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SUMMARY

Human embryonic stem (hES) cells are now a ceptatfiorm in the fields of
developmental biology and regenerative medicineciBe control of stem cell fate is a
fundamental issue in the use of hES cells in thmdeod of cell therapy. Human ES cells
are exquisitely sensitive to microenvironmentalssueaking control of the environment
an important step in controlling cell fate. We exaad three ways in which the
microenvironment can be controlled to alter hES$ loethavior.

We first examined the effects of polydimethylséme (PDMS) growth surfaces
on hES cell survival and maintenance of pluripoye®DMS is an important material in
the fabrication of microdevices that can be usgartwide precise microenvironmental
control. Lightly cured, untreated PDMS was showbéa highly variable and poor
growth surface for hES cells. Some of the adveifeets caused by PDMS could be
mitigated with increased curing or UV treatmentldd surface. However, neither
modification provided a growth surface that suppadnpluripotent hES cells as well as
polystyrene, making it evident that more work igeed before growth in PDMS
microdevices is equivalent to growth on traditiocell culture plates. This work provides
a basis for further optimizing the functionalizatiof PDMS for hES cell culture, moving
towards the use of microdevices in establishingipeecontrol over stem cell fate.

The second study explored the use of an easilstagted diffusion-based device
to grow hES cells in culture on a defined, physsataxygen (Q) gradient. The results
we obtained were consistent with those in theditee. We observed greater hES cell

survival and higher levels of pluripotency markeershe lower oxygen regions of the
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gradient. The greatest benefit was observed &v@ls below 5%, narrowing the
potential optimal range of Qor the maintenance of pluripotent hES cells.

Finally, we developed a completely adherent, feéde neural differentiation
protocol using small molecules and common mediupplments forn vitro
differentiation of both neural precursors and nasrfsom human pluripotent cells. This
protocol greatly reduces the cost and time scadelee to obtain electrophysiologically
functional neurons in culture as compared to otbported protocols. Neural precursors
were obtained with high efficiency and transplarted a murine model of focal
ischemic strokeln vivo, hES cell-derived neural precursors survived, oupd
neurogenesis, and differentiated into neurons. Spiamt also led to a more consistent
and measurable sensory recovery after stroke apareohto untransplanted controls.
This protocol represents a potentially translataidghod for the generation of CNS
progenitors from human pluripotent stem cells.

The results of this work demonstrate the impomtasioccontrolling the
microenvironment when seeking to control hES b fand provide insight into the best
conditions for both maintenance of pluripotency aedral differentiation in

developmental and therapeutic studies.
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CHAPTER 1: Thesis Rationale

1.1: Introduction

Human embryonic stem (hES) and induced pluripagarh (hiPS) cells are of
great interest in the fields of developmental aadcer biology and are central to the new
field of regenerative medicine. Both cell types plgipotent, meaning they exhibit the
ability to differentiate into cell types from aliree embryonic germ layers. Under the
right conditions, pluripotent stem cells can beuced to differentiate into any cell type,
providing an unmatched window into human embryal@egelopment. Human ES and
hiPS cells can be used to study the processedl ddteespecification and the pathologies
that can disrupt them. In addition, these cell sypee of interest in cancer biology
because of their similarities to cancer cells,udalg self-renewal and differentiation
potential. Embryonic stem cells are particulariyigar to embryonal carcinoma (EC)
cells which are seen as the malignant counterpasS cells. Human ES cells that are
not carefully maintained and screened can undeagygokypic changes that closely
mimic the mutations found in EC cells and can laogeh of their ability to
differentiate’™ In fact, a definitive method of maintaining a nadrkaryotype during
extensive passaging of hES cells has not yet wkentified. Finally, the proliferative
potential of hES cells makes them an important@tor the large numbers of cells
required for anticipated cell therapies. A largestaabank of undifferentiated cells that

can then be driven down a specific lineage offeth lthe potential for replacement of



damaged cells and tissues and the ability to ggieater understanding of differentiated
cells that could inform therapies focusing on eredays repair.

Control over hES cells in the context of their useell therapies is the central
issue in translational stem cell biology. The majoifying feature of work in this thesis
is a focus on various methods to control the fag@wripotent stem cells. In this context,
pluripotency is a double-edged sword. The abilitplaripotent cells to form a myriad of
cell types makes hES cells an ideal source matéualcontrolling one pathway of
differentiation over another is technically difflcuAchieving purity of the final cell
therapy by excluding undifferentiated cells is algficult. Until recently, no good
method was available to sort undifferentiated calisof a mixed population.

Transplantation of pluripotent cells as part ckd graft can lead to teratoma
formation; since teratomas are the natural default of unobiett differentiation of hES
cells. This is the reason teratoma assays aretasadnitor pluripotency of hES and
hiPS cells. Human ES cells that have undergoneokgnic changes during culture also
may develop into teratocarcinoma&enetic and epigenetic changes that would not be
discovered in routine karyotyping and incomplete reprogramming in hiPS defisan
also result in subpopulations of cells that renmalatively undifferentiated, leading to
pluripotent contamination in a cell graft and pbksteratoma formation. In addition,
incomplete derivation of the desired cell type ndgw for subpopulations that have not
differentiated or have differentiated into cell égthat can reduce or counteract the
desired therapeutic effect of cell transplantatitimere is thus a great deal of interest in
optimizing the control of human pluripotent steni<en culture, both during

maintenance of self-renewing cultures and diffeatiain into desired cell types.



Human ES cells are traditionally derived from ieer cell mass (ICM) of the
blastocyst, a pre-implantation embryo. If the lwagst were implanted, the cells of the
ICM would develop into the fetus, while the outerpthoblast layer of cells would
contribute to the placenta. Derivation of hES celés first reported in 1998, from
discarded embryos that were created for in vitroliteation (IVF), but were no longer
needed. There have also been reports of hES cell lineiset:from pre-blastocyst
embryo$® or single blastomerés Advanced Cell Technology has begun a Phase |
clinical trial using retinal pigment epithelial t&£(RPE) derived from a single blastomere
hES cell line*? However, derivation from the blastocyst stagdilsraore standard,
likely increasing both derivation efficien/**and cell line quality?

More recently, methods have been elucidated tmgeam somatic cells to induce
pluripotency. The basis of reprogramming is theodtiction of multiple genes expressed
by embryonic stem cells, but lost with differentiat Introduction of these genes results
in epigenetic reorganization of expression patténasrestore pluripotency. Since the
first derivation of hiPS cells in 2007 a huge number of somatic cell types and
reprogramming strategies have been employed toecced lines'’ Induced pluripotent
lines have been derived from dermal skin fibrollast® adipose tissu¥, peripheral
blood cells?®>??and multiple other cell types. Fewer reprogramniawgors are requierd
if hiPS cells are derived from a stem cell soufcadditionally, a growing number of
hiPS cell lines have been created from patients amnumber of diseases, including type
1 diabete$? Parkinson's and Huntington's diseaSeamnd amyotrophic lateral scleroéfs.

These disease-specific lines can serve as a ptattordrug screening and have already



produced insights into pathogenesis of diseasentbald not have been possible without
hiPS cells.

Concerns over mutagenesis as a consequence ohnaetroviral integration into
the genome and lack of control over expressiorxofjenous genes used in
reprogramming have led to a number of modificatiand innovations for derivation of
hiPS cells. c-Myc has been of particular concera esprogramming factor since it is an
oncogené! In order to minimize these issues, transgeneift8ecells have been

created®®

and some protocols have found ways to inducegatency without the use
of c-myc34*® More recently, small molecules have been useddaae the number of
exogenous pluripotency factors needed to reprog@matic cells’

The drive toward clinical application of stem edllas been the impetus for
developing reagents and methods that can be safetyin humans. Human ES cell lines
were first cultured as colonies on a trophic laylemouse embryonic fibroblasts (MEFs)
in medium containing serum (or serum replacemerd)kasic fibroblast growth factor
(bFGF) and this method is still in widespread ¥s&.number of other culture conditions
have been tested, including the use of human femsdlst® “Cor feeder-free cultures
using conditionet! *?or defined**° media. There is increasing interest in passaging a
single cells, rather than colonies, as such cudtare easier to scale up for therapeutic use
without the inherent heterogeneities that resoltnfhand-passaging. Colonies have
successfully been dissociated and passaged ae siglfl using a number of enzymes,
including accutas®’, “® TrypLE Expres$” “°and cell dissociation buffé?.

Xeno-free conditions are also under examinatiertha removal of animal

products is widely viewed as necessary for largaesclinical us€* The use of human



feeder cells with defined medium is possiflleut many are beginning to focus on the
use of human or synthetic surfaces that may repliategel, a complex and variable
extracellular matrix (ECM) derived from a mouse arfithat is commonly used to
support hES cell growth in research labs. Humasméaderived vitronectii and
recombinant human laminin isoforfishave been shown to support hES cell growth.
Plasma-etched tissue culture polystyrene was aldagport pluripotent stem cell growth
without first coating with ECM, but proteins fromB#-conditioned medium (MEF-CM)
likely adsorbed on the surface and contributedd8 hell adhesiorf Klim et al>’ found
that self-assembled monolayers (SAMs) presentipaiie-binding motifs were able to
support the growth of human pluripotent stem cédislated ECM-based peptides may
also be viable growth surfac&s> Other groups are working on fully synthetic polysie
that allow for long-term growth of pluripotent stealls®%2

Proper culture conditions for the maintenanceeaithy pluripotent stem cells are
needed to manufacture sufficient numbers of celi€éll therapy that have defined
phenotype and expression patterns, as measurdddnyparity and potency criteria. A
common feature of the methods discussed abovehasd tiscussed in this thesis is to
mimic parts of the normal embryonic environmenptaang essential features of that
environment for use in controlling cell fate. Makstected differentiation protocols
developed for clinical applications are based orettgpmental biology.

One aspect of the normal developmental environnsegrowth in three
dimensions (3D), rather than an artificial 2-dimenal (2D) monolayer. Current
protocols to differentiate a variety of cell typ#Eten involve suspension culture of 3-

dimensional aggregates known as as embryoid b¢gRs)®* EBs can be formed by



using the hanging drop meth8tsuspension culture in low attachment cell culture

dishes® @

or by forced aggregatidii:’° Forced aggregation methods were designed, in
part, to try and reduce heterogeneity in the stgiize of EBs, an effect that also be
achieved through the use of rotary cult(fr@nce formed, EBs are grown in suspension
and growth factors added to the medium are diftealiyn encountered by cells as a
function of position within the EB. Those cells e inside of the aggregate will be
exposed to lower concentrations of medium companasia function of diffusion and
consumption by the outer cells. This heterogemagy be mitigated by the incorporation
of microparticles containing biologically active facules’® *3

When 3D mechanical factors do not seem to be esséy in differentiation,
analysis and the control of culture conditions baress complicated in adherent culture
systems. Adherent culture allows for precise cdmfohe ECM presented to the cells
and all cells should be exposed to the same coratiemts of bioactive molecules in the
culture medium. Large scale cultures can be actiesag multilayer cell culture flasks
after a differentiation protocol has been determine

This thesis project explored three ways in whiad microenvironment of hES
cells can be controlled to alter their behavioroilder to facilitate future studies to
improve culture conditions in MEMS or microfluididevices, we investigated ways in
which the processing of PDMS can affect the maiter of ES cells. We then explored
the use of a diffusion-based oxygen)@radient to investigate the effects of t®nsion
on hES cell proliferation and pluripotency to pmeifurther improvement in hES cell

culture conditions. Finally, we explored the usemifall molecules and common medium

supplements in the adherent and feeder-free diffieteon of hES-derived neural



precursors that were then used for cell theragynmurine model of stroke. We identified
a differentiation protocol that reduces the expergiktime necessary to generate
functional neurons from hES cells.

Specific Aim 1: Improvement of Human Embryonic St€ell Growth on
Polydimethylsiloxane

Because the environment is so important in detangibehavior of hES cells,
control over the local cellular microenvironmentisritical part of optimizing hES cell
culture. This control is achievable using microeglieo-mechanical systems (MEMS)
and microfluidics device§" "> These structures can be used to examine three-
dimensional culture conditiorf§,”” exert quantifiable mechanical forces such asctféet
or fluid shear stress,and present gradients of various active moleciilBsecise control
of growth surface topograpffy®'is also possible. Polydimethylsiloxane (PDMS) is a
commonly chosen material in the fabrication of éhdevices for a number of reasons,
including optical transparency, lack of autoflua®sce, and low cost. However, PDMS
can have a variety of negative effects on cellsvgron microdevicces. These effects and
the methods used to mitigate them are cell-typeip@and there are no reports in the
literature specifically examining the growth of hE&ls on PDMS surfaces.

We hypothesized that two factors: the (i) levepolymerization and (ii) surface
chemistry, manipulated by altering curing condis@mnd post-curing treatments, would
affect use of PDMS as a growth surface for hEScille tested this hypothesis by
modulating the timing and temperature at whichRR#MS was cured and using it either
untreated or treated with ultraviolet (UV) radiaticemall polymer chains and monomers

left within the bulk polymer can diffuse into theltre area and PDMS can pull



hydrophobic molecules out of the medififr*Both of these effects could negatively
impact cell growth and may be ameliorated by momamete curing. Additionally,
PDMS is a very hydrophobic surface and treatmeaunth as UV can make the surface
somewhat more hydrophilfé, # possibly improving the adsorption of ECM and cell
adhesion. Atomic force microscopy (AFM) was useéxamine the roughness of the
growth surfaces. PDMS surfaces were coated withriydtand seeded with hES cells,
which were cultured for 2-5 days before fixatione Wsed staining for octomer-binding
transcription factor 4 (OCT4) as a measure of platency and terminal
deoxynucleotidyl transferase dUTP nick end labe{ilRgdNEL) staining as a measure of

cell death as a function of the PDMS treatments.

Specific Aim 2: Examine the Effect of Oxygen Gradeeon Human Embryonic Stem
Cell Maintenance Using a Diffusion-Based Device

The level of Qin culture is increasingly recognized as an imguarfactor in
controlling cell behavior and fate. Typical mamraaltissues range from 2-9%,&
while most cell culture is carried out at ~20%. Girgywarious cell types atQensions
in lower, more physiologic ranges (often referre@s "hypoxia" in the literature) is
generally beneficial as compared to traditional celture Q levels.

Lowered Q can be a factor in both maintaining a differertibphenotyp¥ 2
and in directed differentiation of various cell &8 °8in culture. In other cases,
physiologic Q tension improves the maintenance of undiffereatiatem cell
populations’” *®including hES cell$®***Resident stem cell populations often reside in
low O, niches within a given tissue, perhaps to avoidiineg too much oxidative

damage over tim&



Reports of lowered £n cell culture conditions employ highly variable
conditions and are usually compared to traditiae#l culture, rather than within
physiologic ranges. It is thus difficult to dirgcttompare the ©tensions used across
multiple studies. Interpretation of these resudtiirther complicated by variable
reperfusion events where cells are exposed to @oduring passaging and feeding. Cell
culture conditions for the maintenance of hES cdiisuld avoid oxidative damage that
may limit proliferation and contribute to DNA daneagnd culture adaptation, in which
cells that have sustained DNA damage or epigenbtaages overtake cell culture and
replace healthy cells. It is also important thai€Yels are not lowered to the extent that
they negatively impact cell survival.

We used a relatively simple, diffusion-based devaexamine the maintenance
of healthy, undifferentiated hES cells exposedi@agradient over the course of 24 and
60 hours of culture. This device providegd6vels spanning the bulk of the phsyiologic
range, allowing for a comparison of multiple €nditions within the same culture. We
hypothesized that lowered,@vels that more closely mimic physiologic conatiis
would increase cell growth and better maintainipltency in hES cells. These end-
points were tested using immunocytochemical stgifon 4',6-diamidino-2-phenylindole
(DAPI) to label all cell nuclei and the pluripotgnmarkers OCT4 and nanog. TUNEL
staining was used to examine cell death and bromadeidine (BrdU) incorporation
was used to examine proliferation. Estimatededels were determined using

mathematical modeling of the gradient system.



Specific Aim 3: Develop a Feeder-Free and Fully émmt Protocol for Neural
Differentiation of Human Pluripotent Cells for Theeutic Use

Many protocols have been devised to develop neuegiursors and, ultimately,
neurons from hES and hiPS cells. However, most puatocols are problematic for
therapeutic use. Suspension culture and co-cultithefeeder cells can introduce
heterogeneities, making consistent differentiatidficult to achieve and complicating
analysis. Many protocols employ expensive recomtiifectors for both neural precursor
induction and the derivation of terminally diffeterted neurons. These are long-term
cultures and the need for expensive medium additivgts the scale of experiments.
Scale-up for therapeutic use will be particularifficult in such systems, as very large
volumes of these factors will be necessary. Smaleoules and feeder-free, adherent
cultures have recently been developed for mitigaetibsome of these problems.

Neural precursors are generally the cell of irsene cell replacement therapies
for neurological disorders. However, it is impottémestablish the ability of neural
precursor cells derived for this purpose to furitiéierentiate into terminally
differentiated neurons. Most studies have relieddentifying immunohistochemical
markers to confirm neuronal differentiation, bugatophysiological properties are also
extremely important. Cells may express differeptianarkers without forming the
receptors and channels necessary in neuronal @mdtiis thus not always clear that
neural precursors derived from various protocotslmacome fully functional neuroirs
vitro orin vivo. The ability to derive neurons vitro is not a guarantee that hES-derived
neural precursor cells will differentiate similaitythe disease environment after
transplantation, but it is an important step infyarg the derivation of true neural

precursors.
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We developed a feeder-free and fully adherenopatto differentiate neural
precursors and functional neurons from hES and b&@HS. This protocol uses small
molecules for neural induction and eschews thembaoant factors most often used in
the differentiation of neurons. The efficiency @umal induction was tested using nestin
(a general marker of neural precursors) and p&icxdgene 6 (PAX6) and (sex
determining region Y)-box 1 (SOX1), both markergakbrain differentiation. Neurons
were identified using staining for neuronal nu¢euN) and neurofilament L (NF).
They were further characterized using westernibigfor various subunits of neuronal
receptors. Electrophysiological function was exadinsing whole-cell patch clamp
recording.

Cells at the neural precursor stage were tranggaanto the penumbra in a
murine focal ischemic stroke model. We hypothesibed the transplanted cells would
differentiate into neurons, increase behaviorabvecy, and enhance endogenous
neurogenesis. Animals were tested for behaviocaivwery using the adhesive removal
test’®® Tissue sections within the stroke region wereeoo#ld 28 days after transplant
and stained for BrdU incorporation as a markerrofiferation, NeuN as a marker of
neurons, and Collagen IV (Col IV) as a marker ofdol vessels. Transplanted cells were

identified using a Hoechst label that was appliefbte transplantation.
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CHAPTER 2: Processing of Polydimethysiloxane Surfags is an Important Factor in
the Maintenance of Human Embryonic Stem Cells

2.1: Introduction

Polydimethylsiloxane (PDMS) has increasingly based in biological studies,
particularly in microelectromechanical systems (MEMind microfluidics. PDMS is
desirable for both rapid prototyping and long-tetesigns because it is inexpensive,
relatively easy to fabricate and mold, and durablee material is optically transparent in
frequencies as low as 230 nm and does not fluorésciétating imaging within a

§,109

device'® Low conductivity* and permeability to gases *®are other features that make

this polymer a common choice for the fabricatioméro-devices. It has been used in a

=112

variety of applications, including immunoassays:*?in situ hybridization*> 14

and
cell sorting**>**’It has also been used to fabricate devices useohtwol the
microenvironment of cultured cells in a myriad ciys’* **2

A number of MEMs and microfluidics devices havemereated to provide
chemical gradients in cell culture, and many incoage PDMS™*° One such device
provides a defined static gradient of bioactive @sales without introducing cells to
flow, and this device does incorporate a PDMS adlture surfacé? The gas
permeability of PDMS lends itself to use in cregtgas gradients as well. Dissolved

gases diffuse readily through PDMS membranes, allpwases such as,@ either be

added to culture or pulled out of it by reactioasried out in chambers separated from

12



cell culture by PDMS?**?2The geography of these devices can then be magolio
create the desired gradient.

PDMS can also be molded into a variety of shap@&xamine the effects of
microtopography on cell response. The additionrobges?® or post§* on the cell
culture surface has been shown to alter fibrolaadtconnective tissue progenitor cell
behavior, respectively. Both textures affected gedwth and alignment, with responses
varying based on the size of the incorporated texMicrotexture has also been used to
affect the differentiation of mouse ES cells. Growh textured surfaces reduces
proliferation by increasing tension on stress fhéwut also increases the consistency of
beating patterns in mouse ES (mES)-derived cardioytgs:?> Posts on the growth
surface can also increase the generation of neluceltiga from mES-derived neural
precursor$’

Most mammalian cells require attachment to suraive proliferate, and human
embryonic stem (hES) cells are no exception. Maityadevices use known
biocompatible materials as the attachment subs@dting PDMS microchannels over
the culture surface. Direct interaction of cells$haAPDMS is not a concern in these
devices, but material concerns may still affect gedwth due to the leaching of low
molecular weight species (LMWS) into the medium #repartitioning of hydrophobic
signaling molecules from the medium into the butkymer®% 8 Paguirigan and Beeffe
found that increasing the ratio of the PDMS surfai@a to the overall volume (SA/V) of
culture negatively impacted the proliferation ofuse mammary fibroblasts (MMFs).
Increased SA/V appeared to cause cell cycle avfeatiny cells in the S/G2 phases,

indicating a possible defect in cell division. Adainally, MMFs demonstrated increased

13



glucose consumption with increasing surface araheoPDMS when volume was
constant. The exact mechanisms driving these negetiects were unclear, but LMWS
leaching into the culture medium and hydrophobidatwale partitioning out of it were
both suspects.

Regehr et &f° carried out a study with human breast cancer (MT€ells and
demonstrated both LMWS leaching and hydrophobicadigartitioning. Even after
extraction of the PDMS surfaces with ethanol, LMV48ging from below 20 to over 90
monomers were detectable in water incubated waDMS microchannel for 24 hours.
A silicon signal indicating PDMS accumulation waettable in the membranes of
MCF-7 cells after 24 hr incubation in the microchahand cell response to estrogen (a
hydrophobic steroid) was reduced as compared tyaemwithout PDMS. Even in the
absence of cells, PDMS microchannels could reduees$trogen concentration in the
medium by an order of magnitude. It is not yet clghether the presence of PDMS in
the cell membrane has direct negative effects bg, drit the removal of signaling
molecules from culture medium can undeniably afteditresponse.

Some devices, including many that incorporate otéxture, do rely on PDMS as
a growth surfacé® 8120 123128 hich makes it important to ensure that cells resily
attach. However, PDMS is a very hydrophobic surfacn unmodified state, causing
poor cell attachment and introducing toxicity toreocell types?® Hydrophobic surfaces
have been shown to alter the conformation of egthalar matrix (ECM) molecules such
as fibronectin, reducing the availability of integattachment sites for various cell
types'****3These changes can affect cell adhesion, proliteraand differentiation.

However, even with possible conformational changeating with ECM can reverse low
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attachment and cell death in some cell tyj5& our experiments, we found that naked
PDMS was a very poor growth surface for hES celisising extremely high levels of
cell death even in mouse embryonic fibroblast comged medium (MEF-CM), which
should have a number of extracellular matrix (EGM)ecules in solution that could
adsorb onto the surface.

The surface of PDMS can be treated to render ierhgdrophilic or hydrophobic
in order to affect cell attachment and growth. &asing hydrophilicity can improve

§.34, 135
)

outcome while increasing hydrophobicity is expected tordase cell attachment

and survival:* Treatments that increase hydrophilicity includaspha®

§ 8> 13%and ultraviolet radiation (UVJ* ® All three can alter

ultraviolet/ozone (UVO
the chemical composition at or near the surfada®polymer by removing -CHyroups
and increasing the number of hydroxyl (-OH) groupther effects of these treatments
may include further cross-linking, chain scissiangd smoothing at the surface. Cross-
linking density in the polymer can affect cell gitmon PDMS surfaces! This response
may be cell-type specific and may be a functioreouced LMWS leaching from the
bulk PDMS or hydrophobic molecule partitioning inttoUV treatment is a slower
process than plasma or UVO and increases the nushb®H groups on the surface to a
lesser degre¥ but may achieve deeper penetration of the bulimpet without cracking
the surfacé®

Increasing the hydrophilicity of the surface witihgaturating it with -OH groups
may be desirable for cell attachment. Self-assaemgbtionloayers (SAMS) presenting

hydroxyl groups reduced the attachmenagpfntegrins to fibronectin as compared to

other hydrophilic surfaces?® In a study of collagen IV-coated ethyl acrylatefaces
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with varying levels of -OH present at the surfac@ximal growth of human umbilical
endothelial cells was observed at both saturatnshralatively low levels, while surfaces
with intermediate levels of -OH or devoid of it didt support these cells as wefl.The
optimal levels of -OH were then altered when lamicoating was added, further
suggesting the need for application-specific optation of hydrophilicity.

Response to culture on PDMS treated in varioussvisagell-type specific,
suggesting that the properties of a PDMS growthaserwill need to be optimized for
the particular cell type uséd’ ES cells are exquisitely sensitive to the micrdemment
and are thus prime candidates for control usingadievices. However, the interaction of
these cells with PDMS has not been the subjectunfnmnvestigation. Multiple PDMS
constructs have been designed to control the sideslaape of ES cell colonies or
embryoid bodie® *****3%put these do not require adherent growth of tie oa PDMS
surfaces. Murine ES cells have also been growrHBDIsIS-based microfluidics system
and exposed to varying flow ratéé but the growth surface itself was not PDMS. A few
studies have examined the growth of mES cellsar trerivatives on PDMS surfaces.

Liu et al1*®

reported a growth deficiency and reduced neufdréntiation when mES
cells were grown on a mouse embryonic fibroblasE fyifeeder layer seeded on PDMS.
However, Migliorini et af* found that mES cell-derived neural precursors better
survival on polyornithine/fibronectin coated PDM#h on similarly coated glass
surfaces. These studies further demonstrate theefoeeell type- and application-
specific methods to functionalize PDMS as a grosutface.

We examined the growth of hES cells on PDMS sedadraditional hES cell

culture is carried out on a MEF feeder layer, batusion of MEFs can complicate
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analysis, particularly since PDMS can also affeetadhesion of MEF$® We thus
chose to examine the effects of PDMS in feederHie® cell culture. Both the curing
conditions and the surface treatment of PDMS sadaeere varied in an attempt to
increase cell survival and pluripotency. We shoat thcomplete curing conditions can
decrease cell viability and pluripotency, but tbiaf treatment largely reverses these
effects. To our knowledge, this is the first repafrhES cells grown in feeder-free,

monolayer conditions on PDMS surfaces.
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2.2: Methods

2.2.1: PDMS Fabrication

PDMS (Sylgard 184, Dow Corning, Midland, MI) wgsus 10 m thick on a
borosilicate glass wafer and cured before a polgstywall (9x7 mrf) was attached
using room temperature vulcanizing (RTV) silicoealant (Dow Corning) in order to
contain medium in the cell culture area. PDMS witieee lightly cured (118C for 15
minutes) or subjected to longer, higher temperaturing conditions (15 for 3
hours). These conditions were chosen based ongmistased within two separate labs
regularly working with PDMS structures. In someesg<hips were treated with UV at
365 nm overnight or treated in an air plasma machtrmaximum frequency for 2
minutes. Tissue culture polystyrene coated withrigat, known to support hES cell

growth, was used as a control surface.

2.2.2: Human ES Cell Culture

H1 hES cells (p35-50, WiCell Madison, WI) were ntained on a MEF feeder
layer in a standard growth medium (DMEM/F12, 20%R3% L-glutamine, 1%
NEAA, 4 ng/ml bFGF, 5%m b-ME; Invitrogen, Carlsbad, CA) in an incubator
maintained at 3, 5% CQ, and 3% Q. For PDMS experiments, cells were treated with
1.5 mg/ml collagenase type IV (Sigma-Aldrich, Stuis, MO) in DMEM/F12 for 15-30
minutes, then scraped off the plate in culture mmediMEFs were removed from the
suspension by allowing the colonies to settle &ltbttom of a tube in several successive

washes. Cell colonies were then treated with aseufimvitrogen) to break them into a
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single-cell suspension. This suspension was pkté0,000-80,000 cells/énon PDMS

or tissue culture treated polystyrene control sig$athat were pre-coated with growth
factor-reduced Matrigel (BD Biosciences, Sparks,)Mibuted at a 1:30 ratio in
DMEM/F12. Cells were grown in MEF-CM supplementeithvi00 ng/ml basic

fibroblast growth factor (bFGF, R&D Systems, Minpebks, MN). MEF-CM was created
by growing MEFs in standard hES cell medium foh®4irs and then filtering before use.

Medium was changed at least once every two days.

2.2.3: Immunocytochemistry for OCT4 and TUNEL

At 2 or 5 days of growth, cells were fixed in 4&rgformaldehyde (PFA) and
subjected to OCT4 and TUNEL double staining. TUN#Eining was carried out using
the kit vendor instructions (DeadEnd™ Fluorometli¢NEL System, Promega
Corporation, Madison, WI). Blocking was carried aith 10% normal donkey serum
(NDS) in phosphate buffered saline (PBS) and an 8€antibody (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) was appliedraight at 4C at a 1:100 dilution in
5% NDS. An Alexafluor-conjugated secondary antib@dyitrogen) was applied for 1
hour at room temperature (RT) in 1% NDS. Vectashiath DAPI (Vector Labs,
Burlingame, CA) was diluted 1:10 in PBS and usedadionterstain nuclei.

Cells were imaged with fluorescent microscopy BSRo avoid removal of the
walls of the culture wells, which may have pulladl€ off of the surface. Double staining
of DAPI with OCT3/4 or TUNEL was quantified usinglébe Photoshop (Adobe

Systems Incorporated, San Jose, CA) or ImageJ.dataresented as mean + SEM.
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However, large variation between cultures and seatiple sizes made comparisons of

the means difficult. Distribution data were poodedl compared using Chi square testing.
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2.3: Results

2.3.1: UV Treatment and Increased Curing Conditionprove hES Cell Yield and
Maintenance of Pluripotency at Two Days on PDMS

In early experiments in which hES cells were sdemtéo naked PDMS surfaces,
we observed a cell death rate of greater than 8d4very few cells retained
pluripotency (data not shown). We thus carriedfotther experiments with Matrigel-
coated surfaces. Cells grew as colonies of OCT4#ipe<ells surrounded by hES cells
that have lost OCT4 expression and possible oagakgmntamination with MEFs which
may be identifiable by their substantially largeckei (Figure 2.1).

We quantified the total number of cells, hES celbny sizes (morphologically
determined by OCT4 staining), the total percents#g@CT4, and the total percentage of
TUNEL staining on each surface. The same surfae® @as observed for each PDMS
treatment. Colony sizes at 2 days ranged fromthess 5 cells to slightly over 200. The
smallest numbers of colonies and total OCT4-pasitells were observed on the lightly
cured, untreated surfaces (Table 2.1). Both measncecased when surfaces were either
treated with UV or subjected to increased curingditions. Interestingly, surfaces
subjected to both treatments were more similah@sé¢ measures to the lightly cured,
untreated surfaces. The average colony size (pafaied Table 2.1) and the size

distributions (Figure 2.2) were similar on all PDM&faces.
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Untreated UV-Treated

Lightly Cured

Increased Curing

FIGURE 2.1: Representative hES Cell Growth on PDMSurfaces at Two Days
DAPI (blue, cell nuclei), OCT4 (red, pluripotencgpyd TUNEL (green, cell death)
staining of cells at each condition. Cells grewG(ST4+ colonies surrounded by
differentiated cells. Larger percentages of celtthewere observed on lightly cured,
untreated PDMS. These surfaces also exhibited |tavets of OCT4 staining.

TABLE 2.1: UV Treatment and Increased Curing Increased the Numbers of
Colonies and OCT4-Positive Cells at Two Days on PDM

Condition # Colonies | OCT4+ Cells| Average Colony 3¢
Light curing, untreated 258 4534 19

Light curing, UV 435 9029 22
Increased curing, untreate(d 375 8275 23
Increased curing, UV 364 5355 15

Pooled data from two experiments are shown. A lowenber of colonies and OCT4-
positive cells were found on the lightly cured reated surfaces, but no difference in
average colony size was observed.
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FIGURE 2.2: Human ES Cell Colony Size Distributionon PDMS was not
Affected by Increased Curing or UV Treatment at TwoDays

Data shown are pooled from two experiments. Twa @digr seeding, colony sizes
ranged from under 5 to just over 200 cells, withstrad or below 25 cells. Data points
represent the percentage of quantified colonies dtelow the plotted size. Larger
numbers of colonies of all sizes were found onrtbieased curing conditions and UV-
treated surfaces vs. lightly cured, untreated PDdvd8aces, but neither treatment
affected the percentage distribution of colony.dite = lightly cured, IC = increased
curing, NT = not treated, UV = UV-treated.

The lowest percentage of OCT4-positive cells at tays (43.6 £ 8.4%) was
observed on the lightly cured, untreated PDMS. Peisentage was significantly
increased when the surface was UV-treated (62.8%Bor the increased curing
conditions were used (60.8 + 1.8%). This effect matsadditive, however, as no
difference was observed between untreated and eAted surfaces after increased
curing. None of the surfaces performed as well atrigfel-coated polystyrene, which
exhibited 71.1 £ 1.2% OCT4-positive cells, sigrafitly higher than all other conditions

(Figure 2.3).
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TUNEL staining was highly variable across all avdts. However, a trend was
observed. UV treatment of the PDMS cured at thestdvaking temperature significantly
decreased the percentage of TUNEL-positive cdllgliégthe increased curing

conditions. None of the conditions supported swaivas well as the polystyrene control

(Figure 2.3).
2d OCT4 2d TUNEL
Ountreated Ountreated
100- % BUV-treated 30 * BUV-treated
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FIGURE 2.3: UV Treatment and Increased Curing Improved hES Cell
Maintenance of Pluripotency and Decreased Cell Delatat Two Days

Matrigel-coated polystyrene control was the besiwgh condition for hES cells, with
significantly higher OCT4 expression and lower Is\ad TUNEL staining as compared
to any PDMS surface. UV treatment and increasethguronditions improved both
measures over lightly cured, untreated PDMS. Nizigihce was observed between
untreated and UV-treated surfaces after increasgithg. Data represented as mean *
SEM. n=2,3,3,2,3.
Chi square vs Control: 422.1, 55.0, 61.3, 42.2; 297.5; Curing: 203.7; * p<0.001
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2.3.2: UV Treatment and Increased Curing Conditibnprove hES Cell Yield at Five
Days on PDMS

After five days of growth, hES cells on controlystyrene surfaces became too
overgrown to accurately quantify. Cells on PDMSactes still grew as largely OCT4-
positive colonies, but some were also overgrowit eglls in the center of large colonies

beginning to differentiate and losing OCT4 expresgiigure 2.4).

Untreated UV-Treated

Lightly Cured

Increased Curing

FIGURE 2.4: Representative hES Cell Growth on PDMSurfaces at Five Days
DAPI (blue, cell nuclei), OCT4 (red, pluripotencghd TUNEL (green, cell death)
staining of cells as a function of PDMS treatme@islls grew as primarily as large
OCT4+ colonies. Some colonies had grown so largédifferentiation, as assessed by
staining and morphologic criteria, began in the ta¥s of the colonies. Larger
percentages of cell death were observed on lighthed, untreated surfaces
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Because of the overgrowth, comparing the percemdd@CT4-positive cells at
this time point would be inaccurate. Instead, wekédl at the total number of cells
present and the percentage of TUNEL-positive c&h& numbers of both colonies and
total cells were lower on lightly cured, untreaRIdMS surfaces as compared to the other
conditions. Some colonies were well over 1000 aatid this is likely the result of both
colony growth and merging. As with 2 days, the agercolony size was unchanged by
PDMS treatment (Table 2.2). The distribution ofcst sizes was similar across all
conditions, although the lightly cured, UV-trealDMS had a sharper peak in the 100-

500 cell range (Figure 2.5).

TABLE 2.2: UV Treatment and Increased Curing Increased the Numbers of
Colonies and Total Cells at Five Days on PDMS

Condition # Colonies | Total Cells| Average Colony 3e
Light curing, untreated 83 26383 281
Light curing, UV 209 57730 239
Increased curing, untreateld 234 49917 237
Increased curing, UV 217 62513 206

Pooled data from two experiments are shown. A laowenber of colonies and total cells
were found on the lightly cured, untreated surfates no difference in average colony
size was observed.
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FIGURE 2.5: Human ES Cell Colony Size Distributionon PDMS was not
Affected by Increased Curing or UV Treatment at TwoDays

Data shown are pooled from two experiments. 5 détgs seeding, colony sizes ranged
from under 10 to over 2000 cells.. Data points esgnt the percentage of quantified
colonies at or below the plotted size. Lower nursloéicolonies of each size were
observed on the lightly cured, untreated surfacesampared to increased curing or
UV-treated conditions, but the percentage distitnubf each was similar. LC = lightly
cured, IC =increased curing, NT = not treated, B\UV-treated.

While the percentages of OCT4-positive cells wadfected by cell overgrowth
and its tendency to induce differentiation, ovevgiodid not increase cell death as
measured by TUNEL staining. There was a greatafeariation between experiments,
so statistical analysis of the mean percentag@®dfEL-positive cells is affected by
high variability. Data are also pulled from onlyawdependent experiments, making
such comparisons inappropriate. Data from thesestxperiments were pooled and
compared using a Chi square test. Cells growngtlyi cured, untreated surfaces
exhibited ~9.9% cell death. UV treatment signifitaidawered TUNEL positivity to

~6.8%, while increased curing conditions lowereo #+8.4% (Figure 2.6).

27



5d TUNEL

Cuntreated
15 = PUV-treated
*
—1 104 T
m 1T —_
zZ
5 i
e
S
0 ] L)
Lightly Cured Increased
Curing

FIGURE 2.6: UV Treatment and Increased Curing Improved hES Cell Survival at
Five Days on PDMS
The percentage of TUNEL-positive cells was sigamifily lower after UV treatment or
increased curing conditions as compared to liglktlyed, untreated surfaces. Data are
represented as mean + SEM. n=2.
Chi square UV: 195.9; Curing: 23.4; * p<0.001

2.3.3: Differences in hES Cell Maintenance on Tadd®DMS Surfaces Are Not Related
to Surface Topography

AFM was used to measure the surface roughneddedst two of each of the
PDMS surfaces studied. A 1@n square area was measured at a scan rate of 9565
each case, the average surface roughness was epately 1 nm. Thus, neither the
curing conditions used nor the UV treatment seealtty the roughness of the PDMS
surface. The observed differences in hES cell behave therefore unlikely to be a

function of surface topography.
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2.4: Discussion

We have demonstrated impaired survival, mainteman@luripotency, and
growth of hES cells on lightly cured, untreated P®Burfaces. UV treatment or
increased curing conditions improved these endtppbut the mechanism is unclear. UV
treatment has been shown to increase smoothn#ss suirface of PDM&! “**but we
measured no difference in this parameter aftetrtreat. UV treatment may also have
increased the hydrophilicity of the surface by éasing the number of methyl groups
and increasing the number of hydroxyl groups prestfl %> A qualitative increase in
surface wettability after UV treatment was obsergtadng Matrigel coating, with a
greater increase noted in plasma treated surfabese differences were expected, but
were not quantified in this study.

An increase in surface hydrophilicity may haveidd the conformation of the
ECM proteins adsorbed on the surface, thus chartgagttachment sites and signaling
cues available to hES cells. Matrigel is a com@&M mixture, including laminin,
enactin, collagen IV, fibronectin, and fibrinogemong others?’ Individually, laminin
and collagen IV both form ordered networks anddsettipport human umbilical vein
endothelial cell growth when coated on ethyl adeythat either has low levels of
hydroxyl groups or is saturated with them. Thegtases were less supportive of cell
growth when they incorporated a complete lack dfl oups or more intermediate
levels'® The change in conformation of these two ECM pritein -OH-saturated
surfaces may explain the poor results we obtaineelhvusing PDMS surfaces treated
with air plasma (data not shown). In a study emiplgy\5AMs coated with fibronectin,

Keselowsky et a** demonstrated an increased availabilityglf; integrin binding sites
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on surfaces presenting -OH groups. However, atylitgss hydrophilic surface
presenting -COOH groups also preseraethinding sites, suggesting that a surface
saturated with -OH groups may not be optimal fodells, which normally express
bothas anda, integrin subunits. When laminin isoforms are usesgupport hES cell
growth,agh; integrins are necessatyBecause of the complex mixture found in
Matrigel, it is likely that hES attachment and gtbwan be mediated through a number
of integrin binding sites found on various ECM mias. It is important, however, that
the adsorbed proteins from the Matrigel mixture@esenting ample sites for at least
one of the integrins employing the subunit, as blocking this subunit has been shawn t
reduce hES cell attachment and proliferation onrigekcoated surfaces.

Both UV treatment and increased curing conditimay have increased the level
of crosslinking in the PDMS surfaces, thus decreattie number of LMWS that could
leach into the cell culture medium. UV is a surfaeatment, but it may achieve deeper
penetration into the bulk polymer than plasma treatt™*° Increased curing would be
expected to increase crosslinking and decreaseutmbder of LMWS throughout the bulk
polymer. The exact effects of LMWS from PDMS inlaellture have not been
elucidated, but the presence of such species iodlhenembranes of cells grown in
PDMS-based devices is troublifijln addition to possible disruption of signalinglae
cell membrane, LMWS may interact with componentthefmedium and affect cell
growth in a number of ways.

Increased crosslinking may also increase hydrojghablecule partitioning from
the culture mediurfi® This is unlikely to be a concern in this studyenthe surface

area to volume ratio (SA/V) was low. However, iaisoncern that will need to be
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addressed in future studies, as SA/V in microfludievices is usually significantly
higher and may allow for this process to signifitaaffect the concentration of medium
components.

At 2 days, the effects of the UV treatment andeased curing conditions were
very similar and did not appear to be additive5Atays, however, UV treatment
appeared to increase the overall cell yield regasibf the curing conditions. Our sample
size is small, so it is difficult to determine whet the two treatments may provide
additive effects. However, it is clear that lightlyred, untreated PDMS is not a suitable
growth surface for hES cells. The average colong and the distribution of colony sizes
were similar on all of our PDMS surfaces. This sgjg that the primary problem
presented by lightly cured untreated PDMS may kgaired cell attachment, rather than
proliferation. Cells that were able to attach wals® able to proliferate. We also
observed a lower percentage of OCT4-positive ogllthese surfaces at 2 days. It is
possible that a lack of proper integrin binding@sior the presence of LMWS biased
these cells towards differentiation, rather thdfiremewal.

While both UV treatment and increased curing cbois had a positive effect on
the maintenance of pluripotent hES cells in cultamne of the PDMS surfaces supported
growth as well as polystyrene. There are now a rarmabsynthetic or defined surfaces
available for the culture of hES and hiPS celld,thase are quite often coatings on
polystyrene and are generally compared to Matmdedn assessing their ability to
maintain cell growth. A surface that does not suppmple cell growth when coated
with Matrigel likely will not do so with the neweynthetic coatings. Further treatment of

the PDMS will thus be necessary to mitigate negagiffects on hES cells. If LMWS are
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contributing to increased cell death and decrepBeatpotency in cultures, it is possible
that further extending the curing time may imprgvewth®® Other treatments, such as
extraction processes or silica coatifigmay also be beneficial. The latter would also
help to prevent hydrophobic molecule partitionitfighat is a concern.

We provide a first examination of the growth ofthéells on PDMS surfaces.
From this investigation, it is clear that PDMSas from ideal and has negative effects on
survival and maintenance of pluripotency in hE3scdlhese effects will need to be
countered or better understood in order to compelts from PDMS-based

microdevices to larger-scale culture environments.
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CHAPTER 3: Maintenance of Human Embryonic Stem Cel is Improved by
Lowered Oxygen Levels in an Oxygen Gradient

3.1: Introduction

In vivo, oxygen (Q) levels vary widely within and between tissuese Téwvel of
O in a given cell is determined by its proximityldtmod vessels, the level of
vascularization, and the;@emands and use of the tissue. Theée@sion in most tissues
ranges from 2-9%, with some tissue areas as ldl@asr as high as 1498.During
development prior to vascularization; @nsion in the embryo is dependent on diffusion
from extraembryonic sources. In cell culture, hogrethe Q tension is generally
dictated by that in air (~21%2JD, with gas tanks used only to supply £QVith the
addition of 5% CQfor buffering, most cell culture is then carriaat at ~20% @, a level
that is physiologically hyperoxic for all mammaliassues.

Lowering the Qtension of cell culture to more physiological llsvkas profound
effects on various cell types. When placed in 20%s0me differentiated cell types lose
function and revert to a more fibroblast-like statewed Q tension in the culture of
chondrocytes leads to improved formation of cagtlia vitro.2”®° Similarly, smooth
muscle cells retain a more contractile phenotypem@ tension is held at more
physiologic levelS®®?Lowered Q in tissue culture also has prominent effects aioua
resident stem cell populations, and it is importarntote that stem cells often reside in
low O, niches within tissues. One reason for this loedian is that these niches

potentially help protect stem cells from incurriog much oxidative damage over tifffe.
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Reactive oxygen species (ROS) accumulated overdanecause DNA damage leading
to early cell senescence or death.

Positive effects of loweredOn culture have been reported in a number of adult
stem cell types$*® including neural stem celfs; ** myoblasts” mesenchymal stem
cells?® **°and marrow-isolated adult multilineage inducitMdAMI) cells.*® Lowered
O, tension can also increase proliferation and sikengroperties in glioblastoma cancer
cells!® Physiologic @ in stem cell culture can provide an environmentirich stem
cells are better maintained undifferentiated, alé ageone in which specific cell types
can be efficiently differentiated, and both cartioe of the same stem cell. As an
example, rat mesencephalic precursor cells gron®¥avs. 20% @showed
significantly greater levels of proliferation araMer levels of cell death. When these
cells were differentiated into neurons in lowered(8%), 56% of neurons were
dopaminergic, as compared to only 18% when diffiégaeed in 20% @°°

While there is not a uniform consenstisthere is a great deal of evidence that
physiologic Q levels are beneficial in the growth of hES andSh@dells. Placental O
tension in the first trimester of pregnancy haslbeeasured at below 3% ,Qvith levels
in the endometrial lining never exceeding ~5%6ne would expect thatQevels in the
pre-implantation blastocyst, which are determingdlg by diffusion from uterine
tissues, would be even lower. In fact, both botihé>*and humatr> **blastocysts
show improved yield, growth, and quality when groatriowered Qtensions and IVF
clinics routinely culture human blastocysts in 5% IDis thus unsurprising that positive
effects of lowered @have been reported in cultured hES and hiPS &&hen grown at

lowered Q tension (ranging from 1% to 12% in the literatuke}S cells maintain higher
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levels of pluripotency markers, recover better frdonal density plating, maintain
longer telomeres, and display less chromosomatatien %%

Lengner et at’* demonstrated that derivation of female hES cedldicultured in
physiologic Q tensions allowed cells to maintain two active Xathosomes, while all
known lines derived and grown in 20% €how at least partial X inactivation. When
their lines were chronically exposed to high (2%)irreversible X inactivation
occurred. The maintenance of two active X chromampresents a less differentiated
phenotype and is maintained in mouse ES cells. Sthidy indicates that culture at 20%
O, permanently alters hES cells from the state faartde ICM. In contrast to other
studies:®® 1% engner did not observe a reduction in gene esfrf pluripotency
markers when growing hES cells at 20% Qut did observe an increase in more
differentiated markers. Human ES cells grown irhi@ conditions were more likely to
differentiate in combination with suboptimal cukturonditions in which cells were
allowed to grow for 8 days without passaging. Samiyl, Yoshida et at>” showed that
hiPS derivation from fibroblasts is more efficiaviten carried out in 5% rather than
in room air oxygen.

Lowered Q tension in culture is generally achieved usingegismall chambers
(modular incubators) or full incubators purged wiitrogen. Ideally, these set-ups
require calibrated ©sensors and the use of nitrogen gas tanks, bathgtb the
expense of tissue culture. Complete enclosed eutystems with controlled gas
environments allow cells to be cultured and marafad without being exposed to high
levels of Q during feeds or passaging. These provide a hatéorm for continuous,

controlled low Q culture, but are expensive platforms. Becausb@®tkpense and labor
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required to vary @tension in culture, studies in which 3 the important variable
usually examine only one or two @nsions compared to room aig, @ithout sampling
the full phsyiologic range. In the references cibadve, for example, Qensions used
ranged from as low as 1% to as high as 12%. Itlvas be useful to have a system in
which multiple Q levels can be tested at once before choosing tamaO, level for
specific culture outcomes.

Traditionally, oxygen gradients have been createdrowing cells (generally
bacterial) in suspension at an air-liquid interfée¢her in a capillary or by creating a
bubble) at which a gradient can foff:***The highest level of £can be modulated by
altering the oxygen level within the gas at theiféce. However, it is technically
difficult to quantify responses to this; Qradient, as suspension cultures cannot be fixed
and stained in a way that preserves spatial pasitipo Furthermore, this method implies
that cells will be grown in suspension culture antherefore difficult to apply to most
mammalian cells that depend on attachment for gakvAchorage-dependent
mammalian cells can undergo a programmed cell gegattess known as anoikis when
detached from the ECM. Human ES cells are partilyutausceptible to dissociation-
mediated cell death and are usually passaged mpduThe addition of Rho kinase
(ROCK) inhibitor to single-cell suspensions of hé&lis has been shown to prevent cell
death after dissociation, and this may be a funatioblocking the process of anoikf.

Multiple microfluidics devices have been developeg@resent more controllable
O, gradients to adherent cultured cells that can beeanalyzed using microscopy. These
devices have employed varied strategies, incluflaeplate fluid flow** gas interface

with a permeable membrane over a flow chamffeand flow or reservoir chambers

36



filled with oxygen-scavenging substances sepaifabed culture chambers by gas-
permeable membranés: **2Although these devices usually have low ratesonf fthe
shear stresses they cause can still affect cefiviet}®® and these effects are then
difficult to separate from those of the oxygen geatl In addition, the creation of most
microfluidics devices requires fabrication equipinand techniques unavailable in most
biology laboratories. Park et &' ***designed a system which created a gradient using
an electrolysis reaction to create Which then diffused through an-@ermeable
polydimethylsiloxane (PDMS) membrane into the adtahamber. This device did not
create fluid shear stress on the cells, but didireqcomplex fabrication. In addition, the
growth surface was a PDMS membrane, which canbe to cells*?* 1%° 13n the
preceding chapter, we investigated this toxicityhia context of hES cell culture.

We used a relatively simple diffusion-based dewcpresent an £gradient
spanning physiologic Levels to hES cells in culture. With the exceptiudra reusable
acrylic frame (Appendix Figure A.1), the device aat-up were constructed without
complicated fabrication techniques or equipmentygex gradients applied for 24-60
hours yielded results that were consistent witlvipres reports comparing a single low
O, level to 20% Q. In the current study, the lowep @gions of the gradient contained
more cells than the higher,@gions and a greater percentage of cells in l@yer
regions expressed pluripotency markers. We weretaldetermine that Qevels below

5% better mediated these pro-survival and pluripoteutcomes as compared to higher

O, levels, narrowing the optimal range of @ hES cell culture to below 5%.
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3.2: Methods

3.2.1: Oxygen Gradient System

We used a relatively simply constructed diffusi@ased system to culture hES
cells in a defined @©gradient. This system consisted of an anoxic cleamitth circular
culture wells containing an£permeable center. The growth surface was a tleatstf
polystyrene in which small holes (r=0.75 mm) wevnaghed using a disposable biopsy
punch (Premier Medical, Charlotte, NC). These hulege then sealed with a thin film of
PDMS, a highly @-permeable polymef® and a small section of cross-linked
polyethelene (PEX) tubing with an inner diametef df cm was centered around the
PDMS and affixed to the polystyrene, creating aualwell (Figure 3.1). This set-up
was then placed in a sealed chamber (Bud Industé®ughby, OH), with the PDMS-
covered holes open to the ambient atmosphere iasstiendard incubator (37, 5%
CO,, 20% Q). The chamber was constantly purged with a humedifjas mixture (5%
CO,, 95% N) to achieve 0% @inside the chamber. Gas flow from the outlet was
checked periodically during experiments by pladimg outflow tube in a container of
water to check for bubbling. Oxygen was thus deédeby diffusion through the PDMS-
covered center of the culture well, yielding a makgradient (Figure 3.1). Oxygen
diffusion within the culture wells was modeled sa2D axi-symmetric model in

COMSOL Multiphysics® (COMSOL, Inc., Stockholm, Sveed (Figure 3.1 C).
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FIGURE 3.1: Oxygen Gradient Cell Culture Device
A. Schematic of the @radient set-up. A gas mixture was bubbled throagealed
container of sterile water in order to humidify Tthis gas was then used to purge the
chamber and make the interior anoxig-germeable PDMS at the center of each culture
well allowed Q from the ambient environment in the incubatoriftude into the culture
well. This entire set-up was placed in a standalbator at 20% @ 5% CQ, and
37°C. B. A picture of an assembled device beforese#ed. Scale bar is 1.1 cm. Inset:
One gradient culture well. C. COMSOL Multiphysicsi®ulation of Q levels from the
center of a well (highestfpoutward. Levels range from ~1% at the outer edgb®
well to ~12% at the border of the hole.
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3.2.2: Resazurin Visualization 0O

Simulations suggested that the gdadient reaches steady-state in approximately
10 minutes after the onset of gas flow. We usedzua#n, an @sensitive dye, to
visualize the changes in,@nsion within the chamber. The procedure followead
similar to that described in Park et‘dl The resazurin solution consisted of 1 M NaOH,
0.3 M glucose, and 0.1% resazurin. This solutiacolsrless in the absence of énd
blue in its presence, with an intensity proportidoahe level of @ available. The
solution was loaded into wells in which the @dadient was established and into control
wells without the @-permeable center. The chamber was then sealegaasnitow was
started. Pictures of the wells were taken befoeeotiset of gas flow through the chamber

and again at 5, 10, 15, and 20 minutes of flow.

3.2.3: Human ES Cell Culture

For hES cell experiments, H1 cells (p35-50, WiG&ddison, WI) were
maintained on a mouse embryonic fibroblast (MEEp&r layer, on growth factor
reduced Matrigel-coated dishes (BD BiosciencesrkSp#D) with MEF-conditioned
medium (MEF-CM), or on hES-qualified Matrigel (BDd3ciences) in mTeSR®1
medium (Stem Cell Technologies, Vancouver, BC, @ahaCells were manually
passaged except in mTeSR®1 medium, when dispasaseds When cells were grown
on MEFs, they were treated with accutase (Invitnpgzarisbad, CA) for 20 minutes at
37°C. They were then pre-plated in MEF conditioned im@dMEF-CM) with 10mM
ROCK inhibitor (Y-27632, Sigma-Aldrich, St. LouislO) on gelatin-coated plates for 1

hour, allowing MEFs to adhere while most hES cedlmained in suspension. Human ES
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cells were then rinsed and plated in MEF-CM suppileted with 10nMROCK inhibitor
and 10 ng/ml basic fibroblast growth factor (bF&RD Systems, Minneapolis, MN).
Cells grown in feeder-free conditions were treatétt accutase for 15 minutes and
plated for experiments without a pre-plating stéells were seeded as single cells at
~35,000 cells/chand allowed to adhere for at least 12 hours befarenedium was
changed to MEF-CM with bFGF, but without ROCK initdio. Culture wells were
checked for even seeding before the gradient waisrbd-or experiments lasting longer
than 24 hours, medium was changed daily. For gmalifon measurements, s

bromodeoxyuridine (BrdU) was added to the cultueglimm for the last hour of culture.

3.2.4: Immunocytochemistry For Pluripotency Marka@reNEL, and BrdU

Once the gradient was completed at 24 or 60 hoalis, were fixed in 4%
paraformaldehyde (PFA). TUNEL and OCT4 stainingeveairried out as described in
section 2.2.3. The PEX wells were then removedthedrea was coverslipped using
Vectashield with DAPI (Vector Labs, Burlingame, Ci)counterstain nuclei and protect
the fluorescent signal. For BrdU and nanog staintngures were post-fixed in 100%
methanol, treated with 2 N HCI, neutralized withrdte buffer, treated with Triton-X-
100, and blocked in 1% fish gel. Primary antibodEsiU - AbD Serotec, Oxford, UK;
Nanog - Cell Signaling, Danvers, MA) were appliegmight at 4C at a 1:400 dilution
in PBS. Cy3- or Alexafluor-conjugated antibodiegevapplied for 1-2 hours at RT. This
staining protocol adversely affects fluorescentgmg in the blue spectrum when stains
are coverslipped. For this reason, Hoechst 333Zusad to counter-stain nuclei and

imaging was carried out in PBS, without coversliygpi
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Imaging was carried out with fluorescent microscdpulture wells were
photographed beginning at the center and movingaedges in 3-4 directions, with
successive images overlapping. These images weneuded to build a composite picture
of the entire gradient using Adobe Photoshop (Adey&ems Incorporated, San Jose,
CA). These composite pictures were split into fegual sections roughly corresponding
to 5-12%, 3.5-5%, 2.5-3.5%, and 1-2.5% ©he number of cells stained for each marker
was counted using ImageJ, with at least 3 compp&itares quantified per sample. The
cell number in each section is reported as a ptagerof the total cells along the
gradient. Because of variation between experimémespercentages of cells stained for
markers of interest (OCT4, TUNEL, nanog, and Bralgye normalized to the total
percentage of these markers across the gradieaswements are reported as mean +
SEM and the four areas of the gradient were congpasang ANOVA with a Tukey post-

hoc test.
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3.3: Results

3.3.1: Steady-StateQevels are Quickly Established in the Gradient Device

The resazurin solution was dark blue to purplemlbaded into the culture wells.
Once the gradient was started, this color was tmstfirming a lack of @in the wells
after nitrogen purging. By five minutes, the sabatiwas essentially colorless in control
wells that had no @permeable surface. The resolution of the colonimehange and
photography used were unfortunately not high endaghsualize the gradient, but it is
still apparent that a higher level of 3 maintained at the center of the gradient well
(Figure 3.2). This result supports the COMSOL satioh which resulted in a steady-

state gradient established by 10 minutes afteotiset of flow.

TimeO0 5min 10min 15min 20 min

Gradient

FIGURE 3.2: Steady-State Q Levels are Quickly Established in the @ Gradient
Device
Resazurin was used as ap-§&nsitive dye. Anoxic conditions within the chamiere
confirmed by this dye within 5 minutes of gas flote resolution was not high enough to
visualize the gradient, but an area of higherdan be seen in the center of the gradient
well throughout the time course.
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3.3.2: Human ES Cell Maintenance is Improved at xygen

Cells were able to adhere to and grow on the ietcoated polystyrene
surfaces, despite the fact that these surfacesmagiiesssue culture treated. A typical
result of a gradient run for 24 hours and stairedXCT4 and TUNEL is shown in
Figure 3.3.

At 24 hours, there was a difference in the distidn of the cells as a function of
O3, with a significantly higher number of cells irettowest range of £xensions (~1-2.5)
as compared to the rest of the gradient region®HIUstaining revealed a trend towards
lower levels at lowered Obut this difference was not statistically sigcafint. BrdU
staining was not different in subsections of thedggnt, suggesting that proliferation at
this time point is not affected by,@ these physiologic ranges. The possibility ttedts
migrated into the regions of lowered €annot be ruled out. The percentage of OCT4-
positive cells was significantly lower in the higheange of @tension (5-12%) as
compared to those below 5%. Similar results wesenled with Nanog staining. These

results are summarized in Figure 3.4.
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5-12% ” 3.5-5% 2535%5 12.5%

FIGURE 3.3: Human ES Cells Grown on an Q Gradient for 24 Hours
Typical staining results of hES cells maintainecaon®, gradient for 24 hours. DAPI
(blue, nuclei), OCT4 (red, pluripotency), and TUNfgkeen, nicked-end DNA) are
shown. Oxygen levels decrease from approximatély dizhe far left to 1% at the far
right. The total number of cells and the co-locatian of OCT4 and TUNEL with DAPI
were quantified as a function of loca} @nsion. A significantly greater number of cells
were observed in the range from 1-2.5% M significantly lower percentage of OCT4+

cells were observed at 5-12%.Mlo significant difference was observed in TUNEL
staining.
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FIGURE 3.4: Pluripotent hES Cells are Better Maintaned in Lower vs. Higher O,
Regions of an Q Gradient at 24 Hours

A summary of the data from application of thegtadient to hES cells for 24 hrs. A
significantly higher proportion of cells were fouimdthe lowest @levels. A greater
percentage of cells grown in,@evels below 5% expressed OCT4 than in those above
and a greater percentage of cells grown ixnl€vels below 3.5% expressed nanog. A
trend towards lower levels of cell death was obsém the lowered & but this was not
statistically significant. *p<0.05, **p<0.01, **p<0.001.

After exposure to the Qyradient for 60 hours, the number of cells atloheest
range of Q tensions was no longer significantly greater takwother sections, but the
general pattern of greater numbers of cells at taxsehigher Qlevels persisted. The
three quadrants presenting less that 52&&2h contained significantly more cells than
the quandrant presenting 5-12%. A significantlyheigpercentage of cells in the 2.5-5%
and 1-2.5% quadrants expressed OCT4 comparedde thahe 5-12% quadrant. No
statistical differences were observed in TUNELrstaj as a function of Qevels. These

results are summarized in Figure 3.5.

46



Cell Percentage

Cell Number

OCT4 Ratio

N
IS
]

-
[N
h

N
[~
1

el
i
1

OCT4

TUNEL Ratio

1.4+

1.2

1.0

o.6-._._._.‘
0.4-
© o\

e o

> -]

: ]
%
&
‘0
&
*Oo
£

Rk

3
%

Estimated O, Level Estimated O, Level

Estimated O, Level

FIGURE 3.5: Pluripotent hES Cells are Better Maintaned in O, Levels Below 5%
After 60 Hours in an O, Gradient
A summary of data from application of the gdadient to hES cells for 60 hrs. A
significantly lower number of cells were foundla highest levels of 6-12%) as
compared to all other regions. The highest levél®GT4 expression were still observed
in O, tensions below 5%. No significant trend was obsgim TUNEL staining at this
time. *p<0.05, **p<0.01, ***p<0.001.

When hES cells were grown to confluence in th&ey, they invariably began
peeling off the growth surface in sheets. Thisipgelas independent of gradient
application and was not prevented by a sandwicluivith a second layer of Matrigel
applied over a nearly confluent monolayer. Peeftiray have been due to a number of
factors, including the small culture surface areeopmpatibility of the cells with a
polystyrene surface that was not tissue cultugéce or the pliancy of the thin
polystyrene sheets. Whatever the cause, the detattohcells grown to confluence
rendered experiments examining cell behavior awegér time periods impossible. For
example, neural differentiation (as described iiar 4) requires growth in a confluent
monolayer for 11 days, so the effects of locakc@ncentration on this process could not

be assayed.
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3.4: Discussion

We have demonstrated the use of a diffusion-bdseite for culturing hES cells
in a fairly well defined @gradient in the physiologic range. The use of tl@gice does
not subject the cells to shear stresses and doesquore expensive fabrication
equipment, making it accessible to biology labaiag Control of the @levels is not
precise, but the device does provide a rough satenltiple G ranges and can thus be
used to provide a starting point within the physgt range of @levels that can be used
to optimize the culture environment of a particudall type. Our results are consistent
with those of other studies in which hES cells warkured in more traditional
conditions (20% ¢) or in a single lower gxension. In our experiments, the highest
levels of Q (~5-12%) always yielded the least desirable restile largest number of
cells and percentages of pluripotency markers Wened at Q levels below 5%. Thus
the device helped to distinguish survival and esgign patterns of cells in,@evels that
have been referred to as "mild hypoxia" (1¥%ys. even lower ranges that are closer to
normalin vivo environments.

Maintenance of hES cell pluripotency at loweredeels is likely at least
partially mediated through hypoxia-inducible fac®oalpha (HIF2a), which is known to
directly regulate OCT4 expressidit.OCT4 regulates pluripotency of hES cells in a
complex feedback system with nanog and (sex detémmiegion Y)-box 2 (SOX2Y’
Physiologically hyperoxic @tensions may disrupt this feedback loop, leadingetiuced
pluripotency. In a microarray analysis of hES catlg% and 20% £ Westfall et af®®

did not find a direct effect of on OCT4 or nanog expression, but did find that

48



downstream effectors of both transcription facteese reduced in 20%OThey also
observed an increase in some genes associatediffetentiation as well as oxidative
stress as a function of high.O

Accumulation of reactive oxygen species (ROS) wlag be a factor in the loss
of pluripotency at high @tensions. Human ES cells grown with a glutathimingbitor to
enrich the levels of ROS in culture exhibited dases in pluripotency markers,
including OCT4, nanog, and SOX?. Additionally, markers associated with endodermal
and mesodermal differentiation were upregulate@s&hresponses were at least partially
reversed by the addition of Vitamin C, a free ratlscavenger, supporting a role for
ROS in inducing spontaneous differentiation of fdefs.

A limitation of this study is that we did not hathee capacity to measure @vels
in the gradient. We used a simulation to provideregions, but this simulation did not
account for cell consumption of,Qvhich can vary significantly between cell typ€ell
consumption of @can create a gradient even in a microfluidicsesyisih which the
medium is constantly refreshé@ so it is reasonable to assume that it will affbet
levels experienced by cells further from the cemteyur diffusion-based system.
Polystyrene can be combined with platinum(ll) ottiggporphyrine ketone (PtOEPK) in
a thin film that provides @sensing capability using fluorescent microscopyrhis
method may be useful in obtaining a more accuratéainof the @ gradient produced
here.

This device could also be used to more closellja&ye situations in which an,O
gradient is normally preseit vivo. An example relevant to Chapter 4 is reperfusiter a

ischemic stroke. Oxygen and glucose deprivation@PE is a commonly usein vitro
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model of stroke. Using this method, cultures ofroea are subjected to deprivation of
oxygen and glucose for a set period of time, foldvby a reperfusion phase in which
cells are placed back into glucose-containing nradand standard culture conditions
(usually 20% Q). Use of the @gradient after OGD could better mimic reperfusiafter
which some areas of the tissue will be better orgted than others. Cells transplanted
into the stroke region are also expected to eneowant Q gradient, so this device may
be useful in predicting the range of responsesdblét will demonstrate as a function of
exposure to the range ot @nsions in the reperfused stroke region.

hES cells are relatively difficult to culture, paularly as single cells. The ability
to successfully culture them at subconfluent lewelshis device suggests that many
more robust cell types will remain viable when atdd in this Q gradient. The
responses of other cell types to varied€yels can thus be investigated in the same
manner we describe here. We provided a proof-otepnof the utility of this device and
confirmed reported effects of lowered @nsions on hES cells, suggesting that this
simple device can be used to investigate additioallilar responses to,An addition,
the results we report here can narrow the rangés of interest in further study of hES

cells.
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CHAPTER 4: A Small-Molecule Based Protocol to Derie Neural Progenitors and
Functional Neurons from Human Embryonic and InducedPluripotent Stem Cells

4.1: Introduction

4.1.1: Neural Differentiation of hES and hiPS Cells

Human ES and hiPS cells provide an unmatched windtm early human
development and pluripotency makes them very datbaesources for cell and tissue
replacement therapies. Cell replacement therapeewidely studied for the treatment of
neurological injuries and disorders where the cépé&ar self-renewal is limited.
However, directed differentiation of pluripotentlses still difficult, even in the case of
neural differentiation, which is seen as the defpathway for these celf$?

Neural differentiation protocols often involve passion cultur€> *"**"%r co-
culture with feeder cell§’® " *¥hoth of which can introduce heterogeneity in
microenvironmental cues. In addition, expensivendginant factors are often used.
Noggin, a recombinant bone morphogenetic proteMRBinhibitor, is a commonly used
factor in induction of human cells to neural progens*’* #1183 or terminal neural
differentiation, expensive growth factors like Ioraerived and glia cell-derived
neurotrophic factors (BDNF and GDNF) are often usedifferentiation processes that
take several weeKg® 178 179 18418¢ha expense associated with recombinant protsias i
limiting factor in scaling up these studies to lineels required for preclinical

development.
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Chambers et dP? provided a fully adherent differentiation protocsieful for
efficient generation of neuroepithelial cells fréeiaS and hiPS cells through inhibition of
the SMAD pathway, This protocol removed the heteragty inherent in suspension
cultures, but required both a small molecule tramsing growth factor beta (TGB)
inhibitor known as SB431542 and the recombinartbfacoggin. Dorsomorphin, also
known as Substance C, is a small-molecule BMP itdrithat enhances neural induction
in suspensiot® *"®and co-culturE’® models. It has also been used to induce cardiac
differentiation in mouse ES ceft8’ Recent work has shown that dorsomorphin alone
may be sufficient to effect neural differentiatiorhES and hiPS cells, by affecting BMP,
TGF-b, activin, and muscle segment homeobox 2 (MSXways:e°

We used dorsomorphin and SB431542 in a fully asliteneural differentiation
protocol. Unlike many previous studies in which g@gmmethods were used, we
examined the electrophysiological properties ofraps derived from our neural
precursorsn vitro, in addition to molecular changes associated teitninal neuron
differentiation. Notably, we quickly generated ftinoal neurons without BDNF or
GDNF, in a culture system which we believe willgenerally useful for study in neural

development. Portions of this work have been aecefatr publication in the Journal of

Stem Cellg88

4.1.2: Ischemic Stroke
Stroke is the third leading cause of death arehdihg cause of disability in the
United States. On average, someone in the US &asla every 40 seconds, with

~795,000 per year. Of these, 87% are ischemic sriokerhich blood flow is cut off to
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an area of the brain. Stroke accounts for 1 indalts in the US, with 8-12% of patients
dying within the first month. Of those who do swei 15-30% are permanently disabled.
The costs associated with stroke in the US arenagtid at $40.9 billion per ye&f

Ischemic stroke generates multiple toxic effeictsluding energy failure,
acidosis, glutamate release and excitotoxicityegation of free radicals (especially after
reperfusion), blood brain barrier (BBB) disrupti@md inflammatiort® Little progress
has been made in preventing or reversing the aeefladje and death induced by these
signals. The only approved treatment for thrombaamolischemic stroke is tissue
plasminogen activator (tPA), which must be givethia acute phase of injury to be
effective in breaking up the clot causing vascolastruction. Many drugs that mediate
significant neuroprotection in animal models haaetl in clinical trials. Erythropoietin
(EPO), for example, seemed promising in a limitea tvhere tPA was not used, but
subsequently failed to improve outcomes and may éewe been detrimental when
combined with the gold-standard tPA treatment iarger study**

Ischemic stroke models in rodents vary both indtsation and the method used
to induce stroke. Embolic stroke models generalplve the injection of some sort of
material, often autologous clots, to block a mégader artery to the brain. These models
closely mimic the clinical situation, but are highariable'*° As a result, middle
cerebral artery occlusion (MCAQ), which is much mogpeatable, is a common stroke
model. Occlusion is most often achieved by insgrérsuture or filament into the MCA,
possibly blocking some of its branches as W&It** Stroke size and location vary based
on the time course of occlusion, which can be team®r permanent, and the exact

branches of the MCA affected. We used the miniketnrmodel developed by Wei et
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al.**>¥in rats and later, mic&® This stroke model involves both the permanentitige

of 2-3 branches of the MCA and transient occlusibthe bilateral common carotid
arteries (CCA). The advantage of this model is ithasults in a small, reproducible

stroke area primarily affecting the barrel cortex.

4.1.3: Cell Therapy for Stroke

Acute treatments for stroke are generally focumedemoving the cause of the
stroke (often a clot) and providing neuroprotectiomvoid the continuing cell death that
occurs after reperfusion injury. In the chronic ghaf stroke, the goal is to repair lost
tissues and recover lost function. Cell therapgnisttractive strategy for treating chronic
stroke patients due to the possibility for bottptri@ support leading to increased
endogenous recovery and replacement of damageeadraklls->*-2*

A great deal of research has focused on the useesénchymal stem cells
(MSCs) derived from the bone marrow or umbilicalccblood in treating
neurodegenerative disorders. While MSCs can difféte into neuronal celf§?***their
mechanism of action in the context of ischemiclksrs not true regeneration. MSCs are
most often given intravenously, with very few cealiessing the blood brain barrier
(BBB) and engrafting” and appear to provide neuroprotection primarittigh
secretion of trophic factors and suppression dgémmation, even if significant numbers
of cells do not cross the BBB® °’The brain is generally considered to be immune
privileged, but the disruption of the BBB causedshypke and the inflammatory signals
released by the microglia and astroycytes cantieéelikocyte invasion and increased

cell death that may be mollified with immune sumsien treatmentS® However, there
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is also a natural immune suppression after strio&eléads to increased rates of infection
in stroke patients that may be worsened by exogesoppression.

When true regeneration is the goal of cell therapstroke, neural precursors will
generally be used. Various types of neural precarsave been used in experimental
models, including a conditionally immortalized ciatle derived from human fetal tissue
(now in clinical trials)?°® ?*°lines derived from carcinomas’ ?**fetal neuronal stem
cells?** mouse neural precursors derived from the poskstrortext** and precursors
derived from mous&®2*or humafA'® #*?ES cells. Human ES and hiPS cells are both
promising cell sources for such therapies, butetlaee fears of teratoma or
teratocarcinoma formation if cells are karyotypigainstablé™ or inefficiently
differentiated’ With hiPS cells, there is the further fear thanimpletely reprogrammed
cells may remain persistently pluripotent, rathemt differentiating, leading to teratoma
formation! Teratomas are benign and generally stop growiriggsmature, but damage
to the surrounding tissues can be fatal, partibularthe confines of the skull.

We transplanted hES cell-derived neural precursbosa murine focal ischemic
stroke model. These cells survived, engrafted,daffierentiated into neurons vivo.

Cell transplantation also increased neurogenesigipenumbra region of the stroke
area, although it is not yet clear the extent tactvithis response was endogenous.
Transplant animals demonstrated sensory improvemanttime as measured by the
adhesive removal test, while controls did not. Bheesults demonstrate that our neural
differentiation protocol can be used to derive fior@l neurons from pluripotent cells
vitro and to provide neural precursors that improveautes after a focal ischemic

stroke.
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4.2: Methods

4.2.1: Maintenance of hES and hiPS Cells

H1 and H9 ES (p35-60, WiCell Madison, WI) and hanfaS (iPS-DF19-9/7T,
WiCell) cells were cultured on hES-qualified Ma#&idBD Biosciences, Sparks, MD) in
mMTeSR®1 medium (Stem Cell Technologies, Vancous€r,, Canada). Cells were
observed and medium was changed daily. Cells wassgued every 5-7 days. Before
passage, areas of differentiation were manuallyoketh using a pipette tip. These areas
were identified using a dissection microscope stesile hood. Cells were then rinsed
with DMEM/F12 (Invitrogen, Carlsbad, CA) and tredwith 1 mg/ml dispase (Stem
Cell Technologies) for 5-7 minutes at’87 Plates were then rinsed with DMEM/F12
before cell clumps were removed with a cell scramel clumps were re-plated, typically
at a 1:4 ratio.

Maintenance of pluripotency was tested by staifamgluripotency markers.
Cells were fixed with 4% PFA. A blocking buffer sting of 5% normal donkey serum
(NDS) and 0.3% Triton-X 100 in phosphate bufferaline (PBS) was used at room
temperature (RT) for 1 hour. Primary antibodiesr{idta OCT4A, SOX2 - Cell
Signaling, Danvers, MA) were applied overnight & 4t a 1:400 dilution in a 1%
solution of bovine serum albumin (BSA) with 0.3%t@n-X 100 in PBS. Cy3- or
Alexafluor 488-conjugated secondary antibodies vegaied for 1 hr at RT in the BSA

solution.
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4.2.2: In Vitro Differentiation of Neural Precurser

Neural induction was achieved using a modifiecsier of the SMAD inhibition
protocol described in Chambers et®I(Figure 4.1). Visible areas of differentiation wer
removed from hES or hiPS cell cultures, which ween rinsed with DMEM/F12.
Cultures were treated with accutase (Invitrogemlsbad, CA) at 37 for 15 min and
rinsed in DMEM/F12. They were then re-plated onngtefactor reduced Matrigel (BD
Biosciences) coated plates at ~18,000 cellS&amd grown to confluence in MEF-
conditioned medium supplemented with 10 ng/ml bKB&D Systems, Minneapolis,
MN).

Cells reached confluence in 3-5 days and weretilamisferred to a neural
induction knockout serum replacement (KSR) medidmockout DMEM, 15% KSR,
1% L-glutamine, 1% NEAA, 1% penicillin/streptomyci0 mMb-mercaptoethanol,
Invitrogen) supplemented withrBMdorsomorphin (Tocris, Ellisville, MO) and 10M
SB431542 (Stemgent, Cambridge, MA). They were growthis medium with daily
medium changes for five days. The TG hibitor was then withdrawn and cells were
exposed to increasing levels of N2 medium (DMEM/F1:200 N2 supplement, 1% L-
glutamine, 1% penicillin/streptomycin, Invitrogeiror two days, the cells were grown in
25% N2, 75% KSR medium supplemented witl\8 dorsomorphin. The proportion of
N2 was then increased to 50% for two days and TB&f for another two days. On day

11, cells were fixed for staining, passaged fanteal differentiation, or transplanted.
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d-3-5 do d5 d7 d9 d1i d1s d25 d32 d39

1 11171 1 1 1 1

Seed SMAD 25% 50% 75% Staining, 1week 2 weeks 3 weeks 4 weeks
Cells  inhibition N2 N2 N2 Passage, terminal terminal terminal terminal
transplant  diff. diff. diff. diff.

FIGURE 4.1: Small Molecule-Mediated Neural Differertiation Protocol
Cells reached confluence after seeding in 3-5 daylewed by SMAD inhibition with 3
MM dorsomorphin and 10M SB431542 for 5 days. N2 medium was added atd@b%
day 5 and increased at days 7 and 9. Neural prewsrat day 11 were collected for
analysis, transplanted, or passaged for terminffiedéntiation. Terminal differentiation
was examined at 1,2,3, and 4 weeks after plating.

The level of differentiation was quantified byistag for neural precursor
markers. Cultures were fixed with 4% PFA, post-dixe a 2:1 mixture of ethanol:acetic
acid, treated with 0.2% Triton-X 100, and then Bl with 1% fish gelatin. Primary
antibodies (Nestin, 1:200 - Millipore, Billerica, M OCT3/4, SOX1, 1:100 - Santa Cruz
Biotechnology, Santa Cruz, CA; PAX6, 1:100 - Cowarferinceton, NJ) were applied
overnight at 4C in PBS. Cy3- or Alexafluor 488-conjugated secogdatibodies were
applied for 1-2 hours at RT. Hoechst 33324 or DARIe used to counter-stain nuclei.
Pictures were taken with fluorescent microscopy guahtified using ImageJ. Data were
collected from at least 3 independent experimemdistie level of various markers is

presented as a percentage of total cells expretsisg markers.
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4.2.3: In Vitro Differentiation of Neurons

After neural induction was completed, cells weeated with accutase for 30
minutes at room temperature. Cells were scraped fhe bottom of the plate and
pipetting was used to break up clumps. Cells weee tinsed in DMEM/F12. In order to
remove excess extracellular matrix and cell cluntips cells were suspended in medium
and filtered through a 2@m mesh. They were then spot-seeded on MatriggdelyrD-
lysine/laminin-coated dishes. Approximately ~100,860s were seeded in 1 of
medium at the center of a 3.5-cm dish and alloweatihere at RT for 20 minutes. The
plate was then filled with a 1:1 mixture of N2 @&/ (Neurobasal medium, 1:50 B27
Supplement, 1% L-glutamine, 1% penicillin/ strepy@m, Invitrogen) media
supplemented with 10 ng/ml bFGF. Cells were obskdaly and medium was changed
every 1-3 days, depending on gross assessmenit gf@aeth and survival. In many
cases, terminal differentiation cultures were laf% Q - a condition which seemed to
increase cell survival, but did not appear to dftkferentiation.

Terminal differentiation was assessed using Nelrouclei (NeuN), and
Neurofilament L (NF) as neuronal markers. Cultwese fixed in 4% PFA, post-fixed
with 2:1 ethanol:acetic acid, treated with 0.2%dn#X 100, and blocked in 1% fish gel.
Primary antibodies (NeuN, NF - Millipore, BillericA) were applied overnight af@
at a 1:400 or 1:200 dilution in PBS and were folkolWy Cy3- or Alexafluor-488
conjugated secondary antibodies.

Antibodies that did not work well for immunohistemistry were used for
western blotting. 30g of protein from each sample was loaded into digrd gel of

either 6-12% or 6-20%, depending on the sizesrgktgroteins. Gels were run at a
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constant current until protein markers had adedyagparated and were transferred onto
PVDF membranes which were then blocked in 10% milkBST. Primary antibodies
(GFAP - Thermo Scientific, Waltham, MA; GIuR1, GIRRNR2B, NR3A - Millipore;

NR1 - Cell Signaling; Nav1.1 - Abcam, Cambridge, Miere applied overnight af@

at a 1:1000 dilution in 5% BSA in TBST. Exceptiansluded NR2B and Nav1.1, which
were used at a 1:500 dilution. AP- or HRP-conjugatecondary antibodies were applied
for 1-2 hours at RT in 5% BSA. AP-conjugated antiles were developed using
NBT/BCIP solution and HRP-conjugated antibodiesendveloped using a Pierce ECL

Detection Kit (Thermo Fisher Scientific, WalthamAM

4.2.4: Electrophysiology

Whole-cell patch clamp recording on hES and hi€lBderived neurons was
performed as in our previous studf@asing an EPC9 amplifier (HEKA Elektronik,
Lambrecht, Germany) at 21-23°C. The external smiutontained 135 mM, 5 mM KCl,
2 mM MgChb, 1 mM CaC}, 10 mM HEPES, and 10 mM glucose, pH 7.4. Internal
solution consisted of 120 mM KCI, 2 mM MgCL mM CaC}, 2 mM NaATP, 10 mM
EGTA, and 10 mM HEPES, pH 7.2. Recording electrquéked from borosilicate glass
pipettes (Sutter Instrument, USA) had a tip reaistabetween 5 and 7 Mwhen filled
with the internal solution. Series resistance wasmensated by 75-85%. Linear leak and
residual capacitance currents were subtractednendlsing a P/6 protocol. Action
potentials were recorded under current-clamp mateglPulse software (HEKA
Elektronik). Data were filtered at 3 KHz and digéd at sampling rates of 20 KHz. Peak

voltage measurements of action potentials from eacklition are reported as mean +
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SD and were compared using ANOVA with a Tukey puost-test.

Delayed rectifier ) and transient outwarda(l potassium (K+) currents were
also examined. Delayed rectifier currents were e in the presence of i/
tetrodotoxin to block sodium currentg.was elicited from -60 to +60 mV with a 20 mV
increment. The holding potential was -70 mV. Theoréed current amplitude was
measured at +40 mV, was elicited from -60 to +40 mV with a 20 mV incrent
following a -110 mV hyperpolarization for 500 medR amplitudes were measured at
+40 mV and are reported as mean = SD. They wergaed using ANOVA with a

Tukey post-hoc test.

4.2.5: Focal Ischemic Stroke Model

All procedures were approved by the Institutiohaimal Care and Use
Committeg(IACUC) and met with NIH guidelines. Male WT C57@inice were trained
to remove an adhesive dot from their forepaws aed subjected to a focal ischemic
stroke as described in previous studi@g’® Animals were anesthetized with an
intraperitoneal (IP) injection of 4% choral hydré1®0 mg/ml) and 2-3 branches of the
MCA supplying the right barrel cortex were permaieligated. In addition, the CCA
was occluded for 7 minutes. Blood flow was measiefdre and during the stroke in
order to ensure that the stroke had cut off flowhtright barrel cortex area. This focal
ischemic stroke is centered in the barrel cortehemw it affects whisker function, but also

affects sensation in the paws and, to a degre@rriwiction (Figure 4.2).
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A d1o, 3d di4, 7d d21, 14d d2s, 21d d3s, 28d

d-5 do a4 a7 post- post- post- post- post-
transplant  transplant transplant transplant  transplant

T

Pre- Stroke  Adhesive Transplant Sacrifice  Adhesive Adhesive Adhesive Adhesive

training Removal for Removal Removal Removal Removal,
TUNEL Sacrifice
staining
B Left Face Right Cortex

MCA Branch Ligations -
FIGURE 4.2: Focal Ischemic Stroke Model
A. Timeline for animal experiments. Transplant ooed at 7 days after stroke.
Behavioral testing was carried out at 4 days afteoke and then at 7, 14, 21, and 28
days after transplant. B. Sensorimotor cortex strotodel. Ligation of the branches of
the right MCA affects the left side of the bodyftipalarly the whisker function. Sensory

and motor function in the left forepaw can alscafffected. Triphenyltetrazolium chloride
(TTC) staining after stroke reveals the affectegicanf the cortex.

4.2.6: Behavioral Testing

Beginning 3-5 days before stroke, animals weleddin the adhesive removal
task, in which they removed a small sticky dot freath forepaw’® Animals were
acclimated to the test room for at least 30 minatesthen separated into individual test
cages, where they were allowed to acclimate fteast 5 minutes. A sticky dot was
placed on the forepaw of the animal and it wasaistd back into the test cage. The time
to contact and time to removal were recorded. BogHeft and right forepaws were
tested, with at least 15 minutes between consextrisis. Training consisted of 6-10

trials, at the end of which animals were expectegtnove the dot in less than 15
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seconds. Each post-stroke time point consistedtiodlé. Animals were tested at 4 days
after stroke and then 7, 14, 21, and 28 days &#iesplant which occurred on day 7 after
stroke by an observer blinded to the treatmentggoAnimals with no deficiency 4 days
after stroke were excluded from further testing.

Variances between groups were compared usingeBartlest for equal variances.
In order to compare performance, a repeated mesanedysis using linear mixed
models was performed. The fixed effects in the n®oheluded the subject's treatment
group, time point, and the interactions betweeattnent group and time point. The post-
stroke baseline at 4 days was used to adjust fi@ridig effects of the stroke on
performance and measures of the unaffected side wged to adjust for the learning

curve.

4.2.7: Transplantation of Neural Precursors

Seven days after stroke surgery, hES-derived npuealirsor cells were prepared
for transplantation. Cells were treated for 1 heith 10 ng/ml Hoechst to label cell
nuclei. They were then rinsed with DMEM/F12 andatesl with accutase for 30 minutes
at RT. Cells were scraped from the plate, pipeibdateak up clumps, and rinsed in
DMEM/F12. The cell solution was then filtered thgbua 20mm mesh and resuspended
at ~50,000 cellsA in N2 medium. Animals were lightly anesthetizedhalP injections
of 4% choral hydrate and maintained under anestiveih isofluorane. Each animal
received 4 1M injections of either cell suspension (transpléotagroup) or medium
(control group) into the penumbra region. This wasied out using a 81 Hamilton

syringe (Hamilton Company, Reno, NV). Cells wernedted very slowly by hand (10
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minute total injection time). On the day of traresgl animals began receiving BrdU to
label proliferating cells. Each animal receivedadydIP injection of 50 mg/kg BrdU until
the day before sacrifice. Two to three days aferdplant, one animal which had
received cells was sacrificed for TUNEL stainingteeck for grafted cell survival.
Staining was carried out on 10-2fh sections using the kit vendor instructions
(DeadEnd™ Fluorometric TUNEL System, Promega Catpon, Madison, WI).

At 28 days, animals were sacrificed and brairugssas fresh-frozen in optimal
cutting temperature compound (OCT, Sakura Finéitek;ance, CA). 10rm sections
were cut in a cryostat with slides light-protectegreserve the Hoechst label. Each
consecutive section on a slide was at leastmif@istance from the previous section to
avoid double counting cells. NeuN staining was usadentify neurons and collagen IV
(COL V) was used to identify blood vessesls. COLid a major component of the
basement matrix in vessels and our previous unghdyi studies have shown that it
provides blood vessel-specific staining in the mr&rdU co-localization with NeuN was
used as a measure of neurogenesis and co-locatizaith COL IV was used as a
measure of angiogenesis.

For NeuN and COL IV staining, slides were fixedLB?o formalin, post-fixed
with 2:1 ethanol:acetic acid, treated with 0.2%dmX 100, and blocked with 1% fish
gelatin. For BrdU staining, slides were fixed irfd@rmalin, post-fixed with 100%
methanol, treated with 2N HCI, treated with 0.2%dir-X 100, and blocked with 1%
fish gelatin. All primary antibodies (Col IV, New\Millipore, BrdU - AbD Serotec)
were applied overnight af@ at a 1:400 dilution in PBS and were followed by3¢

Cy5-, or Alexafluor 488-conjugated antibodies.
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Pictures of at least three sections per animaéwaden within the penumbra area
and quantified using the ImageJ cell counter. Tdregntages of BrdU-positive staining
co-localized with either NeuN or Col IV are repartes mean + SEM and were compared
using a Student's t-test. The control group wasstoall to test for normal distribution,
but the transplant group data were found to be atyyrdistributed using the

Kolmorgorov-Smirnov test.

65



4.3: Results

4.3.1: Human ES and hiPS Cells Differentiate ineuhal Precursors In Vitro

Human ES cells grown in feeder-free culture usmigeSR®1 medium
maintained a normal ES cell morphology and expe&€¥€T4A, Nanog, and SOX2
(Figure 4.3), indicating maintained pluripotencyn#far results were obtained with hiPS

cells (data not shown).

NANOG OCT4A SOX2

10um

FIGURE 4.3: Human ES Cells Maintain Pluripotency inmTeSR®1
Representative pictures of H1 cells stained foratgat©CT4A, and SOX2 (red). Nuclei
were counter-stained with DAPI. High levels of ghatency (qualitative assessment)
were maintained. Similar results were obtained mRS cell line. Scale bars are 1.
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Over 11 days of differentiation, pluripotency menkwere lost and cells began to
express neural precursor markers. We quantifiegpéneentage of cells expressing
nestin, PAX6, and SOX1 after 11 days of neural atidm (Figure 4.4). Nestin is an
intermediate filament protein expressed in neuratyrsor cells during neural
development and repdif: PAX6 is an important transcription factor in codi
developmerff? and is necessary for the formation of the thalartamal tract?®
Likewise, SOX1 is a transcription factor indicatadearly neural fate specificatiéf’

After 11 days of neural induction, 96 + 3% ofadlls were positive for nestin
(Figure 4.4 A). 75 = 7% and 64 + 9% of cells weosipve for PAX6 and SOX1 (Figure
4.4 B and C), respectively. This indicates thatagamity of cells were differentiating into
forebrain precursors. The percentage of PAX6+ aedl®btained using dosomorphin is
similar to that which we obtained using nogginfas BMP inhibitor (data not shown),
leading to the conclusion that dorsomorphin achsécient BMP inhibition in this

protocol.
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FIGURE 4.4: Neural Progenitor Markers are Highly Expressed After Neural
Induction of hES Cells
Differentiating H1 cells were stained at day 11ddferentiation. A. 96 + 3% of cells
were positive for nestin. B. 75 + 7% of cells wpositive for PAX6. C. 64 + 9% of cells
were positive for SOX1. DAPI was used to countainstuclei. Similar results were
obtained in H9 hES cells and a hiPS cell line glwdwn). Scale bars are 3fin.

68



4.3.2: Neural Precursors Differentiate into Funetad Neurons In Vitro

During terminal neuron differentiation, developimgurons formed networks with
large numbers of NF-positive processes. Maturingaoes were identified using NeuN
and NF staining (Figure 4.5). We were also ableeatify the AMPA receptor subunit
GluR1 and the NMDA receptor subunit NR2B in moatno@&s as identified by co-
localization with NeuN or NF. High power images derstrating co-localization are
shown in Figure 4.5.

In order to further characterize the neurons ituce, as well as the rest of the
population, western blots were carried out. Westeonfirmed protein-level expression
of GIuR1 and NR2B. In addition, westerns determiaggdression of the AMPA receptor
subunit GluR2, the NMDA receptor subunits NR1 a8, and the sodium channel
subunit Navl.1. These subunits could all be deteaseearly as 14d of terminal
differentiation and persisted through 28d. Glififlary acidic protein (GFAP) was also

present, suggesting astrocytic differentiation.
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FIGURE 4.5: Human ES Cell-Derived Neurons Express BUN, NF, and Receptor
Subunits at 28 Days of Terminal Differentiation

H1 cells at 28 days of terminal differentiation.@eveloping Neurons formed large,
heavily branched networks in the culture dish. Bugh power Z-stack image
demonstrates co-localization of NeuN and NF inadlébody. Similar results for A and
B were obtained with H9 hES cells and an hiPSloel C. GluR1 staining is evident on
the cell body of a NeuN-positive neuronal cellNR2B staining is evident on the cell
body of a NF-positive neuronal cell. Scale bars Hdem.

In order to determine functionality in the devetapneurons, their
electrophysiological properties were examined doear weeks of terminal
differentiation. At one week, cells exhibited wealqw responses to depolarization with
a mean amplitude of 32.8 £ 16.6 mV. After two weekdViatrigel-coated dishes,
neuronal cells fired much stronger single-spikéoaigpotentials (APs), with amplitudes

significantly increasing to 73.9 + 5.6 mV. Furtimeaturation significantly increased the
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amplitude to 84.2 + 6.3 mV and some cells begamgfirepetitive trains of APs. At three
weeks, 1/8 of the cells measured fired repetetaiad, and this proportion increased to
about 1/3 by 4 weeks. Interestingly, poly-D-lyslagiinin-coated dishes, which are
commonly used to support neural differentiation gravth, did not support maturation

of these responses. While cells did stain positif@ neuronal markers, their
depolarization response even at 3 weeks of diffexeéon resembled the 1-week response
on Matrigel-coated dishes with amplitudes that nexeeeded 18.2 + 8.4 mV. Similar
results were obtained when this study was carngdwih hiPS cells and mature, single-

spike APs were observed in H9 cell cultures. Figuéesummarizes the AP data.
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FIGURE 4.6: Action Potentials From hES Cell-DerivedNeurons Mature Over 4
Weeks of Terminal Differentiation
A. Representative AP traces. All were measured Fdmell-derived neurons except the
iPS cell trace. B. APamplitude changes over 4 weéksrminal differentiation in H1
cell-derived neurons. Amplitudes increased oveffitise 3 weeks of differentiation.
n=10, 13, 16, 29. C. Depolarization responses ofcdll-derived neuronal cells grown

on laminin did not change from 2-3 weeks of devekqt, never developing mature APs.
n=9, 13, 11, 16. *p<0.05, ***p<0.001

Potassium currents also changed over the timeseafrterminal differentiation.

Delayed rectifier currents were significantly redddrom 206.6 £ 96.2 nA at 1 week to
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111.2 + 39.6 nA at 2 weeks. The trend continuddtat time points, although no further
significant changes were observed. Transient outwarrents, on the other hand,
significantly increased from 3.6 + 1.4 nA at 1 wéeld5.4 + 12.8 nA at 2 weeks. At 3

weeks, they had further increased to 80.2 + 19.THgure 4.7).

FIGURE 4.7: Potassium Current Matures During Terminal Differentiation
A. Representative traces @frheasured from H1 cell-derived neurons. Bsignificantly
decreased from 1-2 weeks of terminal differentraiad remained lower at subsequent
time points. n=7, 9, 11, 12. C. Representativedsaaf h measured from H1 cell-derived
neurons. D. 4 significantly increased from 1-2 and 2-3 weekteahinal differentiation.
n=7, 9, 11, 12. *p<0.01, ***p<0.001, ##p<0.01 comped to 1 week, ###p<0.001
compared to 1 week.
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The changes in APs and potassium currents dedaibave are all indicative of
maturing neurons. In addition to these signs ofunaion, miniature excitatory
postsynaptic potentials (miniEPSPs) could be medsat all time points, with responses
strengthening over time. These measurements irdacaexcitatory phenotype in the

cells and suggest that functional synapses wergldermed.

4.3.3: Neural Precursors Increase Neurogenesis @ifiérentiate into Neurons In Vivo
Four days after transplantation, the transplagibrewas clearly marked by
Hoechst-labeled cells in the cortex (Figure 4.&ame transplanted cells did co-localize

with TUNEL staining (Figure 4.8 c), indicating celkath, but this was rare. At 28 days
after transplantation, Hoechst-positive cells wstiéevident in the core and penumbra
of the stroke region (Figure 4.8 d,e). Within tlepmbra region, 16.0 + 1.8% (n=4) of
these cells stained positively for NeuN, suggedtinag the transplanted cells were able to
differentiate into neuronis vivo (Figure 4.8 f).

Transplantation also increased the percentagewlborn cells differentiating into
neurons to 9.6 + 0.7% over 5.9 £ 0.8% in contrainats. The percentage of newborn
cells co-localizing with vessels was unchangeddilytansplantation (Figure 4.9). The

proportion of BrdU-positive cells that were graérived is not yet clear.

74



FIGURE 4.8: Transplanted Cells Survive and Differeniate into Neurons
(a-c) 2-3 days after transplant, Hoechst-positie#scare visible in the cortex and co-
localization with TUNEL staining (arrows) is rar@d-e) 28 days after stroke, the infarct
core and penumbra regions are evident in the caofexoth control and transplant
animals. Hoechst labeling is visible in animalse®ing cell transplant (e), but not in
controls (d). (f) 16.0 £1.8% (n=4) of Hoechst-pis2 cells co-label with NeuN,
indicating neuronal differentiation after transplation.
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FIGURE 4.9: Neurogenesis is Improved by Transplantdon of hES Cell-Derived
Neural Precursors, but Angiogenesis is Unaffected

A. BrdU, NeuN, and Col IV staining in the penumB&al after transplant (35d after
stroke). (a) Control, (b) Transplant. White arrodssignate BrdU co-localization with
vessels and yellow arrows designate co-localizatth neurons. B. The percentage of
BrdU+ cells co-localized with NeuN was significgniligher in transplanted animals
than that in controls. There was no difference leetvgroups in the co-localization of
BrdU and Col IV. Control n=4, transplant n=6. **p<01.

Transplanted and control animals were comparékeim post-treatment
performance in the adhesive removal test, with afénm the transplant group showing
improvement over untransplanted controls. The waga between groups in both time to
contact and time to remove were significantly dif&, with much more variance in the
performance of the control group. This suggestsréwvery in those animals receiving

cell transplant was much more consistent. A repkeateasures analysis was performed
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on the time-to-contact and time-to-remove measureach group. This model was
normalized to the post-stroke performance (4d afireke) and accounted for the
learning curve observed on the unaffected sides firfadel revealed significant
improvement over time in the transplant group,rmttin the control group. No
significant difference over time was observed i time taken to remove the adhesive
dot (Figure 4.10, Table 4.1). Data listed are tt@reated mean times + standard error at
7,14, 21, and 28 days after transplant. Thesdtsesuggest that transplant animals
showed significant sensory recovery, while contdaknot. Neither treatment group

improved in motor control as assessed by the estahrtane to remove the dot.

FIGURE 4.10: Sensory Improvement Over Time was Obseed in Transplanted
Animals
The time animals took to first notice and contaet adhesive dot in the transplant group
significantly improved over time (estimated slop€A5 +0.06, p=0.012). No
significant improvement was observed in the corgrolp in this sensory test or in
either group on the time to remove the adhesivewdoich was used as a test of motor
control. Control n=17, Transplant n=18.
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TABLE 4.1: Transplanted Animals Significantly Improved in Behavior Testing

Estimated Mean (SE#)
7 days 14 days 21 days 28 days
Timeto | Transplant | 7.19 (1.20) 5.06 (1.19) | 4.65(1.19) 3.75 (1.18)
Contact Control 5.87 (1.26) 421 (1.22) | 4.79(1.22) | 4.11(1.22)
Timeto | Transplant | 10.74 (0.95) | 9.30(.0.95) | 9.55(0.95) | 10.10 (0.95)
Remove Control 9.95 (0.97) 7.99 (0.96) | 9.55(0.97) | 10.21 (0.99)
Test for slope across time
Estimated
slope (SE) p-value
Timeto | Transplant | -0.15 (0.06) 0.012
Contact Control -0.06 (0.06) 0.314
Timeto | Transplant | -0.02 (0.05) 0.652
Remove Control 0.04 (0.05) 0.497

Estimated mean values for transplanted and comnainals in the time taken to contact
and then to remove the adhesive dot are listetertdp table. These measures were
normalized to post-stroke performance and the legyeurve observed on the unaffected
side. Measurements were taken 7, 14, 21, and 28 afégr transplant. The bottom table
lists the estimated slopes to test for improveraeipairment across time. The
performance of transplant animals in the sensorgsuee of time to contact had a
significantly negative slope, indicating improvemeo significant change was noted in
control animals. Control n=17, Transplant n=18.
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4.4: Discussion

These studies describe development of a fully emttteind feeder free neural
differentiation protocol using small molecules amimon medium supplements. With
the exception of bFGF, no recombinant factors vaeglaed to the culture medium, even
during terminal neuron differentiation. This pratbevas used to efficiently derive neural
precursors from hES and hiPS cells and to dereetphysiologically functional
neurons from those precursors. Furthermore, we dstraded that the neural precursors
can survive transplantation into the penumbrafofcal ischemic stroke, increase
neurogenesis, and differentiate into neurons.

When using noggin as the BMP-inhibitor, Chambeé £ reported > 80%
neuroepithelial induction as measured by PAX6 stgidl days after beginning SMAD
inhibition. We obtained about 75% of cells positfee PAX6 while using dorsomorphin,
which is similar to both Chambers' results and ¢hwe obtained using noggin (not
shown). Differences in the efficiency of differatton nay be due, in part, to differences
between cell line§”” ?®In fact, in a recently published dorsomorphin-lagetocol
Zhou et af** reported 88% and 70% PAX6-positive cells from &Stand hiPS line,
respectively, indicating cell line variability.

Johnson et df° carried out a detailed study of hES-derived neairamaturation
using a neural differentiation protocol involvingth suspension culture for neural
induction and a cocktail of growth factors in tenai differentiation. Repetitive action
potentials with amplitudes of approximately 50 mftéa7 weeks of terminal

differentiation (10 weeks total) were reported. Wre able to achieve faster maturation
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with our protocol, beginning to observe repetitikgns of APs with amplitudes above 80
mV at only 3 weeks terminal differentiation (~5 weeétal).

We were further able to demonstrate that hESd=ilved neural progenitors
survived transplantation into the penumbra regioa focal ischemic stroke in mouse
and differentiated into neuromsvivo. They also increased the percentage of
proliferating cells that became neurons. Becauséithechst label was lost during BrdU
staining, we are unable to differentiate betweatogenous response and possible early
proliferation of the transplanted cells. With hEShd”S cell based treatments, teratomas
are always a concern. Long-term transplant stuthee been carried out in our lab with
hiPS cell-derived neural precursors subjectedemtural differentiation protocol we
have described. No tumors were visible 6 monther &fansplant, suggesting that
unchecked proliferation is not a problem in thesganted cells. We are also currently
working on protocols that will allow us to positlyedentify human cells in the mouse
brain after BrdU staining.

Behavioral results in the transplant group rewalgnificant improvement in the
time to contact measure of the adhesive removalvdsle no significant improvement
was observed in the control group. This portiotheftask is a measure of sensory
function, which we expect to be negatively impadtgaur stroke model. No differences
were observed in the time taken to remove the adhest. This second portion of the
test is a measure of motor control. While our strotlodel can affect the motor cortex in
some instances, it will not always do so. It issthusurprising that motor control appears

to be unaffected by transplantation of hES cellv@&l neural precursors. The results thus

80



indicate that transplantation of the neural premsrsmproved sensory recovery. In
addition, the recovery pattern was more consistetite transplant group.

Because our previous studies had revealed naeliffe in cell survival with
immune suppression, we chose not to provide hésé¢ experiments. However, we may
have been able to achieve greater levels of neldifferentiationin vivo if we had
provided immunosuppressive drugs to the animaégyudhi et af*® demonstrated that
mouse ES cell-derived neurosphere graft survival wachanged by the administration
of cyclosporine A, but cells were less likely tordiop into glia and more likely to
become neurons when it was given. They further detnated that IL-6 can suppress
neuronal differentiatiom vitro. Inflammation may thus have affected the diffeiedn
of our neural precursors, biasing glial differetitia over neural differentiation.
However, we may have mitigated this effect by wgtio transplant the cells until seven
days after stroke, when inflammation in the stradggon is no longer at a peak level.

Our protocol provides a relatively simple and ipemsive alternative to many of
the neural differentiation protocols in the litens and provides mature neurons more
quickly and with fewer medium additives. Additiorfattors may be useful in specifying
neuronal subtypes, but we have provided a baseoah&thich can be used in further
developmental studies of neural differentiationisTdifferentiation protocol works with
similar results in at least three different celels - H1 (male) and H9 (female) hES cells
and the transgene-free hiPS cell line iPS-DF19-%Vé& have also shown that cells at the
neural precursor stage of this protocol can besptamted into the cortex of mice
subjected to a focal ischemic stroke and will steydifferentiate into neurons, increase

neurogenesis, and provide more consistent senstimecovery.

81



CHAPTER 5: Conclusions

5.1: Summary

This thesis explores three ways in which the n@oxaronment of human
embryonic stem (hES) cells, which are exquisitelysstive to environmental signals, can
be controlled. Precise control over cell fate Wwél necessary in both expansion of hES
cell banks and differentiation of hES cells to prots used in cell-based therapies. We
investigated the effects of growth surface ande®el on the maintenance of hES cells
and then explored the use of small molecules idde&ee and adherent neural
differentiation.

Chapter 2 explores growth of hES cells on polydiylsiloxane (PDMS), a
material commonly used in the creation of microides. Cell culture and manipulation
on the microscale are becoming increasingly popararit will be important to
understand how the materials used in these systamaffect cell behavior. A number of
studies have shown that PDMS can have toxic effatisells, and hES cells are far less
robust than many commonly cultured cell types. Bydmating the curing conditions and
surface treatment of PDMS growth surfaces, we detnated that hES cells are sensitive
to the properties of the surface, with treatmeimés mmay increase crosslinking and
wettability improving the maintenance of healthgdifferentiated cells. The significance
of this work is that it can serve as the basisuahier optimizing PDMS for hES cell

study.
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Chapter 3 demonstrates the use of a relativelplsindiffusion-based cell culture
device to provide an oxygen gradient in a physialognge of @to hES cells. Using this
system, it was demonstrated that a larger numbeelisf were present in the loweg O
areas of the gradient than in the highema@as. There was no significant difference in
cell proliferation or cell death, suggesting tha higher cell numbers at low, @ay
have been a combination of these two factors alhanegration. hES cells cultured in the
gradient also better maintained pluripotency marlatiower Q levels, a result that is
consistent with studies examining singlglévels in tissue culture. The significance of
this work is that it demonstrates an easy-to-caessplatform to examine the effects of
various Q levels on hES cells. The device was, howevertdéidhby the tendency of cells
grown to confluence to peel off of the substrateypnting the use of some
differentiation protocols of interest.

In Chapter 4, a completely adherent, feeder-feaeal differentiation protocol
using small molecules and common medium supplenvesdsexplored. Neural induction
was efficiently demonstrated using SMAD inhibitieth two small molecules,
dorsomorphin (BMP inhibitor) and SB431542 (TGHRAhibitor). The majority of cells
expressed multiple neural progenitor markers afiguction, including those specific to
forebrain development. No remaining pluripotentscelere observed after
differentiation. The use of dorsomorphin in ourtpaml makes this process significantly
less expensive than previous work using nogginBBIR inhibitor. hES cell-derived
neural precursors differentiated into mature, fiomehg neuronsn vitro without the use
of BDNF or GDNF, also expensive recombinant factbifferentiation was effected

more quickly than in previous reports in which élephysiological maturation required a
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significantly longer time. The differentiated nenscexpressed neuronal markers and
multiple subunits of the AMPA and NMDA receptorseWNal precursors derived using
our protocol were further demonstrated to be féaddr use in treating focal ischemic
stroke in mice. Transplanted cells survived ingeaumbra of the stroke region and
differentiated into neurons vivo. They also increased neurogenesis and improved
sensory recovery over the course of 4 weeks aftatrhent. The significance of this
work is the development of a potentially translégirotocol for efficient and cost-

effective generation of CNS progenitors and neufora human pluripotent cells.
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5.2: Discussion and Future Work

5.2.1: Human ES Cells As a Source of Cell Therapies

There are a large number of cell sources thatleayf use in treating ischemic
stroke, but hES cell-derived neural progenitors imayarticularly advantageous. In the
proper conditions, an hES cell line can be cultunei@finitely, allowing for continuous
production of a cell therapy product from the sawerce line. In contrast, most adult
stem cells do not self-renew indefinitely. Cellrédnq@ies derived from adult stem cells will
either require periodic re-isolation or immortatina. ReNeuron has now entered Phase |
trials for the treatment of chronic ischemic stralseng a fetal neural stem cell line
carrying a c-myc transgene activated by 4-hydrageaxifen (4-OHTY?’ Cells cultured
in the presence of 4-OHT and growth factors expinegts levels of telomerase and
proliferate indefinitely, while cells without thesémuli stop proliferating and
differentiate into neural lineag@s vitro andin vivo.?*% ?®Methylation and silencing of
the c-myc transgene follows withdrawal of 4-OHT gmdliferation ceases. The presence
of an oncogene transgene is still troubling dukeéos of re-activation, but European
regulators were satisfied that c-myc is silencethencell product. Random viral
integration may also alter expression of other gepetentially leading to uncontrolled
growth of benign tumors or to malignant tumors. Séheoncerns also apply to hiPS cell
lines derived with integrating viral vectors. Theewf hES cell-derived neural
precursors, on the other hand, does not requiretigenr epigenetic modification.
Nonetheless, proliferation of normal CNS progemitorthe brain could also have

devastating consequences.
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Pluripotent hES cell lines will also be usefulill replacement strategies used to
treat a wide variety of disorders. Different hES iees do demonstrate varying
propensities for the differentiation of specifidlagpes.’’ ***and practical applications
will probably involve many different cell lines, bproper protocols may still allow for a
single hES cell line to be used in replacing migtipst tissues. Adult stem cell
populations are generally more lineage restrictié@. CTXOEO3 cells described in the
preceding paragraph, for instance, will only befuisa the context of treating
neurological disorders. There are many neurologicrders potentially treatable by
neuronal progenitors including spinal cord injunherited and acquired
neurodegenerative diseases, amyotrophic laterasi$, and others. However, treatment
of non-neurologic diseases using the strategy umsedtaining CTX0EO3 cells will
require conditionally immortalizing other tissueesgic stem cell populations which may
not be available for all cell types.

Some adult stem cells grown in optimal conditioas be expanded sufficiently
to serve as cell banks for cell therapies withautegic modification. Stem Cells Inc., for
example, grows fetal derived neural progenitord®wm O, and expands the cells for a
variety of clinical applications now in Phase Idits, including spinal cord injury,
inherited neurodegenerative disorders, and madeigeneration. ReNeuron is also
developing an adult retinal stem cell, also fetivkd, that can be expanded almost
indefinitely in low Q.

hiPS cells can also be used to obtain cells oft@sye type, but may carry an
epigenetic "memory" that significantly biases thienvards the source cell type. For

example, hiPS cells can be derived from retinainagt epithelium (RPE), but some of
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these cell lines more readily formed RPE cells waldmwved to spontaneously
differentiate than hES celfé® A similar trend was reported in mouse iPS cebdin
derived from blood cells. Induced hematopoeiti¢edéntiation was more efficient in
these iPS cell lines than those derived from fitasts, which demonstrated greater
osteogenic potentidf’ In a study of hiPS cells derived from all threengéayers, 50%

or more of the differentially expressed genes betw@&PS and hES cell lines were also
differentially expressed between the somatic ggketand hES cells, indicating
incomplete reprogramming of these céffsThe retention of memory in somatic cell
types used for hiPS cell lines is further suppoltgdhe observation that younger (human
umbilical vein endothelial cells) or less differetéd (fetal neural stem cells) can be
reprogrammed using fewer exogenous factors - O@E4DX2 in HUVECS* and

OCT4 alone in neural stem ceffsThese differences may be removed by long-term
culture or by treatment with small molecules tleahove epigenetic chang&ébut these
studies still indicate a possible advantage ofgibld standard hES to which hiPS cell
lines are compared as sources for widespreadheztipy. A major reason for enthusiasm
over hiPS cells was their immunologic advantage ey allogeneic hES cells, but

individualized development of hiPS-based therampissidered economically unfeasible.

5.2.2: Microdevices Using PDMS for Control of hE&8llBehavior

Regardless of the cell type used, control is &s&ity in obtaining cells for
therapeutic uses. Safety and efficacy both demlamdsblation of a pure cell population
that is not expected to exhibit uncontrolled peatition or aberrant differentiation.

Microdevices represent a method to achieve preas&ol of the cell environment and
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examine a number of cell responses that can thawldyeted to bulk culture. These
devices can be created using a wide range of raltebut PDMS has particular
advantages that continue to lead to its widespusad

Because many biological assays rely on fluoresdetgtction of biomarkers,
autofluorescence in the growth material can besexdty detrimental. PDMS performed
very well in a comparison of the autofluoresceniceanious materials in the blue, green,
and red ranges that was normalized to thicknegh,amly poly(methyl methacrylate)
(PMMA) and glass producing lower signafsPDMS outperformed polystyrene, a
material commonly used in traditional cell cultaiishes in this measure. Parylene C, a
material widely considered to be biocompatible aseld in a number of medical devices,
exhibited high levels of autofluoresence in aleinchannels that was worsened by
microfabrication techniques. Parylene-HT may bete option for fluorescent
applications, but it was not directly compared RiVS.

Gas permeability is another advantage of PDMSanyrcell culture applications.
Cultured cells need access tofOr survival and medium is often buffered at theger
pH with CG,.. Non-permeable materials such as parylene, PMMA pmlystyrene do not
allow for transfer of gases, limiting their usenmcrofluidics and the creation of gas
gradients. These materials also tend to be mottebaind less amenable to molding. All
of the above highlights the usefulness of PDMS, @mdwork suggests ways that PDMS
can be modified so that it can be used for hEShielbgy.

PDMS does have disadvantages and they will nebd tmdressed to rely on the
results of investigations using PDMS-based micremsy The most important problem

in cell culture applications may be the extremefgifophobic surface presented by
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PDMS. UV, UVO and air plasma treatment can all@ase the hydrophilicity of the
surface to varying degre&but there is no consensus on the optimal treatriiéietre

are no studies available on the conformation ofingaroteins on PDMS surfaces in
particular, but some guidelines may be inferrednftbe study of other materials, where
various levels of wettability have been shown targfe the conformations of adsorbed
proteins. This effect is further confounded whesombination ECM matrix is used,
altering the optimal surface conditions as compé#wesingle protein$® The optimal
wettability of the surface thus may vary, dependinghe mixture of ECM and the
particular integrin binding sites that need to bailable. It is likely that the
functionalization of PDMS surfaces will need todgimized for each individual coating
and cell type. Alternatively, if the necessary lmgdsites for a given cell type and
outcome are known, it may be possible to desigthg§it coatings that will provide
proper attachment and growth signaling withoutradtethe underlying PDMS.

It is also clear that PDMS can affect cell behaeieen when it is not used as a
cell culture surface. Increasing the ratio of tleMS surface area to the volume of the
medium (SA/V) caused mouse mammary fibroblastadcease glucose consumption
and led to cell cycle arrest in a PDMS microcharstrelcture with a polystyrene growth
surface® It was not clear what mechanism(s) caused thishahge. Further
investigation of PDMS interaction with cell cultuvealed that low molecular weight
species (LMWS) leached out of the bulk polymer endld be found within cell
membrane&® However, it is not clear what negative effecarify, these molecules may
cause. Hydrophobic molecule partitioning may ale@lfactor in negative cell reaction to

increasing PDMS SA/V, but this was not a factooum study, where SA/V was low.
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We have provided a first look at the effects aflvgng hES cells on a PDMS cell
culture surface. Our sample sizes are low, sortdms observed here will need to be
confirmed and a greater range of cell responsdsedd to be observed. OCT4 is seen as
a master promoter of pluripotency, but it is n@ tmly transcription factor that must be
maintained. Higher cell counts can provide evideavfgaroliferation, but are not a direct
measure like BrdU incorporation. The adhesion mdéscinvolved in attachment and
growth on PDMS will need to be elucidated to opaenihe functionalization of the
surface. This can be aided by surface studies exagihe contact angle and surface
chemistry of the PDMS, but may be better answerigd antibodies to particular ECM
binding sites or the use of integrin blocking aatles that may further impair cell
attachment and growth. The control provided by PEid4Sed microdevices can be a
useful tool in optimizing growth conditions for theaintenance of pluripotent stem cells.

While it is unlikely that PDMS will ever be used a long-term growth surface
for hES cells, these examinations provide somgimsnto the development of an
optimal substrate to maintain pluripotent cellstuhesl to be used in cell therapies. Such
a material will need to be xeno-free, which meduas Matrigel coating will have to be
replaced, and non-toxic. This can likely be achiewgh synthetics, which can provide
repeatable, defined substrates that can be mantgddn large quantities. This surface
will need to present proper integrin binding sti@sllow for cell attachment and desired
cell responses. It may even be optimized for paldiccell lines, as individual cell lines
may vary in the particular integrins required ftteahment, proliferation, and
differentiation®® Ideally, a growth surface used for adherent hESwaintenance will be

gas permeable and porous, to allow for ready digion of gases and nutrients in
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scalable multi-layer cultures. For the short temmgrodevices will be most useful in
studying cell behavior rather than in developmédrdliaical-scale expansion and
differentiation. Many groups are working on suspemgultures of hES cells, so that the
protocols used for cell manufacture are increagidgferent from those used to study

cells in microdevices.

5.2.3: Controlling the @Tension in hES Cell Culture

In addition to determining the optimal growth suwage for hES cells, it will be
important to determine the optimaj Gonditions for long-term culture. Traditional cell
culture does not provide control op @nsion, but it is becoming increasingly recogdize
as an important consideration, particularly in stath biology. The accumulation of
oxidative damage from reactive oxygen species (R@d&juced in cells has long been
recognized as a mechanism in agifignd more recent studies have identified it as a
causative factor in early senescence of hemataopaieim cells (HSCs) during
expansiorf>’ Increased @in culture conditions can increase the availabiit ROS and
thus the degree of DNA damage the cells accrues flaly contribute to the karyotypic
changes observed in many hES cell lines after teng-culture.

ROS also play a normal role in modulation of slgmmppathways, including those
involved in differentiation of endoderm. In partiayy ROS signaling has been indicated
in cardiogenic differentiation of mES cells, througechanisms that may be regulated by
cyclic stretch® or mitochondrial metabolisAt® Mitochondrial production of ROS may
also induce differentiation in hES cells, as supgubby a report that inhibition of

mitochondrial ROS production with antimycin A inaees nanog and decreases markers
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of early differentiation in hES cells grown at 2@4%*° Similarly, small molecule
inhibition of the eicosanoid signaling pathway, @efhproduces ROS as a product of
multiple oxidation reactions, in mES cultures praetbpluripotency, even in
differentiation condition$**

Maintenance of healthy cells is not, however, hyemematter of reducing ROS to
minimal levels. Treatment of hES cultures with hight non-toxic concentrations of
antioxidants including catalase actually incredsedls of DNA damage over those
found in cultures with more moderate concentratf@hi cardiosphere-derived cells,
culture in 5% @ significantly reduced the measured levels of DNéndge, but high
levels of antioxidants significantly increased thémcessive ROS suppression was
found to downregulate DNA repair mechanisms, wbilkure in low Q provided less
suppression and DNA repair mechanisms remainedtintaere is thus support for an
oxidative optimum in cell culture, and this optimusriikely to be cell-type specific. The
ideal anti-oxidant treatments have been difficolidentify, in part, because measurement
of oxidants is technically difficult.

Lowered Q also modulates hypoxia inducible factors (HIF) #melpathways
they regulate. Of particular note in hES cell regjoin are HIF-2 regulation of OCT4
and HIF-1a regulation of the wnlt-catenin pathway. While HIFaldoes not seem to
interact directly with nanog, OCT4, or SOX2, cotleely seen as the master regulatory
triad in maintaining pluripotency, HIFa2directly upregulates OCT# and is likely a
involved in low Q-mediated cell maintenance. Hig-inay also contribute to this
process in a less direct manner by upregulatingvtitd-catenin pathway and

consequently, lymphoid enhancer-binding factor-ERE1)?*® LEF-1 interacts with
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nanog and upregulates OCT4 promoter acti*/ityLhis pathway may actually be lost as
cells differentiate, as low £and theb-catenin pathway no longer mediate LEF-1 after
neuronal differentiatioA® Thus, stabilization of HIF proteins in lows@onditions can
contribute to maintained pluripotency and surviveibbugh multiple pathways.

In the search for ever-improving cell culture cibiotis, it is advantageous to use
high-throughput methods allowing simultaneous exatidon of multiple conditions. A
number of devices have been designed to provideate) gradients in cell culture, but
none have achieved widespread use in biologicdicgpions. This may be partly due to
the complex fabrication techniques and equipmeguired to create them.

We used a relatively simple diffusion-based desigit does not require high-tech
fabrication for use and thus may be seen as maesaible to those in biology
laboratories. This device can be placed in a stahckll culture incubator and uses the
same gas mixture employed in most lowdDIture. We validated the utility of this
device by examining the effect of a range of phiggjcally relevant @ tension on the
maintenance of pluripotent hES cells which have twobur knowledge, previously been
grown in a device designed to present arg@dient. Using this device, we confirmed
the results of other investigations showing thatdeed Q tension improves the
maintenance of pluripotent markers. We were abfarther narrow the optimal range of
O, tension in hES cell culture to below 5%, providmgdance for further optimization
studies.

While there is no precise control over the shdpbegradient presented by this
device, it could be combined with more traditionsdthods for lowering ©to narrow the

range of Q tension encountered by cells. The ambient levie®,surrounding the
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device determine the maximum tension encounterddmthe gradient. Thus, lowering
this level by placing the device in a modular inatap or in a standard incubator with a
gas mixture below 20% LQwill consequently narrow the range of &vailable in the
gradient created. The device could be used imtlaisner to further narrow the range of
O, tension that may be considered optimal for a ddsiell response.

Oppegard et &f*° provided another device that could be used faresting
various Q levels. This device is an insert for 6-, 24-, 6r8ell plates that can be used to
vary the Q level within the culture well in a time-dependeminner. This device uses
gas flow through a microfluidic chamber that is)adtl over the growth surface in a
standard cell culture plate. Gas diffuses frommtherofluidic chamber into the culture
medium across a PDMS membrane. Precise controkadttension can be achieved by
varying the concentration of,(n the gas, flow rate, and the height of the aeltu
chamber. Oppegard demonstrated both precise cariteosingle @ level within the well
or provided zones of high and low @ith more complex designs. This device does
employ fabrication techniques, but it could be uwegrovide more control over the,O
conditions and larger areas of particularténsions for analysis than our device and thus
may be more useful after an initial screen likedhe we provided.

Oxygen does not exist at single discrete lewelsvo, instead being found as a
gradient in all tissue types. It can thus be adriest to grow cells in a gradient with a
more directly physiologically applicable shape &dension span. Unfortunately, the
non-linear shape and lack of precise control ofgitaelient in this device make it more
suitable as a screen for variougténsions than as a device that can accuratelyammi

vivo O, gradients. Allen and Bhatf¥ demonstrated the use of a flat-plate fluid flow
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reactor to provide a physiologically relevant geadito rat hepatocytes. Culture medium
was oxygenated before it was introduced to theadeand a gradient was formed through
convection and cell consumption. This device inficeEs shear stress in addition to the O
gradient, but is not inappropriate in a cell typattwould be exposed to fluid flon

vivo. When grown in this bioreactor, rat hepatocyte ton various phenotypes across
the span of the gradient that mimicked liver zayrain vivo, making this a very useful
model for liver studies. Mehta et al. used a sinstaategy to create an,@Qradient in a
microfluidics device and demonstrated that theelofpthe gradient could be

significantly altered as a function of the floweand cell density/° These parameters
could thus be used to provide a specified gradreatilture.

As with our investigation of hES growth on PDMBg wltimate goal is to work
towards precise control of cell fate in cultureeTdptimal Q concentration for the
maintenance of pluripotent hES cells will be deteed by culture conditions that
maintain nanog, OCT4, and SOX2 at appropriate $eteemaintain pluripotency and that
maintain low levels of differentiation markers. Bleeconditions may have to be adjusted
as colonies expand. Oxygen levels need to be mghgh for cells to maintain proper
metabolic pathways, including the generation of lewels of ROS for signaling and
regulation of DNA repair mechanisms, while being lenough to prevent accumulation
of ROS-mediated DNA damage and to activate HIFyagis modulating pluripotency.
Once a consensus is reached as to the optigt@nSion, cell culture should be carried
out in conditions that do not transiently exposiésde higher, damaging ensions.

Culture platforms that allow for continuous applioa of lowered Qto cells are too
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bulky and expensive for screening, but will likélg well worth it for long-term culture
of cells at an optimized Qension.

5.2.4: Differentiation of hES Cell-Derived NeuraleRursors for the Treatment of
Ischemic Stroke

Better control and maintenance of healthy, uncéfiéated hES cells will be
invaluable to their use in deriving products foll teerapy. The next step is then to
achieve efficient and scaleable directed diffesditn of a desired cell type. We
examined neural differentiation in feeder-free,exéit cultures that can allow for greater
control than traditional neurosphere or co-culim@els.

Chambers et df? achieved efficient differentiation of PAX6-posiéineural
progenitors in an 11-day protocol using 500 ngsbmbinant noggin and ItV
SB431542 to achieve SMAD inhibition. Chambers fotimat both factors were
necessary to achieve efficient differentiationhaligh each factor alone could drive some
neural differentiation. In contrast, Zhou et®lreported efficient monolayer
differentiation using M dorsomorphin as the only inhibitor, with no inase in
differentiation observed when combined with SB4215Phe effect was maximal by day
seven. Dorsomorphin is generally seen as a BMBitioiniwith similar function to
noggin, but Zhou demonstrated that it affectedvactind TGFb signaling as well,
which may explain the lack of additive effect wHeB431542 is used. Cells were also
seeded at a higher initial density and grown tdloence in mTeSR®1 as opposed to
MEF-CM, which may have had an affect on differetimia Combination treatments of
dorsomorphin and SB431542 have also been studig ioontext of improving

differentiation in neurosphere and feeder-layeetgmotocold.”> #*°
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Both of these studies provided evidence of efficgeneration of neural
precursors and the derivation of neuransitro. Zhou demonstrated the ability of these
neural precursors to form TUJ-1 and Nurrl positiearons after two weeks in a medium
containing N2 supplement and a number of recombigienwth factors, including
BDNF, GDNF, sonic hedgehog (shh), and fibroblastagh factor 8 (FGF8). Chambers
added dopaminergic or motor neuron patterning fadgtoaddition to BDNF and GDNF
and demonstrated positive staining for Tuj-1 andféiHlopaminergic neurons or ISL1
and HB9 for motor neurons. Electrophysiologicalgaies of these neurons were not
reported.

We used a differentiation protocol very similarthat reported by Chambel%,
but greatly reduced the cost by usingh3 dorsomorphin in place of noggin. In light of
the report that dorsomorphin alone can affect nelifferentiation:®® we may have been
able to remove the SB431542, but this was not studising our less expensive
combination of factors, we report very similar llsvef neural induction as those obtained
by both Chambers and Zhou. We obtained NeuN- angdsitive neuronal cells within
1 week of passaging and examined elecrophysiolbdealopment over the course of 4
weeks.

Johnson et. df° carried out a study of functional development&Skderived
neurons over the course of 7 weeks of terminaéckfitiation (10 weeks from the onset
of differentiation in hES cells). Using suspensonfture and neural rosette isolation in
N2 medium supplemented with bFGF, PAX6+/Sox1+ pnitges were obtained within 2
weeks, similar to our time course. These were agalinred in suspension for 1 week

before plating for terminal differentiation in a diem containing BDNF and GDNF,
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among other factors. Electrophysiological propsriere examined at 1, 3, 4, and 7
weeks after plating for terminal differentiation @ 7, and 10 weeks total). High
amplitude, single-spike action potentials (APs)eninst reported at 4 weeks of terminal
differentiation, with repetitive trains observedsiome cells at 7 weeks.

In contrast, we obtained high amplitude, singlé&es@g\Ps 2 weeks after plating in
a neuronal differentiation medium containing N2 &&¥ supplements with bFGF as the
only growth factor added (4 weeks total). We betgaobtain repetitive trains at 3 weeks
terminal differentiation (5 weeks total) and thegortion of cells firing them increased
with another week of culture. Johnson also examiretsient inward and delayed
rectifier potassium currents, with similar trendghose we reported. As with APs,
however, maturation in their cells required a langgriod in culture. We have therefore
greatly reduced the time and cost associated \bithimng electrophysiologically active
neuronsgn vitro.

While we derived electrophysiologically active neus with only bFGF as a
recombinant growth factor, it is possible that lert patterning factors will be necessary
to derive specific neuronal subtypes. This protaeay thus represent a basic protocol
for neuronal differentiation that can then be farteupplemented for desired outcomes.
Further study will be necessary to determine whhtygpes are currently obtained, and
changes can then be made to alter that pattenerfag factors are usually recombinant
growth factors, but small molecules may allow fecikased cost in this arena as well.
As an example, purmorphamine is a sonic hedgelidy égonist that has been used in
the derivation of dopaminergic neurd5This control will be important in the

development of cell replacement therapies becaws be important to demonstrate
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vitro that precursor cells can develop into the propee bf neuron they are meant to
replace when integrated into the tissue. To thisesand, it will be important to further
identify the non-neuronal cells in culture withe@mphasis on demonstrating that the cell
types derived become post-mitotic upon differerdraand do not form any inappropriate
cell types.

In our transplant model, we demonstrate the ghlitsmall molecule-derived
neural precursor cells to survive up to 28 daykémouse cortex after ischemic stroke,
differentiate into neurons, and improve both forigabf new neurons and sensory
function as measured by a behavioral test. The amgsim in this recovery, however, is
not clear. It is possible that the cells are fogritnctional neurons and directly
improving function in the sensory cortex region they may also become glial cells that
provide support to the endogenous neurons. The anésth of action may not be cell
replacement at all, as positive effects may beeghsimply by trophic support signals
from the transplanted cells. We intended to addi@sgpossibility by examining
endogenous neurogenesis and angiogenesis. Hovaeggogenesis was not altered by
transplantation and we have thus far been unaldgiyaly identify new neurons as
endogenous cells. Furthermore, trophic factorsccoblinge the vascular tone, locally
providing more blood supply without generation efinblood vessels, and verification of
this mechanism is not possible in our set-up.

In a similar stroke study in our laboratory using® cells, animals were followed
up to 6 months after transplantation. At that panat Hoechst-positive cells could be
found. This may indicate a loss of the graft oweet but it also may represent the

gradual loss of the Hoechst dye. We are currentiskimg on immunohistochemistry
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protocols that will allow us to more positively i@y human cells in rodent brain to
better identify endogenous neurogenesis and exdomigeterm graft survival.

Among current human CNS stem cell therapies ergedhie clinic, there are
examples of both temporary and long-term engraftmierReNeuron's Phase | trial using
fetal -derived stem cells for chronic stroke, agaample, cells are not expected to
engraft long-term. In animal models, no cells wagected six months after transplant.
In contrast, long-term engraftment is expectediais run by StemCells Inc. using a
similar cell line to treat Batten's disease anauglwr spinal cord injury. They have already
demonstrated transplanted cell persistence atynaa®ar after transplaft’

Another important factor to consider in transpédion is that of immune
suppression. The brain has traditionally been thbafjas an immune-privileged site in
which cells could be transplanted with little fedurejection. The blood-brain barrier
(BBB) typically blocks the influx of leukocytes thaould be expected to mediate a
rejection response. However, the BBB is disrupfést atroke and after surgical
manipulation, allowing for an early influx of leugtes?®® %8 #**yrthermore,
inflammatory processes may still be able to redawikocytes after BBB function is
repaired?>® Microglia within the brain also mediate inflammat@rocesses and may
protect neurons against invading leukocytés.

Immune suppression may be desirable in a celsplant therapy to avoid any
activation of a rejection response, which may fartharm the surrounding tissue in
addition to blocking the beneficial effects gairiezm the cell graft. However, there is
evidence that the immune system is already nayusalppressed after stroke, leading to

an increased risk of infectidfi® Further immune suppression in treatment could beus
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detrimental, especially if cell transplantatiorc#sried out after the acute phase, when
recruitment of leukocytes to the site would be natifecult. A different approach may
be found in co-transplantation of anti-inflammatamgsenchymal stem cells (MSCs). In
a mouse model of multiple sclerosis (MS), co-tréasiation of syngeneic MSCs with
allogenic mES-derived oligodendrocyte precurso®Bpresulted in better survival of
the OPCs and greater levels of remyelination thhennOPCs were transplanted al8tte.
It is possible that co-transplantation of MSCs wilS-derived neural precursors would
likewise improve graft survival and positive outcesn

We chose not to administer immune suppressiomiiregperiments, because no
difference in the survival of transplanted cellsvadserved when injections of
cyclosporine A were given in previous studies eatout in our lab. However, cell graft
survival may not be the only important consideratioleguchi et af*° transplanted
allogenic mES-derived neural precursors into amjuneéd mouse brain and found that,
while graft size was unaffected by the administratf cyclosporine A, differentiation of
the cells was altered. In animals receiving immsungpression, a significantly greater
percentage of grafted cells expressed NeuN, indgakuronal differentiation. This
same trend was observed in tyrosine hydroxylaseistg indicating a greater proportion
of dopaminergic neurons when immune suppressioragiasnistered. This effect was
achievedn vitro with the addition of interleukin factor 6 (IL-6) heuron-inducing
culture conditions. Neuronal markers were supprgsshile astroglial markers were
upregulated. Based on these results, it is posibtdmmune suppression may be
necessary to achieve significant neuronal diffea¢ioh and integration from a cell graft

treating stroke, despite the relative immune pegyd of the brain.
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Our use of transplanted hES cell-derived neurtymsors in a murine model of
focal ischemic stroke provides clear evidence tth@tsmall molecule approach to
differentiation can provide cells that improve ares in a pathological setting.
However, there are many factors that would nedzbtaddressed before a similar
protocol could be used in the clinic. First amolngse are the use of animal products,
including Matrigel and some of the components of that will need to be replaced to
prevent xenogenic contamination in a cell products.

The effects of the small molecules will also hawée better defined to ensure
consistency and the lack of unintended cellulanglea. As with any treatment, small
molecules can have off-target effects. In factsdarorphin has recently been shown to
inhibit vascular endothelial growth factor (VEGRgrsaling in addition to the BMP
pathway?>? It thus may be beneficial to investigate the usa more targeted BMP
inhibitor such as DMHL1 in this application. It wdlso be important to establish that
signal inhibition does not continue after the smadlecule stimulus is removed.

Before any cell treatment reaches the clinics important to establish standard
operating procedures to control cell fate and sgpleultures, as well as standard
operating procedures for clinical interventionyield positive outcomes in the disease
model. We have provided a first examination oftikS-cell growth on PDMS, moving
towards the use of microdevices in establishingipeecontrol over cell fate. We
narrowed the optimal range of loweredfOr the maintenance of these cells, moving
towards improved cell culture conditions that mamprove the maintenance of
pluripotency and avoid accumulation of genetic dgen&Ve further provided a neural

differentiation protocol that greatly reduces tlestcand time scale needed to obtain
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neurons from hES cells vitro, facilitating future scale-up of both the deriatiof
neural precursors and the neuronal differentiatat will be needed to validate their
function. Finally, we demonstrated the ability &3 cell-derived neural precursors
derived using this protocol to engraft, differetegisand improve outcomes in a murine

model of ischemic stroke.
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APPENDIX: Acrylic Frame of the Oxygen Gradient Device

FIGURE A.1: CAD Drawing of the Acrylic Frame For the O, Gradient Device
This frame is the only portion of the oxygen gratevice that needed to be machined
outside the lab. The acrylic is approximately 5/8@¢tk. The corners can be slightly

rounded. This is the structure that held the pgtgste growth surface in the device and
helped to provide an air-tight seal.
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