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ABSTRACT

Within the lastd e c a d e, neurodegenerative diseases
haveemerged as one tiie top 5 leading causes of death glbhandthere is currently

no cure All neurodegenerativeéisease$ead to loss ofhe functional cells in the nervous
system theneuronsOne therapeutic approach is to replace the damaged and lost neurons
with new, healthy neuronbinfortunately this isadifficult endeavosince mature neurons

are not capable of cell divisiomstead, researchers are turningéarralstemcells which
areable toseltrenewandbe rapidly expandeleforebeingdifferentatedinto functional

cell phenotypessuch as eurons, allowingor large numbers of cells to be generaited

vitro. Controlled differentiation of human neural stem cells into new neurons ha®been
interestdue to the immense potentfak improving clinical outcomesAdult neuralstem

cell behaviorhowever, is not well understood atige transplantedtemcells are atrisk

for tumorigenesis The focus of this dissertation is the developmentengineered
biomaterials as tooldo study human neural stem cell behavioand neurogenesis
(differentiatior). A novel cell penetratingpeptidewas developed tenhancentracelldar
delivery ofretinoic acid,a bioactive lipidknown to induce differentiatiorA hydrogel
platform fabricated fromhyaluronic acid, a naturalgccurring polysaccharide found in
brain extracellular spac&vas designed teerve as biomimeticsoft substratavith similar
mechanical properties to the brailhe biological behavior of the stem celigas

characterized imesponse tehemicalandphysicalcues
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CHAPTER 1

INTRODUCTION

This dissertation takes a multidisciplinary approach, working at the interface of
materials science and stem cell biology, to study the behavior of human neural stem cells
(NSCs)in an attempt to get alearerunderstanding of neurogenesigluced by cell
biomaterial interactionsThe highlightsfrom the dissertatiorare the development dn
characterization of two biomaterials which serve as enabling tools for the study of human
neural stem cellthrough two different strategies. One of tkeehnologiesvorks on the
moleculalevel, inducingneurogenesis byiochemical means. The other tectogy works
on a largesize scalgserving as a biomimetid¢racture for cell culturgproviding insights
into the effect ophysicalcueson NSCbehavior The initial biological characterizations
using the two technologidselps to identify areas of resmrch thatstill need additional

studiesto further our understanding néural stem cell biology.

1.1 Neurodegenerationand Cell Replacement TherapyJsing NSCs

1.1.1 Significance of Neurodegenerative Disease

Neurodegeneration is a growing globspidemic with an urgent need for the
development of therapeutic strategies. According to the global health observatory data by
the World Health Organizatipneurodgeneratiorrelated dementias were th® Bading
cause of death in 2016, with mortalityega more than doubling since 20Q9. The rapid
increase in prevalence is likely due to an increasingly older world population, though

advancements in diagnosticsuta also be a contributing fact(®). A word populations



report published by the United Nations in 2015 estimatesthieaglobal percentage of
people over the age of 60 is expected to double by 2050, f&bfh % to 21.5 %.
Furthermore, people over the age of 80 is expected to triple, from DA% %(3). As a
result, the number of patients diagnosed wihrodegenerative diseases are expected to
grow ata proportionallysignificantrate.

Despit theamount ofesearch and fundirtat haseen pouredhto understanding
neurodegeneration, the underlying cause isistkhown,and no cures are available.€rh
are several mechanisms currently being investigasetthe cause of diseadwmit it isstill
unclear whether any of these ametual causative factors or just consequences and
contributors of disease. Aginglated changes to cells such as oxidativesst and
mitochondrial dysfunction arebservedn multiple types of neurodegenerative dises
and arean important characteristic dfsease progressidd, 5). Predetermined genetics
(6, 7) as well as epigenetic and environmental fac{8y®) have also beenmplicated A
strong correlation has been established between exposure and accumulation of metals to
the development of meodegenerative diseaqdd$®, 11) Finally, protein pathology leading
to misfolding and aggregationasenowned trait of many neurodegenerative disedszs
13) and acawmulation of misfolded proteings commonly attributed tancreased

neurotoxicity (neuronal cell death).

1.1.2 Stem Cell TherapgndBenefits ofDirectedNeuralDifferentiation
The concept of repopulating the damaged nervous tissue with new, fresh neurons

to stop and/or revert disease progression is not new. For example, fetal midbrain tissue

grafts have been used for treat(MeTheécelbf Par



source, however, remains a highly controversial anoblematic roadblockthat is
preventingcell transplantation theraggom reaching the general markerthis is especially
true for reurattype cells which are hard to isolatnd injecwithoutinvasive surgeryl15).
To add to the dilemma, terminally differentiated, functional neuwlmesincapable of
mitosis awl so obtaining the cells in large quantifiestransplantatioms a major challenge
(16).

A promising cell source cametiv advancements in stem cell researna@mely the
ability to generate induced pluripotentes cells (iPSCs)17). These stem cells are
reprogrammed from somatic celigdendirectlyfrom patientsallowing for treatment using
a personalized medicine approalthaddition,various neurodegenerative diseanodels
havebeen developedusing iPSGderivedneuronal and glial cellsom patients suffering
from neurodegeneratidi8-22). Unlike neurons, iPSGsanproliferate and expanapidly
prior to differentiation, Bowing for large scale pauctionand highthroughput assayg3,
24). Furthermore, because the cells are autologous, they are &lgliteiircumvent the
host immune response, whishanothemajor challengén the successful outcomesail
transplantation therapi€85). A simplified schematic of the stem cell therapgrkflow is

presented ifrigure 1-1.



- :/\ o/\/
Commitment i /NSCQ\

and

Maturation
[y Differentiation

N 4
NV
iPSCs

Expansion

Stem Cell Therapy
for
Neurodegeneration

Neurons and
Astroglia

Cell Isolation
4

Reprogramming

P N iPSC

Somatic Cell

Figure 1-1. Schematic flow chart of stem cell therapy to treat neurodegenerative diseases
using iPSCs. The focus of this dissertai®highlighted, whichnvolvesusing engineered
biomaterials to induckneage commitment and matui@t of NSCs into functional cell
phenotypes.

While iPSCsmay seem like the perfect candidates, thexea high-risk factor
associateavith their use The capahility to differentiate into multiple lineagesa double
edged swordOnce transplanted, thers potential risk of teratoma formation dnd
tumorigenesisin iPSCs, his is thought to be due to genetic instability and epigenetic
factors, but the triggers are still not well underst¢®@28). Furthermore, ansplanted
iIPSCs have been shown to fomore teratomas comparedambryonic stem cellESC9
(29). As a result protocos used to reprogram cells into IPSCs are being constantly
improved, and progress is being méolwardsthe development okproducibleconditions
for generating highly purified, clinicallyiable iPSCs(30, 31) However, until the

differentiation triggers are fully understood, pluripotent stem edgllsalways carry high



risk for therapeutic usandthus farhave not been used in any clinical trialsvolving
neurodegenerative diseases

Onestrategyto reduce theisk of teratoma and tumors is to prdifferentiate the
stem cells prior to transplantati¢®82). This approach has been utilized to geneR&C
andESGCderived neural stercells (NSG), which have been shown to hawesvered risk
of teratoma and tumor formation pdsinsplantation(33-35). This methodologystill
requires some optimization, as féferentiatedNSCshave been shown to carspme
tumorigenic potentia36, 37) Continueddifferentiation into neural progenitor cells
(NPCs) and mature phenotypes such as neurons or astrocytes can reduce ghenrisk
further. Development of good manufacturing practice (GMP) compatible differentiation
protocolsalong with aselection proces§.e. flow-assisted cell sorting for positively
marked differentiating cells) has been suggested as a necessaoyiistepase efficacy of

cell transplant therapiassing stem cell§38).

1.1.3 Neural Stem Qés

The earliest clues to the existence of endogenous adult NSCs date back to the
19606s, when proliferating cells were obser
(SGZ) of the hippocampug39) and at the subventricular zone (SVZ) of the lateral
ventricleg(40). Later, it was discovered thisiese werdlPCsand those fronthe SVZ were
migrating to the olfactory bulb in rats through the rostral migratory stream (RMS) to give
rise to newintemeurong41). This discovery shattered centwolg theories on the inability
of the adult nervous system tegenerate. A breakthrough in research came when

bromodeoxyuridine (BrdU), a live cell proliferation marker, was developed. Expgame



with BrdU confirmed that RCs from the SVZ migrated through the RMS to differentiate
into interneurong42). More importantly, it confirmed the existence of proliferatirgds

in the adult human brai@3). It is now widely accepted that a population of seliewing
NPCs can be found in the FGnd SVZ of humans, but the existence of a RMS in the
human brain remains highly controvers{@4). Furthermore, two recentuplications
reportedconflicting resultsn the capability for new neurons to be born in the dentate gyrus.
The study by Sorrellst al.found that neurogenesis was significantly decreased after birth,
and no new neurons were alite be detected histologilly after the age of 1845).
Conversely,usng a similar techniquea study by Boldriniet al. reported persistent
neurogenesis through aging, even in patients up to 79 yea@#6ld hediscrepancies in
their results have been attributed to technical limitations, such the procedures used for
histological analysis (i.e. time of tissue harvest, fixatiomditions, antigefmetrieval, etc.).

The first successful isolation and culture of N&Cvitro was described in the early
1990606s, when <cells from the SW2Eennedume S ucc
supplemented with epidermal growth factor (EGF)chsters of cells known as free
floating neurospherdd7). Soon after, NSs from the SGZ were isolated and successfully
culturedin vitro on polyornithine andaminin-coated tissue culture plates in the presence
of basic fibroblast growth factor (bFGF, also known as 2BF8). Althoughin vitro
culture conditions were defined, it was difficult to keep the cells for prolonged passages in
a selfrenewing statewhich isa defining characteristic of stem and progendtalts (49).

In addition, the outcomes of the neurosphere assay was found to heshigteptible to

isolation and culture methodology of the NSCs, resulting in poor reproduc(biliLy



To overcome challenges associated withiitro NSC culture, immortalized lines
have been developed byntyc and vmyc oncogene overexpression in fetal NSCs, leading
to enhanced lonterm proliferation in the presence of EGF and bR& N cell VM RVM;
from VentralMesencephalon) are derivedrin 10weekfetal midbrain bulk tissue and are
transfected with amyc for immortalization. ReNcell CXRCX; from Cortex) are derived
from 14week fetal cortex and are a clonal cell line transfected witlyc. The transfected
cells were shown to have normkaryotypeup to 36 and 30 passages RWM and RCX,
respectively(51).

Both cell linesundergospontaneouslifferentiationinto neuronal andstroglial
phenotypesipon withdrawal of growth factors (EGF and bFGF). Although the cell lines
are nearly identical in their undifferentiated state in terniestinexpressia (neural stem
cell marker) anthaselineslectrophysiological activity, major differences are observed after
differentiation. Differentiated RVM express tyrosine hydroxylase, a marker for
dopaminergic neuronst a significantly higher leveWhen comparedunctionally, only
cells derived from RVM were able to fire action potentidlse authors believe this may
be due tdlifferences irhow the cell lines werestablishedRVM wereisolated from bulk
tissue while RCX is a clonal cell line from angle parat cell (51). Since their
development, ReNdls havebeen used in a multitude of studies including human disease

modeling andlevelopment oflifferentiationprotocols(52, 53)

1.1.4 Retinoic Acidfor Neurogenesis
Many bioactive compounds have been ideatitio promoteneural ancheuronal

differentiation(54-56). Among theneurogeniccompoundsretinoic acid (RA) is gotent



morphogen which has been used extensively for neurogdb&si®). RA is a bioactive
lipid which is naturallyderived from vitamin A (retinol) through metabolisAs shown
below inFigure 1-2, the derivation of RA is a twetep oxidation process coordinated by
enzymes from the mediuchain dehydrogenasefluctase (MDR) family and the short
chain dehydrogenase/reductase (SDR) fa(bily. The first step is the reversible oxidation

of retinol into the intermediate retinaldehyde (retinal) by one of two types of
dehydrogenases: alaghdehydrogenases (ADH) from the from MDR family or retinol
dehydrogenases (RDH) from SDR family. The second sthjgh is irreversible, is the
oxidation of retinaldehyde into retinoic acid by retinal dehydroger{&&sDH) (61). The

all-transform of RA is widely reported to be the most active metabolite.

(o] (o]
\\\\OH \\\\H [ A H
—_— —=

Retinol Retinal Retinoic Acid

Figure 1-2. Oxidation of retinol io all-transretinoic acid. The first oxidation from retinol
to retinal is reversible. The final oxidation frontinal to retinoic acid(all-trans form
shown)is irreversible.

RA plays crucial roles in patterning and stem cell differentiation during
devdopment(62). The amount of RA presented to the cells directly affects differentiation
and selfrenewal of stem cells, and is tightly controlled by binding proteins and enzymes
(63). The transcription activation pathway shownFigure 1-3 below starts with the
uptake of retnol by cells, followed byenzymaticoxidation intoRA. Exogenous RA can
be directly incorporated by the cells, though the clearance rate is very high compared to
retinol (64). Degradation oRA has been shown to be regulated by the cytochrome P450

family 26 (CYP26) enzymes, which inactivates RA upon bin@@j. Inside the cellRA
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binds to cellular retinoic acitdinding proteins (CRABPS) for intracellular and nuclear
transport through two main forms of CRABPs with distinct functi¢6s) CRABP1
regulates RA degradation by transporting excess RA to CY&D6while CRABP2 has

been shown to translocate the nuclear membrane and deliver RA to retinoic acid receptors

(RARS) to initiate transcriptio(68).

Degradation

Nucleus
COOH

Transcription

Retinal

<>_0H - on

Retinol

Figure 1-3. Simplified retinoic acid signaling pathway. Retinol or RA is internalized by
the cells. Following a twastep oxidatim process, retinol is converted into RA. The
cytosolic RA binds to CRABP1 which is then transported to CYP26 for degradation. RA
binds to CRABP2 for nuclear translocation and binds to RAR, leading to
heterodimerization with RXR and transcriptio

Thereae t hree subtypes of RARs (U, b, 2) w
transRA. To activate transcription, RARs must heterodimerize with retinoid X receptors
(RXRs) , of which there are also thelyee sub

activatel by the isomer @is RA. It has been reported thaic RA does not persist at
9



detectable levels endogenously, but only pharmacologically whetramdi RA is
administered69). Thus, it is assumed that exogenously administerettaails RA can
activate both RARs and RXRIn addition, he RXRs have also been reported to activate
in response to other lipids such as docosahexaenoi(dil) (70). Once the RAR/RXR
heteraimeris formed it can bind to promoter regions of DNA called retinoic acid response
elements (RARES) to initiate tramgation. Many genes important in neurogenesis are
downstream of RAREs andre thus regulated by RAignaling (71). Specifically,
activation ofneurogenin, which has an upstream RARE motifs been associated with
inhibition of gliogenesig72). Therefore, exogenous delivery of RA to humaaral stem
cells are hypothesized to increase the number of cells differentiating into a neuronal
phenotype.

Althoughendogenous RA plays major rolesievelopment and neurogeng§i8),
it has limited solubility(< 0.21 uM)in aqueous mediurf¥4). As a resultmost protocols
require the RA to be dissolved in dimethyl sulfoxide (DMSQ) ligh stock concentration
andthendiluted incell culture mediunto working concentration rangeslowever, the
stability of RA in cellculture medium has been shown to be affected by incubation and
cell metabolisn(75). After just24 h one study reported thahly 55 % of toal treatedRA
was recovered in neimcubated medium without cell/hen incubatecnly 27 % of total
treatedRA was recoveredncubation withmouse ESCs resulted in only 8 % of total treated
RA recoveredafter 24 h To improve thesolubility, stability, and bioavailabilityof RA,

molecularcarriers or vehicles are under developni{&6t 77)
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1.15 Current State of the Art in&@riers for RA Delivery

The most widely used carriers or vehicles for RA deliveryramoparticleNP)
systemsNPs aresubnicron-sized entitiesusually less than 100 niwhich can carry the
cargo inside their core an their surfaceMaterials from which NPs are synthesizethc
be classified into three major categoripslymeric, metal, or lipicbased.Compared to
usingl uM RA alone treamentwith mesoporous silica nanoparticles loaded \8ithM
RA was shown to promote enhancegturonal differentiatiorof mouseESCs which
resulted in a 265 ol d i n c r-tabal®m expressiondn kedrly neuronal marker)
compared to RAlone(78). The authors believe this was due to sustained release of RA,
resulting in increased bioavailability while the MSNotected encapsulated RA from
degradation A polyethyleneimine (PEI) and dextran hybrid NP was dgwedl which
allowed for RA loading through electrostatic interactions of negatisfearged carboxyl
groups of RA with positivehcharged amine groups of PE&9). Treatment with the NPs
resulted in a slow release of RA which differentiated mouse SVZ NSCs into cells
e X pr e s stibulig Thie tohcentration of RA in this study was between 4DtaM,
which is significantly lower compared to other studlebasalso been reported thahert
term treatment with R&an havealetrimental effects on pluripotent stem chiferentiation
(80), so prolonging \aailability could be a vitatlesignaspect

Stimuli-responsivedesigns are also popular, such as NPs fabricated using t
temperaturesensitive polymer polyi{-isoproylacrylamidef81). Upon reaching 37 °C, the
NPs loaded with 316 uM RA undergo shrinkage and release the encapsulated RA.
Differentiated cells expressedoth b |-tubdulin and MAP2 ihicrotubule associated

protein2, a mature neuronal markebut the amount of RAoading did nosignificantly
11



affect expression levelsWhile liposomes and lipithased NPs (i.e. solid lipid
nanoparticles) have been used to endapsiRA(82-85), they have not been used in stem
cell differentiation applications.

The results from these studies sugdkat NPs loaded with RA can successfully
induce neurogenesis. Howevire amount of RA bag deliveredusing NPss difficult to
guantify. Unlike soluble factorsNPs are prone to aggregation in cell culture medium,
which ultimately affectell uptakeg(86). This problems exacerbated in serdoontaining
medium, which leads to formations of protein coronas artheiPs (87). Furthermore,
severalNP propeties such as shape, size, charge, and surface chemisfuyttanaffect
celFmembrane intactions directly influencing the uptakeefficiency (88). Most NPs
translocate the cell membrane by some form of erdegpendent process such as
endocytais(89). The exception are liposomes whitivebeen shown téuse with the cell
membrando deliverpayload(90).

For this dissertation, cell penetrating peptides (CPPs) were chosealtsreative
candidatéor intracellular RA deliveryCompared to the metal and polymeric NPs, CPPs
have a much higher internalization efficiency and are often employed as surface coatings
on NPs to improve cellular uptak®1, 92) Furthermore, rast NPs are recognized as
foreign maerials by the bodywhich can causeinwantedmmune responsg®3). CPPs
are made from naturalgccurring constituents which can be recognized by the cell,
leadng to a much lower risk of immune respor{8d). SinceRA has a cdroxylic acid
functional groupit canbe directly reacted with primary amines on the CPP sequence for
covalent conjugationlThe s/nthesis and characterization of thisvel CPRRA conjugate

and its biological effects on ReNcell Vi vitro is themainfocus of Chapter 2.
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12 Extracellular Microenvironment of Neural Stem Cells

12.1 The Neural Stem Cell Niche

The differentiation fag of stem cells can be affected by their surrounding
microenvironment. Thissoal | ed fAstem cel | rstudiehievolvinga s f
hematopoietic stem cells and provides critical-cell and celmatrix signaling for stem
cell maintenanceral differentiation(95). Cells that have stem cell characteristias/e
been reported in several regions of the central nervous systenfragid8GZ and SVZ,
including the spinal cor@6, 97) substantia nigra of éhhippocamus (98, 99) and the
cortex(100, 101) The main neural stem cell niches, however, are considered to be the SGZ
and SVZ which are also the most studigd simplified schenatic of the SVZ and SGZ

cytoarchitecturare presented iRigure 1-4 below.
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Figure 1-4. A simplified schematic of the neural stem cell niclygoarchitecture. In the

SVZ, type B cells are NPCs that giveeito type C cells which become type A cells, the
immature neuroblasts. In the SGZ, the NPCs are called type 1 cells and give rise to type 2
cells which eventually become the type 3 ¢ell calledmigrating neuroblasts.

13

I



The cytoarchitectures the speific way multiple cell types are organized to
maintain the niche microenvironmei.both the SVZ and the SGZ, the radial glia are the
NPCs capable of undergoing asymmetric differentiatimio ia variety of cell types,
including more progenitor cells €i. selfrenewal). In the SVZ, these cells are denoted as
type B cells and give rise to type C cells or traasifplifying cells. The type C cells
eventually become the immature neuroblastided type A cellswhich migrate through
the RMS to the olfactgrbulb (102). In the SGZ, the radial glia NPCs are denoted as the
type lcells. These cells can asymmetrically differentiate into-naalial cells, or type 2
cells These celleventually become the immatureuroblasts, diype 3 cellsthat mature
into granule nerons(103).

The nicheis highly complex ands thought tobe maintainedthrough controlled
release of paraime factorgi.e. growth factors, neurotransmittebs) nonstem cellssuch
as ependymal cells, astrocytesid mature neurond 02, 103) These factors are often
regulated on a spattemporal levelnd are presentéda highly heerogenous populations
of NSCs making it extemelydifficult to recapitulaten vitro (104) Asidefrom soluble
factors anaell-cell signalirg, celkmatrix interactions have been reported to hare¢ound
effects on stem cell maintenance and differentiatid@®b) A biological respmsecanbe
inducedfrom direct receptaligand interactions with the surrounding extracellular matrix
(ECM), as well aphysical features such apography and stiffneg406). Thesephysical
propertiesare much simpler to replicata vitro compared to the cytoarchitecturada
paracrine signaling.Thus, engineered nmgenvironmentswith defined mechanical

propertieshave been used gtudy of cematrix interactionsvith NSCs(107, 108)
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1.2.2 Stem Cell Response to Substrate Stiffness

It is now widely accepted that stem cetign respond to the stiffness of their
surroundingmicroenvironment and initiate lineagpecific differentiation into mature
phenotypes based anechanotransductiosignals(109-111) As a result developing a
synheticECM (i.e. engineered microenvironmentth a defined modulus range wédtive
organs capotentiallydirectstem cell differentiation. Tissue culture plastic (TCP) used for
cell culture ha an elastio( Y o u nnwdukig in the GPa (1 x 90range.In the body,
organs and tissues are much softer . e . | ower Naodusa dgeélapingnao d ul u s
synthetic microenvironmentith matching stiffnesfas been suggestedatier stem cell
behaviorin vitro, allowing for better modeling oh vivo conditions.

The stiffness range of select organs are presentédume 1-5. Human ESCs have
been reported to proliferate more quickly on polydimethylsiloxane substraiis a
Y o u nmodutusrangeof 0.1 to 1 MPa (1 x ) compared to those grown on TCFL2)
Human mesenchymal stem ceMSCs) were found to differentiate variably into
myogenic and osteogierphenotypes when cultured on 10 to 17 kPa (1% did 41 kPa
polyacrylamidenydrogels, respectivelf{l13) Rat NSCs havbeen shown to differentiate
preferentially tovards a neuronal phenotype on hydrogels with < 1 kPa stiffh&4<.16).
This effect has also been observath human NSCs derived from pluripotent celld7,
118) On astiff substrate, it has been reported that rat NSCs upredritentd and Cdc42
activity, which areproteinsinvolved in cell contractility and actin rearrangeméeading
to suppression of neurogenefld9) Thus,directed differentiatiorcan ke achievedby
growing the cells on a stiffness that matchedadbhget organ/tissue, anldetstiffness range

of normal brain tissue is reported tobé kPa(120-122)
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Figure 1-5. Range ofY o u n madldus found in the body, with representative organs.
Neural stem cells respond to the stiffness of the substrate resulting in differentiation lineage
commitment.

While many reports clainthat MSCs can differentiate intoneuronalphenotype
cells on softsubstratesthere are disputes on the validity of using MSCs in neurogenesis
studies.There argublishedreportswhich show thaMSCscontain a highly heterogenous
population of multipotent cells, with some that alreadgregsNestina n d -tdbulih |
prior to being exposed tdifferentiationfactors (123, 124) This suggests tha sub
population ofMSCs ardikely preconditioned for neurogenesand proper controls must
be implanented in the experimental design.addition, it has been reported that MSCs
can become quiescent on soft substrates, but can still respond to chemical stimuli to initiate
differentiation(125) These resultsuggest that substrate stiffnedsna, below a certain
threshold, $ insufficient to direct terminal differentiation of MSCs towards any specific

phenotype.In addition, chemical differentiationprotocols used to induceeurogenesis
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from MSCs indicated by changes in cell morpholod¢mve also been challengedny
morphobgical chang@owards that of a neuronphenotypgi.e. elongation)n response
to chemical differentiation factors may be due to cytotoxicitthefchemical or solvent
leading to altered cytoskeletal struct{f26-128) Due to these findingsstudies using
MSCs and engineered microenvironments for neurogenesie omitted from the

literature review on engineered microenvironments for neurogenesis

1.2.3 Hydrogelsas a Syntheti Extracellular Substrate

Hydrogels are crosslinked polymer networks which closely recapitulate the
physical and mechanical properties of the native microenrient(129) The basic
componenbf a hydrogel is aydrophilic polymer chain that can be bonded covalently or
norntcovalently to form a networkDue b the hydrophilicity, the mass and volume of a
hydrogel is mostly from the aqueous medibhe choice of polymeis an essential design
considerationwhich canbe narrowed down bthe specific application Generally, the
polymers for hydrogdiabricationcan be classified as either synthetic or natural.

Among the synthetic polymers, polyethylene glycol (PEG) is by far the most widely
used andchewhydrogeldormulations based on PEG astll under heavy investigation and
developmen(130, 131) The advantage of PEG, as wagdlmany other synthetic polymers,
is that the molecular weight (i.e. chain length) and branching of the polymer can be
controlled by the synthesis proceseesulting in finely tued and highly remducible
material propertie$132). Furthermore, PEG ia bioinert polymer, meaning does not

elicit any immunogenic response from the host when transplgi@®) The main
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disadvantage, however, is that synthetic polymers do not possess anwtirdedke
recognition properties/hich limits cell adhesion, spreading, and migra(ibd4)

In contrast, naturallgerived polymerscan possessnherent celrecogniion
capabilities. Some weknown natural polymer examples include proteins such as collagen
(135), gelatin(136), andfibrin (137), as well as polysaccharides such as algifEs&),
chitosan(139), dextran(140), and hyaluronic acifil41) Compared to hydrogels fabricated
from synthetic polymershydrogels fabricated using natural polymers can elicit an
immunogenic response ageénerallyhave weaker mechanical strengi34, 142) As a
reault, composite hydrogels can be fabricaneth desirable properti€fsom each category.
For example hydrogels made frommatural polymergdo allow for cell-recognition and
biological response can haweprovedmechanicabtrength and resistance to degtama

by incorporatingsynthetic polymersto the formulation(143, 144)

1.2.4 Current State of the Art iHydrogels for Stem Cell Culture

Current s$udies utilizing hydrogels forNSC differentiation often involve
encapsulation ahecells into a crosslinked network. This approachyéwer, has recently
been shown to have major limitations on cell behavior. Wdgleculture withhydroges
have advantages ovelCP, many of the crosslinking chemistriesn result n cell
immobilization. A recenstudyhasshownthat mouse NSCs became quiescent, losing stem
cell characteristics and the ability to spontaneously differentiate, when cultured itya high
crosslinked hydrogel with low degradabilit{145) Moreover, spontaneous NSC
differentiation in hydrogels has been showrréquire major matrix remodéeg (146)

These resultagree within vivo studies of the perineuronal net, a complex extralzel|
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network of hyaluronic acid, lecticans, gatins, and link proteinghich prevents neuronal
plasticity (147) Degradation of this networled to increased neuronal activity through
increased synaptidasticity (148) Thus, rew hydrogeldesigns are starting to incorporate
features which allow for remodeling by the encapsulated cells, sectzamnedegradable
peptidecrossinkers(149, 150)

Mouse NSCs encapsulated within a chitosan/alginate hydrogel exhitigher
expression of differentiation markers, though no neurite outgrowth was ob§E5tgdn
a softchitosarhydrogel surface, rat NSCs have been shown to aggregate and form clusters
of cells (i.e. colonies, neurospherspheroidswhich were capable atiffnessdependent
differentiation(115) The same result was observed using rat NSCspayhcrylamide
based hydrogelsshowing that thenduced differentiation bynechanicalproperties(i.e.
stiffness) occurs regardless of polymer typ&4) Rat NSCs havalsobeen successlly
culturedwithin a photopolymerized PEG hydrogehowingincreasing neurite outgrowth
as the hydrogel degraded over tid®2) Rat NSCs encapsulated ¢hitosan hydrogsil
resulted inmproved neuronal differentiation with increasing poro§lty3).

Hyaluronic acid (HA) hydrogels have beehgreat interestlue to the importance
of HA as astructural componenin the natural brairECM and roles during neural
developmentThe bioative role ofHA is detailed extensively the background of Chapter
3. Human ESCderived NSCs were successfully cultured in an HA hydrogith
improved lineagecommitment towards neuronal and oligodendrocyte phenotypes
compared to those grown on TQE54) Surprisingly, even witltell adhesion pptides
such as RGD, IKVAV, and YIGSR, the cells formed a spheroid instead of spreading.

Another study was published with human iR&ived NSCsshowing thaencapsulation
19



in a photopolymerizable HA hydrogelllowed for enhanceddifferentiation towards
neuronal phenotypeafter 28 daysn the soft hydrogelsnatching the stiffness of brain
(155) This study, however, must be considered with cautisimce the mateais
characterizon was not fully described In another study using the same
photopolymerizablehydrogel system significant degradation of the hydrogels was
observed at 14 days, and addition of hyaluronideseyme resulted in complete
disintegration ofthe hydrogels whin just 24 hours(156) Thus, it is possible that the
encapsulated NSCs had fully degraded their surrounding syntheticaa@Meplaced it
with newly secreted, natural ECM.

As mentioned previously, HA camaturally interact with cell surface receptors
(CD44 and RHAMM) to promote adhesion and motility. However, CD44 expression
decreases during differentiation and is complelety as neuronamnaturation proceeds
(157) Traditionally, the protocols used in NSC culture typically require laminin, an ECM
protein found in the basement membranes of many organs includingd1s&jnLaminin
is reported to be a key factor in NSC adhesion, spreading, motility, proliferation, and
differentiation(159, 160) Unlike CD44, the integrin receptors formain are continually
expressed during differentiation and maturation, ultimately affecting neurite outgrowth
(161, 162) Laminin can be incorporated intoydrogel formulations for NSC culture
through various means, such as mixing and physical entangl€biéntl63) coating by
adsorption(164), andchemically bonding (i.e. immobilization or graftin@®)65).

Current published studies using NSCs with hydregeke difficult to compare,
largely due differences in hydrogel formulations, crosslinking chemistries, and cell origin.

Thus, we sought to identify an Hidased hydrogel system that was commonly used with
20



NSCs. In the literature, methacrylated HA (MeHA)xsHhaeen used for culture of both
animal and human NSC455, 166, 167)The biological resultgeportedhave been
consistent, with softer MeHA hydrogels promoting improved neuronal differentiation
compared to stifiehydrogelsThe focus of Chapter 3 ke synthesis and characterization
of MeHA hydroge$ and how the material affects the biological behavior of RV
MeHA hydrogel will be used in combination with the AP conjugate describatiove

to promote neumal differeniation using both molecular and macromolecular cues.

13 Hypothesis and Specific Aims

The main goal of this dissertatigrprovided graphically irFigure 1-6, was he
development and characterizatioof two biomaterialsas enabling tools totwdy the
neungenesis ofiumanNSCsin vitro. The results from these studigise insightsinto how
human NSCs interact with specific molecular and macromole@itarals resulting
directly from thechoiceof the material componentd.o meet this goala s/ntheticcell
penetrating peptide was developed to enhance the delivery of retinoic acid to human NSCs
(Chapter 2) The main hypothesis of this chapter was that the CPP would improve the
bioavailability of RAby facilitating its solbility and intracellula delivery, resulting in
enhanced euronal differentiationBesides chemical stimulation (i.e. molecular cue), the
response of human NSCs to a soft substrate
was assessedn inexpensive,cosmetic grade hyaluran acid was modified with a
photopolymerizable functional group which were fabricated into biocompatible hydrogels.
The main hypothesis of this chapter was thature ofhuman NSCswith the MeHA

hydrogels wouldesult in enhancedenironal differentiatiomlue to the softer stiffnegse.
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physicalcue) Finally, thetwo biomaterialsvereused to probéor synergistic effectsThe
two technologies described in this dissertatiolh facilitate in vitro studies using human

NSCs and higlight important areasf study to better understand NSC behavior.

Figure 1-6. Graphical schematic of the main goal of this dissertation. The behavior and
neurogenesis of human NSCs are assessed in resp@ysghteticsolubleand insoluble
factors.
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