 5,
8499.

X. Wang, J. He, Y. Wang and F.-Z. Cui, Interface Focus, 2012,
rsfs20120016.

Y. Liang, P. Walczak and J. W. Bulte, Biomaterials, 2013, 34,
5521-5529.

B. P. Toole and M. G. Slomiany, Drug Resist. Updates, 2008,
11, 110-121.

J. H. Piao, Y. Wang and I. D. Duncan, Glia, 2013, 61, 361-367.
A. Bakshi, O. Fisher, T. Dagci, B. T. Himes, I. Fischer and A.
Lowman, J. Neurosurg.: Spine, 2004, 1, 322-329.

A. Chopra, M. E. Murray, F. J. Byfield, M. G. Mendez, R.
Halleluyan, D. J. Restle, D. Raz-Ben Aroush, P. A. Galie, K.
Pogoda and R. Bucki, Biomaterials, 2014, 35, 71-82.

X. Z. Shu, S. Ahmad, Y. Liu and G. D. Prestwich, J. Biomed.
Mater. Res. Part A, 2006, 79, 902-912.

H. X. Nguyen, U. Nekanti, D. L. Haus, G. Funes, D. Moreno, N.
Kamei, B. J. Cummings and A. J. Anderson, J. Comp. Neurol.,
2014.

C. Zhao, S. P. Fancy and R. J. Franklin J. Neurosci. Res., 2009,
87, 3447-3455.

H. Colognato and I. D. Tzvetanova, Dev. Neurobiol., 2011, 71,
924-955.

B. Ananthanarayanan, Y. Kim and S. Kumar, Biomaterials,
2011, 32, 7913-7923.

H. Li, A. Wijekoon and N. D. Leipzig, PloS ONE, 2012, 7,
e48824.

A. M. Thomas, M. B. Kubilius, S. J. Holland, S. K. Seidlits, R. M.
Boehler, A. J. Anderson, B. J. Cummings and L. D. Shea,
Biomaterials, 2013, 34, 2213-2220.

H. M. Tuinstra, M. O. Aviles, S. Shin, S. J. Holland, M. L.
Zelivyanskaya, A. G. Fast, S. Y. Ko, D. J. Margul, A. K. Bartels
and R. M. Boehler, Biomaterials, 2012, 33, 1618-1626.

J. A. Shepard, F. R. Virani, A. G. Goodman, T. D. Gossett, S.
Shin and L. D. Shea, Biomaterials, 2012, 33, 7412-7421.

E. Lavik and J. A. Madri, in Therapeutic Angiogenesis for
Vascular Diseases, Springer, 2011, pp. 145-167.

This journal is © The Royal Society of Chemistry 20xx

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.
241.

242.

243,

244,

245.

246.

247.

248.

249.

250.

S. Tang, S. M. Vickers, H. P. Hsu and M. Spector, J. Biomed.
Mater. Res. Part A, 2007, 82, 323-335.

S. J. Florczyk, K. Wang, S. Jana, D. L. Wood, S. K. Sytsma, J. G.
Sham, F. M. Kievit and M. Zhang, Biomaterials, 2013, 34,
10143-10150.

C. Cam and T. Segura, Acta Biomater., 2014, 10, 205-213.

T. Tokatlian, C. Cam and T. Segura, Adv. Healthcare Mater.,
2015, 4, 1084-1091.

T. Tokatlian, C. Cam and T. Segura, Biomaterials, 2014, 35,
825-835.

S. A. Zawko and C. E. Schmidt, Acta Biomater., 2010, 6, 2415-
2421.

H. K. Heris, M. Rahmat and L. Mongeau, Macromol. Biosci.,
2012, 12, 202-210.

L.-H. Han, J. H. Lai, S. Yu and F. Yang, Biomaterials, 2013, 34,
4251-4258.

D. R. Griffin, W. M. Weaver, P. O. Scumpia, D. Di Carlo and T.
Segura, Nat. Mater., 2015, 14, 737-744.

D. D. McKinnon, D. W. Domaille, J. N. Cha and K. S. Anseth,
Adv. Mater., 2014, 26, 821-821.

Y. Yang, R. Lewis and R. H. Miller, Dev. Biol., 2011, 350, 127-
138.

G. Piaton, R. M. Gould and C. Lubetzki, J. Neurochem., 2010,
114, 1243-1260.

R. S. Stowers, S. C. Allen and L. J. Suggs, Proc. Natl. Acad. Sci.
U.S.A., 2015, 112, 1953-1958.

S. K. Seidlits, C. E. Schmidt and J. B. Shear, Adv. Funct. Mater.,
2009, 19, 3543-3551.

R. G. Wylie, S. Ahsan, Y. Aizawa, K. L. Maxwell, C. M.
Morshead and M. S. Shoichet, Nat. Mater., 2011, 10, 799-
806.

M. S. Hahn, J. S. Miller and J. L. West, Adv. Mater., 2006, 18,
2679-2684.

J. C. Hoffmann and J. L. West, Soft Matter, 2010, 6, 5056~
5063.

M. W. Tibbitt, A. M. Kloxin, L. A. Sawicki and K. S. Anseth,
Macromolecules, 2013, 46, 2785-2792.

S. Khetan and J. A. Burdick, Soft Matter, 2011, 7, 830-838.

G. A. Silva, C. Czeisler, K. L. Niece, E. Beniash, D. A. Harrington,
J. A. Kessler and S. I. Stupp, Science, 2004, 303, 1352-1355.

T. Novak, S. L. Voytik-Harbin and C. P. Neu, Acta Biomater.,
2015, 11, 274-282.

M. Wallace, A. Z. Cardoso, W. J. Frith, J. A. Iggo and D. J.
Adams, Chem. — Eur. J., 2014, 20, 16484-16487.

V. V. Ramanan, J. S. Katz, M. Guvendiren, E. R. Cohen, R. A.
Marklein and J. A. Burdick, J. Mater. Chem., 2010, 20, 8920-
8926.

D. R. Griffin, J. L. Schlosser, S. F. Lam, T. H. Nguyen, H. D.
Maynard and A. M. Kasko, Biomacromolecules, 2013, 14,
1199-1207.

K. M. Mabry, R. L. Lawrence and K. S. Anseth, Biomaterials,
2015, 49, 47-56.

S. Hernot and A. L. Klibanov, Adv. Drug Delivery Rev., 2008,
60, 1153-1166.

Y. Lei, M. Rahim, Q. Ng and T. Segura, J. Controlled Release,
2011, 153, 255-261.

T. Segura, P. H. Chung and L. D. Shea, Biomaterials, 2005, 26,
1575-1584.

S. K. Seidlits, R. M. Gower, J. A. Shepard and L. D. Shea, Expert
Opin. Drug Delivery, 2013, 10, 499-509.

J. Name., 2013, 00, 1-3 | 13



fnalof:Materials-Chemisti

ARTICLE Journal Name

14 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Page 15 of 22

Journal of Materials Chemistry B

Figure 1. Schematic of hyaluronic acid (HA), its associated glycoproteins and linker proteins
within the extracellular matrix (ECM) during brain and spinal cord development. Expression
levels of HA and it associated glycoproteins changes during development. In normal ECM, HA
and its binding partners exist as part of a network of molecules that surrounds all cells within
the ECM. In perineuronal nets (PNNs), the expression of HA appears central to the formation of
this specialized ECM compartment.

Figure 2. The major receptors on NSCs are known to interact with HA are CD44, RHAMM and
TLRs 2 and 4. High molecular weight (HMW) HA has a higher affinity for CD44 than low-mid
molecular weight (LMW) (< 1000 kDa in this figure) HA and induces clustering of CD44 receptors.
Although both HMW and LMW HA can bind CD44, they have very different biological activities.
RHAMM is known to bind both HMW and LMW HA. Monomeric CD44 has been reported to
augment TLR activities, while clustered CD44 augments activities of receptor tyrosine kinases
(RTKs). TLRs 2 and 4 bind to LMW HA.

Figure 3. Comparison of the neural stem cell (NSC) niches within the subventricular zone (SVZ) in
the forebrain, subgranular zone (SGZ) in the hippocampus and the central cannel (CC) in the
spinal cord.

SVZ: subventricular zone; LV: lateral ventricles; BV: blood vessel; BL: basal lamina; NSC: neural
stem cell; GFAP: glial fibrillary acidic protein; CC: central canal.

A. A schematic of cell types and anatomy of the adult SGZ niche. Schema of frontal section of
the adult mouse brain showing the SGZ at the interface between the hilus (area below blood
vessel) and the granule cell layer (light pink cells) of the dentate gyrus. SGZ astrocytes (B, blue)
divide to generate intermediate precursors (type D cells; nomenclature according to Ref. 243,
yellow), which progressively generate more differentiated progeny (type D1->type D2->type
D3), which mature into granule neurons (G, red). Neurogenesis occurs in pockets adjacent to
blood vessels and although a specialized basal lamina has not yet been described in this region,
the vascular basal lamina likely plays an important role in the niche. Afferent axons (pink) from
the entorhinal cortex and axons from subcortical regions as well as from local inhibitory
interneurons project to the SGZ. Adapted and reprinted with permission from Ref. 244.

B. Cell types and anatomy of the adult SGZ niche. Schematic of frontal section of the adult
mouse brain showing the SGZ at the interface between the hilus (area below blood vessel) and
the granule cell layer (light pink cells) of the dentate gyrus. SGZ astrocytes (B, blue) divide to
generate intermediate precursors (type D cells; nomenclature according to Seri et al., 2004,
yellow), which progressively generate more differentiated progeny (type D1->type D2->type
D3), which mature into granule neurons (G, red). Neurogenesis occurs in pockets adjacent to
blood vessels and although a specialized basal lamina has not yet been described in this region,
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the vascular basal lamina likely plays an important role in the niche. Afferent axons (pink) from
the entorhinal cortex and axons from subcortical regions as well as from local inhibitory
interneurons project to the SGZ. Adapted and reprinted with permission from Ref. 244.

C. Cell types and anatomy of the adult NSC niche in the spinal cord. Ependymal cells that lined
along the central canal are thought to be actively proliferating NSCs and can respond to injury
though they do not appear to differentiate into neurons. Adapted from Ref. 79.

Figure 4. A model of the potential roles played by HA on NSCs in demyelinating lesions. (1)
Following an insult to the brain, signals from the site of injury result in the activation of NSCs in
the SVZ. (2) NSCs or other cells in the niche then increase their hyaluronidase expression and/or
activity, leading to (3) the expansion of NSPCs and their initial differentiation and migration
away from the niche. If these cells encounter an acute lesion, then they can differentiate into
cells that can promote nervous system repair. (4) If they encounter a high MW HA-rich chronic
lesion, however, they are blocked from maturation. Adapted and reprinted with permission Ref
30.

Figure 5. Hyaluronic acid (HA)-based materials as a platform for incorporating advanced
features. A. Chemical structure of HA. B. Schematic illustration of encapsulation of human
embryonic stem cells (hESCs) in 3D network of HA-Tyr hydrogels. Spontaneous differentiation of
hESCs in HA-Tyr hydrogels were examined after 20% fetal bovine serum was added to culture
medium for 14 days using immunofluorescence staining. Antibodies against lineage specific
proteins SMA, foxa2 and beta Ill tubulin, were used to reveal cell derivatives from mesoderm,

endoderm and ectoderm, respectively. Scale bar, 100 @m®**®

. Reprinted with permission from Ref
195. C. Addition of complexities and features to HA-based hydrogels for better interaction with
neural stem cells. These include (1) biochemical diversity by adding other natural ECM
molecules such as laminin and collagen, growth factors, (2) grafting in enzyme degradable
portions that can alter stiffness, porosity, and degradation rate, and (3) addition of spatially
controlled structure and patterning at the micro-scale (biotinylated BSA structures within HA

gels, labeled with neutravidin-fluorescein) and at the nano-scale levels (aligned collagen | fibrils).
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Modulus/Stiffness Adhesion, migration, neurite branching
HA molecular weight May alter proliferation, recruitment to inflamed areas
HA concentration Maintenance of neurogenic niches, motor neuron

survival, differentiation

Porosity O, tension, diffusion, interface of transplants with host
tissue, proliferation, differentiation

Other matrix components (e.g., adhesive Adhesion, proliferation, migration, differentiation
peptides, proteins, GAGs)

Table 1. Biomaterial properties and possible biological outcomes for hyaluronic acid (HA) hydrogels
directing neural stem cell (NSC)-mediated repair of central nervous system (CNS) tissues.
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